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11 ABSTRACT

12 Cell communication is a widespread mechanism in biology, allowing the transmission
13  of information about environmental conditions. In order to understand how cell
14  communication modulates relevant biological processes such as survival, division,
15 differentiation or apoptosis, different synthetic systems based on chemical induction have
16  been successfully developed. In this work, we coupled cell communication and optogenetics
17 in the budding yeast Saccharomyces cerevisiae. Our approach is based on two strains
18 connected by the light-dependent production of a-factor pheromone in one cell type, which
19 induces gene expression in the other type. After the individual characterization of the
20 different variants of both strains, the optogenetic intercellular system was evaluated by
21  combining the cells under contrasting illumination conditions. Using luciferase as a reporter
22 gene, specific co-cultures at 1:1 ratio displayed activation of the response upon constant
23 Dblue-light, which was not observed for the same cell mixtures grown in darkness. Then, the
24  system was assessed at several dark/blue-light transitions, where the response level varies
25 depending on the moment in which illumination was delivered. Furthermore, we observed
26 that the amplitude of response can be tuned by modifying the initial ratio between both
27  strains. Finally, the two-population system showed higher fold-inductions in comparison with
28 autonomous strains. Altogether, these results demonstrated that external light information
29 is propagated through a diffusible signaling molecule to modulate gene expression in a
30 synthetic system, which will pave the road for studies allowing optogenetic control of
31 population-level dynamics.
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36 INTRODUCTION

37 Communication is an essential process in living organisms, allowing the efficient
38 transmission of valuable information 2. In cells, different communication mechanisms have
39 been selected throughout evolution, that can be classified into two main types. The first
40 relies on direct contact between cells 3, whereas the second one depends on the secretion
41  of signaling molecules *°. Notably, the latter has been used to implement synthetic systems
42  with the aim of understanding how cell communication regulates biological processes in
43  response to environmental conditions. These systems require gene circuits that lead to the
44  inducible production of signaling molecules, establishing cell communication in a predictable
45  manner ®®. To date, there are several examples of synthetic intercellular systems that have
46  been implemented in prokaryotic and eukaryotic platforms, allowing the study of different
47  behaviors at the population level *'*. However, most of them are induced by chemicals.
48  Despite its high activation levels, this induction strategy has limitations such as irreversibility,
49  low spatiotemporal resolution and toxicity '°. In recent years, optogenetics has emerged as

50 a promising alternative to replace chemicals '®

. This technology utilizes natural or
51 engineered photoreceptors that sense light of well-defined wavelengths, improving the
52  spatiotemporal resolution and reducing unwanted effects of traditional inducers '%°. But
53 although light works as a reversible cue that overcomes several problems, synthetic
54  approaches coupling cell communication and optogenetics have been seldom explored so
55  far?'??

56 The budding yeast Saccharomyces cerevisiae has served a pivotal role as a model
57  organism to dissect eukaryotic biological processes 3. This unicellular fungus has tractable
58 genetics, facilitating the design of synthetic genetic circuits by the addition of non-native
59  building blocks or the modification of endogenous molecular pathways 2*2°. Moreover, yeast
60 has two additional features that make it an ideal host to implement an optogenetic

61 intercellular system. First, S. cerevisiae is not able to perceive light as it lacks functional
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62  photoreceptors 2.

Nevertheless, plenty of research has reported the successful
63 implementation of optogenetic switches in yeast, where light acts as an orthogonal input
64 %% On the other hand, S. cerevisiae’s life cycle involves a communication mechanism
65 based on small diffusible pheromones, that serve as signaling molecules 2. The binding
66  of these pheromones to specific G protein-coupled receptors in the cell surface triggers the
67  mating process, which involves the activation of a mitogen-activated protein kinase (MAPK)
68 cascade leading to chemotropic growth by large-scale changes in gene expression, cell
69 division cycle and morphology 3'3%. As S. cerevisiae lacks motility mechanisms, this
70  pheromone-dependent polarized extension allows haploid yeast cells to get close, make
71  contact and fuse to form a diploid zygote 3.

72 Several studies have manipulated the native mating process at the molecular level
73 to control the secretion of pheromones and the biological outcomes of the pathway upon
74 specific stimuli 338, In that context, S. cerevisiae has already been used as chassis to
75 implement synthetic intercellular approaches, using pheromone signaling to establish
76  artificial communication by rewiring its original components. For instance, chemicals such
77  as galactose, estradiol and NaCl have been used to express a-factor in a set of engineered
78 yeast cells. Different combinations of them with a reporter strain led to the generation of
79  simple Boolean circuits *. Similarly, more complex logic gates have been implemented in a
80 yeast consortium using progesterone, aldosterone and dexamethasone as exogenous
81 inducers to activate the production of the mating pheromone “°. In order to avoid potential
82 intracellular cross-talk, yeast cells have also been engineered to develop synthetic systems
83 where communication depends on plant signaling molecules such as auxins *'*2,
84  Importantly, synthetic intercellular approaches are not restricted to using a single population
85 as occurs in autonomous systems, in which each cell is containing all the components to
86  establish communication and its concomitant response. In fact, the increasing complexity of

87  synthetic circuits has caused the generation of a new type of system, where the components
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88 to perform specific biological processes are compartmentalized in two or more non-isogenic
89  populations . Thus, the different strains can be interconnected as a modular assembly
90 line by cell communication, avoiding metabolic burden, reducing stochastic noise, and
91 increasing genomic stability 467°.
92 Considering all the aspects mentioned above, we developed a two-population
93 system where light sensing and the expression of a luciferase gene reporter are physically
94  separated, but they are readily connected by cell communication based on a small diffusible
95 molecule such as the a-factor pheromone. The response of the system is quite versatile
96 since gene expression levels depend on the specific cell mixture, the illumination condition,
97 and the initial ratio between both strains. In relation to autonomous versions of the circuit,
98 specific symmetric co-cultures reached lower levels of response but a better performance in
99 terms of the fold-induction between blue-light and dark conditions. In summary, the results
100 suggest that optogenetic intercellular approaches could constitute a powerful tool to
101  synchronize phenotypes in yeast, improving the current understanding of dynamics in the
102  transmission of environmental regulatory signals.
103
104
105 RESULTS AND DISCUSSION
106 FUN-LOV, an optogenetic switch we recently described by exploiting the blue-light
107  dependent interaction between WC-1 and VVD photoreceptors from the filamentous fungus
108  Neurospora crassa, has enabled a fine temporal resolution of transcriptional control yielding
109  a broad range of expression in yeast *°. In this work, we used this switch to implement a
110  light-inducible intercellular system based on two yeast strains (Figure 1). The first strain
111 (called OS, for Optogenetic Sender) harbors FUN-LOV and produces a-factor upon blue-
112 light by activating the transcription of the MFa1 pheromone-encoding gene. Then, this
113  secreted molecule binds to Ste2 surface receptors of the second strain (called R, for
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114  Receiver), activating the mating pathway that leads to the expression of a luciferase reporter
115  gene under the control of the FUS1 pheromone-responsive promoter. As detailed below, we
116 first proceeded to individually characterize the OS- and R-strains, and then, the effects of
117  combining them.

118

119 R-strains respond to exogenous pheromone.

120 We evaluated the response of R-strains to increasing concentrations of commercial
121  a-factor. It is worth noticing that we generated three variants of R-strain, by inserting the
122 reporter construct into different genetic backgrounds. In this way, R1 was generated by
123 placing luciferase under the control of the FUS7 promoter in BY4741. This strain required
124  as minimum as 5 uM of exogenous pheromone to induce a strong normalized response
125  (Figure 2). Although the expression of Ste2 pheromone receptor is induced in presence of
126  the pheromone *', the response did not increase at higher concentrations such as 100 puM.
127  Inthat context, MATa yeast strains - like R1 - secrete Bar1 protease as a form to discriminate
128  different pheromone gradients by cleaving a-factor into two inactive fragments °>°3. In order
129 to obtain a hypersensitive phenotype, R2 strain was generated by integrating the luciferase
130 construct at the FUS1 locus in the genome of a bar1A mutant. As expected, R2 was capable
131 to respond to lower concentrations of supplemented a-factor, such as 1 uyM (Figure 2).
132 However, the response peaks remained stable despite adding higher a-factor
133 concentrations to the cultures. On the other hand, a crucial feature of the mating pathway is
134  the synchronization of haploid cells at the G1 stage of the cell cycle to allow fusion prior to
135  DNA replication *. To do this, the MAPK cascade activates the Far1 protein, leading to the
136 inhibition of the Cdc28 cyclin-dependent kinase (CDK), which is one of the main regulators
137  of yeast cell division cycle *°. As a result, the mitotic division is temporally blocked. In fact,
138 the ODeoo curves of R1 and R2 were differentially affected by exogenous pheromone (Figure
139  S1). To avoid these growth alterations in response to a-factor, we used a bar1Afar1A double
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140 mutant to generate R3 by replacing the FUS7T ORF with the reporter construct. This strain
141  maintained the hypersensitivity of the transcriptional response observed for R2 (Figure 2),
142 but the ODsoo curves overlapped with the control in the absence of the signaling molecule
143  (Figure S1). Here, the amplitude of the normalized luminescence continued to be unaltered
144  when higher pheromone concentrations are tested, suggesting a saturation or inactivation
145  of the pathway that leads to reporter expression. Besides Bar1 production, S. cerevisiae has
146  other mechanisms of a-factor desensitization, including endocytosis of Ste2 receptors *,
147  reconstitution of the G protein that initiates the intracellular signal transduction by Sst2-
148  mediated GTP hydrolysis °” and action of Msg5, Ptp2 or Ptp3 phosphatases to inhibit Fus3
149  terminal kinase *8. In this way, yeast prevents hyperactivation of the MAPK cascade, which
150 leads to stress and cell death *°. For that reason, negative regulators of the mating pathway
151  are ideal targets to generate mutants that allow expanding the repertoire of R-strains in the
152  future. Likewise, it would be interesting to evaluate if the maximum response of R-strains
153 increases by using a multi-copy reporter construct.

154 Predictably, no bioluminescence in response to a-factor was detected when yeast
155  cells do not bear luciferase at the FUS1 locus (Figure S2). In contrast, the temporal growth
156 inhibition of these strains was still observable in the ODesoo curves, according to their
157  particular genotype, as seen for the R-strains (Figure S2). However, these results showed
158 some discrepancies compared to the halo assays. For instance, inoculation of pheromone
159  on uniform lawns containing R1 cells led to almost imperceptible zones of inhibition only at
160 50 and 100 uM (Figure S3), unlike what was observed in liquid media. On the other hand,
161 halo assays in R2 indicated a clear dose-dependent growth inhibition (Figure S3), proving
162  to be more informative than the abrupt alteration of ODsgo curves in the presence of a-factor
163  inliquid cultures. As expected, R3 was not affected by the application of pheromone drops
164  (Figure S3), confirming the results observed in the micro-cultivation experiments. The
165 reason for these differences may be that pheromone diffusion and its interaction with R-
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166  strains differ between both culture conditions. Therefore, these results showed that R-strains
167 can display different profiles of transcriptional induction and variable growth alteration upon
168 pheromone addition.

169

170  OS-strains produce functional a-factor in response to light.

171 Naturally, MATa cells synthesize the a-factor lipopeptide pheromone, but no a-factor.
172 Conversely, MATa cells synthesize the a-factor peptide pheromone, but no a-factor %,
173  Despite that, we generated a genetic construct that allows the inducible secretion of a-factor
174 in MATa strains. In that context, S. cerevisiae’s genome possesses two pheromone-
175  encoding genes (MFa1 and MFa2) associated with a-factor production. Although both genes
176  are considered paralogs, it has been reported that MFa1 expression is more active and its
177  polypeptides generate twice the amount of pheromone molecules after processing,
178  contributing to the majority of total a-factor produced by MATa cells in basal state ®. In order
179  to obtain higher levels of a-factor by optogenetic induction in the OS-strains, we chose MFa1
180 to assemble the inducible plasmid.

181 Some studies have shown that the secretion of a-factor by yeast strains can be
182  directly quantified by approaches based on mass spectrometry ¢! and ELISA ®2. However,
183 in this work, the optogenetic production of pheromone by OS-strains was evaluated by its
184  ability to trigger a biological response such as induction of gene expression. After these
185  yeast cells were grown in DD and LL conditions, the supernatants were collected and used
186 to evaluate their functionality in R-strains. In this case, we also generated three variants of
187  OS-strains by co-transforming the FUN-LOV components and the inducible MFa1 construct
188 in different genetic backgrounds. Thus, OS1 is carrying the three recombinant plasmids in
189 BY4741, and its supernatants were not able to induce any response in R-strains, regardless
190 of the illumination conditions used to incubate the yeast cultures (Figure 3). Following the
191  previous logic, OS2 and OS3 were obtained using the bar1A and bar1Afar1A mutants,
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192  respectively. In contrast to OS1, supernatant from OS2 cells grown in LL induced a strong
193  normalized response during the first 4 h of cell growth only in the hypersensitive R-strains,
194  which was not observed when we used the supernatant obtained in DD (Figure 3). Similarly,
195 OS3 supernatant collected from LL also induced a transcriptional response in R2 and R3,
196 displaying higher maximum levels followed by a sharp decrease (Figure 3). Nevertheless,
197  both supernatants obtained in LL did not produce a significant response in R1, suggesting
198 that the expression of BART - by any strain - is decisive to modulate the levels of functional
199  pheromone. Interestingly, the OS2 and OS3 supernatants collected in LL negatively affected
200 the growth curves of the R2 strain (Figure S4). Further analysis of the ODsoo data showed a
201  mild decrease in growth parameters such as rate and efficiency (Figure S5). In contrast to
202 these results, OS-supernatants drops were incapable of generating growth inhibition
203  assessed by halo assay (Figure S6).

204 Following the same methodology used for generating OS-strains, it would be
205 possible to include in MATa cells the optogenetic secretion of a-factor. Although the latter
206 may display solubility issues by its lipophilic nature, synthetic pheromone-dependent
207  bidirectional communication could be implemented in yeast, resembling genetic circuits
208  based on cross-feeding % or quorum sensing autoinducers 4. In addition, new OS-strains
209 might be generated by controlling MFa2 gene expression to provide different response
210 levels and kinetics of the R-strains. Expanding the repertoire of OS-strains can also be
211  carried out by using FUN-LOV variants to increase the level of production of a-factor by light
212 orimprove the LL/DD fold-induction .

213 To verify if the transcriptional response and growth alteration depended on the
214  optogenetic production of a-factor, we generated OScontrol Strains. The latter maintains the
215 FUN-LOV plasmids, but an empty pRS426 vector replaces the inducible MFa1 construct.
216  Supernatants collected from OScontrol Strains, grown in DD or LL, did not induce luciferase
217  expression in R-strains (Figure S7). Then, we evaluated the relevance of copy number in
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218 the optogenetic induction of the pheromone-encoding gene. In this way, the replacement of
219 the MFa1 endogenous promoter was carried out to obtain new OS-strains based on a
220 chromosomal inducible construct. Surprisingly, the supernatants of 0S4, OS5 and OS6 did
221  not activate the normalized response in R-strains (Figure S8). Altogether, these results
222  indicated that LL condition allows the production of a-factor in OS-strains at enough
223 concentration to activate luciferase transcription in R-strains, as long as Bar1 protease is
224  not secreted and MFa1 is expressed from a multi-copy vector.

225

226 Light information is propagated by cell communication in a two-population system.

227 After the individual characterization of OS- and R-strains, the optogenetic
228  intercellular system was evaluated by mixing the variants in nine symmetric combinations
229  under DD and BL conditions. Only certain co-cultures at 1:1 ratio and exposed to BL showed
230  activation of the normalized response during the first 10 h, which did not occur for the same
231  cell mixtures grown in DD (Figure 4). Specifically, co-cultures involving R2 reached peaks
232  between 3.5 and 4 h. On the other hand, the kinetics of cell mixtures involving R3 were
233 slower, exhibiting the greatest values between 9 and 9.5 h. Interestingly, these maximum
234  levels were similar to those ones obtained in BL for direct optogenetic control of a
235  chromosomal luciferase using the FUN-LOV switch . Although blue-light is the stimulus
236 that triggers the split genetic circuit that leads to luciferase induction in the R-strains, the
237  response of the system was surprisingly higher when examining co-cultures going through
238  anillumination transition such as DL4h:20h, compared to ones grown in BL (Figure 4). Here,
239  the maximum levels are distributed over a narrow range of time due to the activation peaks
240 were observed between 5.5 and 6 h. For both conditions, the response progressively
241  decayed after the peak, returning to its basal level at 15 h. Again, there was not a significant
242  transcriptional response when — at least — one of the involved cells bears the BAR1 gene,
243 confirming the results observed for R-strains evaluated with OS-supernatants. Thereby, the
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244  production of this protease neutralizes the presence of the secreted a-factor pheromone,
245  rendering the two-population system unable to establish productive communication. In that
246  context, drops from OS2 and OS3 cultures caused the appearance of inhibition halos in R2
247  strain only when the plates were grown in LL conditions (Figure S9). As expected, no
248 transcriptional response was observed when we tested co-cultures between OScontro- and
249  R-strains (Figure S10). In the same way, luciferase expression was not induced when OS,
250 OScontol and R strains were evaluated as monocultures (Figure S11). Therefore, these
251  results indicated that non-isogenic yeast strains can interact by cell communication using
252  light as an external controller.

253 Since the highest response was obtained in DL4h:20h, we evaluated the system
254  under different dark/blue-light transitions by changing the moment at which the LED lamp is
255 turned on. In comparison to DL4h:20h, the system performance was similar at early
256  transitions such as DL1h:23h, DL2h:22h, and DL6h:18h (Figure S12A), with the peaks
257  occurring between 1.5 and 6 h after the blue-light was applied. On the other hand, the yeast
258  co-cultures displayed drastically reduced levels of reporter gene at late transitions such as
259 DL8h:16h, DL10h:14h, and DL12h:12h (Figure S12B). However, although we changed the
260 illumination conditions of the experiments, OS- and R-strains continued to be unable to
261 generate a luminescent response if they were not combined (Figure S13). By using a novel
262  approach based on dynamic fluorescent reporters, the activity of FUS7 promoter has been
263  detected between 15 and 30 min after a-factor addition . For that reason, FUS71 was
264 classified as an early pheromone-responsive gene. Thus, and considering that the activation
265  of the response in our system depends on blue-light administration of OS-R co-cultures, it
266 is not unexpected that the normalized luminescence levels abruptly dropped beyond 8 h of
267  cell growth. In order to obtain a considerable transcriptional response during a posterior
268  window of time, late pheromone-responsive promoters could be used, such as KAR3%". The
269  activity of this promoter has been detected between 30 and 50 min after pheromone
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270  exposure and its respective gene encodes for a protein related to karyogamy, one of the last
271  steps of yeast mating. In the same context, other variants of the two-population system might
272  be obtained by testing other pheromone-responsive promoters that have been validated in
273  the evaluation of specific processes of interest, including FIG1 %, AGA1 ®° or an optimized
274  version of FUS1 ™.

275 Furthermore, we measured the response of the optogenetic intercellular system by
276  evaluating different OS-R ratios. To do this, we changed the inoculation of each type of
277  strain without altering the final volume (10 pL), making comparable the response between
278  symmetric and asymmetric co-cultures. Importantly, the response increased when the initial
279  percentage of R-strains trebled in relation to OS-strains (Figure 5A). In the same way, the
280 normalized luminescence remained stable or decreased in the inverse situation, that is,
281  when the initial volume of OS-strains trebled regarding R-strains (Figure 5B). As seen when
282  the timing of dark/blue-light transitions was modified, these differences in the maximum
283  transcriptional levels were mainly observed in cell mixtures involving OS2 and OS3 with
284  hypersensitive R-strains. However, the temporality of response peaks was maintained in
285  comparison with symmetric co-cultures. Remarkably, a low amount of OS-strains was
286  enough to produce a strong response in R-strains, opening the possibility to implement the
287  system for industrial purposes "'. Besides its utility as a host to dissect different cellular
288 phenomena, S. cerevisiae is an organism widely used to produce diverse compounds of
289 interest ">"3. To increase the vyield of these processes, yeast cells are subjected to
290 fermentation in bioreactors, in which cell cultures reach high densities . Here, chemical
291 induction continues to be the best way to control gene expression, because light is not
292  sufficiently effective to activate all cells in the bioreactor vessel. However, the two-population
293  system would provide a solution to this problem since it is required that only a minimal
294  fraction of cells (OS-strain) senses light to transmit the external input by the action of a-
295 factor, activating gene expression throughout the rest of the culture (R-strain). Importantly,

12


https://doi.org/10.1101/2022.06.25.497625
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.25.497625; this version posted June 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

296 the optogenetic response of specific OS-R mixtures should involve cell cycle arrest at the
297 G1 stage. In that context, it has been suggested that synchronous cultures are useful in
298  yeast biotechnology to optimize the synthesis of high-value metabolites by fermentation 7.
299  For instance, the induction of the mating pathway has allowed decoupling cell growth from
300 the production of para-hydroxybenzoic acid 7",

301 Finally, autonomous (A) versions of our synthetic circuit were generated, where each
302 cellis carrying all the building blocks related to light perception, pheromone production and
303 reporter expression (Figure 6A). Thus, each cell of A-strains has the capacity to induce
304 luciferase expression in response to optogenetically-produced pheromone. In contrast, the
305 FUST promoter activity is limited by the initial percentage of R-strain in the two-population
306 system. For instance, only 50% of all cells could produce bioluminescence in OS-R co-
307  cultures at 1:1 ratio. Compared with the symmetric co-culture approach, A-strains showed
308 slightly higher levels in response to BL and DL4h:20h, but also higher basal activity in DD
309 (Figure 6B). In this way, the fold-inductions of A-strains were lower than ones related to
310 certain OS-R mixtures at 1:1 ratio (Figure 6C), indicating that the separation of biological
311  activities in two different strains improves the performance by filtering the transcriptional
312  noise “. This result was similar or even better whether A-strains are compared with the
313 asymmetric OS-R co-cultures (Figure S14). As expected, no response was observed when
314  we tested Acontro-strains (Figure S15).

315 The design of the two-population system pretends that pheromone produced by OS-
316 strains triggers the mating pathway in R-strains (Figure 1). Nevertheless, this scheme omits
317  certain biological activities that would be occurring in the co-culture experiments. One of
318 them is that part of the secreted a-factor by light probably binds to surface pheromone
319 receptors of the same OS-cells, that lack the luciferase reporter gene. Thus, OS-strains are
320 likely acting as sponges, reducing the effective concentration of signaling molecules that
321 can be used by R-strains to generate a measurable response. In that context, two strategies
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322  are being implemented to avoid this loss of a-factor. The first option is the evaluation of co-
323  cultures between A- and R-strains. Similar experiments involving mixtures between a
324  “secrete-and-sense” strain and an “only-sense” strain have shown that the response

7879 where a threshold concentration of molecules

325 resembles the quorum sensing behavior
326 is reached while cell density increases, generating a coordinated response at population
327 level mediated by autocrine and paracrine communication. The second option is the
328 generation of OS-strains that also carry a STEZ2 deletion. Furthermore, it is important noticing
329 that specific cell co-cultures may involve nutrient competition between the respective strains.
330 Forinstance, when OS2 (whose mitotic division is affected by pheromone) is combined with
331 RS3 (its cell cycle remains unaltered in presence of a-factor), the latter might overgrow the
332  former regardless of the initial ratio between both strains. The same situation is possible in
333 the OS2/R3 mixture. Albeit these concepts are not addressed in this work, the optogenetic
334 intercellular system seems to be useful to assess ecological paradigms, including the
335 appearance of cheaters .

336 Future work also aims to obtain more intricate versions of our optogenetic
337 intercellular system. For instance, it would be attractive to evaluate the effect of adding an
338 intermediate strain able to amplify or attenuate the response in R strains, resembling
339 coherent and incoherent feedforward designs. In fact, a three-population circuit was already
340 developed in yeast by exploiting the pheromone signaling ®. Using engineered MATa
341  strains, the system acts like a chain reaction that propagates the information by the secreted
342 pheromone. However, the MFa1 gene is constitutively expressed by the first strain. Thus,
343  although the signal is intensified by the second strain to activate the response on the third
344  one, the overall system lacks a user-controlled inducer. In the same way, and considering
345 that the OS-R co-cultures are based on intra-species communication &', the two-component
346  system could be expanded by adding other organisms such as E. coli or mammalian cells.
347 Inter-species communication systems, involving S. cerevisiae strains, have already been
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348 reported using volatile acetaldehyde as a signaling molecule . Also, the a-factor has been
349  successfully secreted by a modified strain of the fission yeast Schizosaccharomyces pombe
350 %, This heterologous expression of the pheromone was validated by cell cycle arrest,
351 morphological changes and induction of mating genes in S. cerevisiae MATa cells,
352  confirming the possibility to implement our system with different organisms. These types of
353  synthetic circuits may enable the formation of consortia that contributes improving the
354  knowledge about the propagation of external stimuli at population level.

355

356

357 METHODS

358 Yeast strain and culture conditions.

359 S. cerevisiae strain BY4741 (MATa; his3A1; leu2A0; met15A0; ura3A0), was used
360 as the genetic background for yeast transformation ®. This strain was maintained in YDPA
361 medium (2% glucose, 2% peptone, 1% yeast extract and 2% agar) at 30°C. Co-
362 transformants carrying plasmids with auxotrophic markers were maintained in synthetic
363 media (0.67% yeast nitrogen base without amino acids, 2% glucose, 0.2% amino acids drop-
364 out mix and 2% agar) at 30°C.

365 Generation of yeast mutant and reporter strains.

366 The one-step PCR deletion by recombination protocol &

was followed to generate
367 gene mutants of the mating pathway. Specifically, the kanamycin (KanMx) antibiotic
368 resistance cassette was amplified by PCR using a Phusion Flash high-fidelity PCR master
369 mix (Thermo Scientific, USA) and 70-nt primers for direct homologous recombination on the
370 BART locus, allowing the swapping of the endogenous ORF region in the BY4741 strain.
371 Then, the nourseothricin (NatMx) antibiotic resistance cassette was amplified and
372  transformed in the BY4741 bar1A strain to generate the allelic swapping on the FAR1 locus.

373  The same procedure was used to generate the pheromone-responsive strains. A previously
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374  described luciferase reporter construct ® was amplified by PCR using a Phusion Flash high-
375 fidelity PCR master mix (Thermo Scientific, USA) and 70-nt primers for targeted
376  recombination on the FUS1 locus, allowing the swapping of the endogenous ORF region in
377 the BY4741, bar1A and bar1Afar1A strains. The chromosomal DNA of all strains was
378 extracted using the Wizard® Genomic DNA Purification Kit (Promega, USA) and the
379 integration of antibiotic resistance cassettes or reporter genetic constructs in the genome
380 was confirmed by PCR under standard conditions using the GoTaq Green Master Mix
381 (Promega, USA). The strains used and generated herein are shown in Table S1. Primers
382  used for the generation of strains and their checking are listed in Table S2.

383

384  Generation of recombinant genetic constructs.

385 We used the original FUN-LOV system *° to control the expression of an a-factor
386 pheromone encoding gene (MFa1) by light. This inducible genetic construct was generated
387  using yeast recombinational cloning &. Succinctly, the two DNA fragments (GAL1 promoter
388 and MFa1 ORF plus its endogenous terminator) were amplified using a Phusion Flash High-
389  Fidelity PCR Master Mix (Thermo Scientific, USA), employing 50-nt oligonucleotides that
390 allow the cloning into pRS426 vector. The presence and orientation of DNA fragments were
391 confirmed by colony PCR using GoTaq Green Master Mix (Promega, USA), whereas the
392  sequence of the genetic construct was checked by Sanger sequencing reactions (Macrogen
393 Inc., Korea). The plasmids used and generated herein are shown in Table S3. The primers
394  used for plasmid assembly are listed in Table S4.

395

396 Evaluation of R-strains using commercial pheromone.

397 The reporter gene coding sequence (LUC) was inserted downstream of the
398 endogenous FUST promoter, permitting luciferase expression in response to a-factor
399 pheromone. After that, the reporter strains were co-transformed with empty pRS423,
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400 pRS425 and pRS426 vectors, obtaining the Receiver (R) strains. The R-strains were
401 assayed using different concentrations of commercial a-factor pheromone (1, 5, 25, 50 and
402 100 pM) and the luminescence levels and optical density at 600 nm (ODego) of the cell
403  cultures were simultaneously measured over time using a Cytation 3 microplate reader
404  (BioTek, USA). Briefly, yeast strains were grown overnight in a 96-well plate with 200 uL of
405 SC medium at 30°C. Thereafter, 10 pL of these cultures were used to inoculate a new 96-
406  well plate containing 190 uL of fresh SC media supplemented with luciferin at 1 mM final
407  concentration. The ODsgo and the luminescence were acquired at 30°C every 30 min for 24
408 h, running a protocol with 30 sec of shaking before data acquisition. The kinetic curves were
409 performed with six biological replicates, and the luminescence was normalized by ODgoo of
410 the yeast co-cultures. The effect of a-factor on the cell growth of R-strains was evaluated
411  using a halo assay as previously reported ®. Briefly, yeast strains were grown overnight in
412 2 ml tubes with 1.7 mL of SC medium at 30°C with 130 rpm of shaking. Thereafter, 1:10
413  dilutions of these cultures were merged with 9 mL of soft-SC media (1% agar), and then the
414  mixtures were poured on a plate containing 15 mL of SC media (2% agar). Once solidified,
415 the plates containing R-cells in a uniform lawn were inoculated with 5 yL of commercial
416  pheromone at the same concentrations mentioned above. The solid cultures were grown at
417  30°C without shaking for 48 h and pictures of cell plates were taken using the colorimetric
418 mode of Chemidoc Touch Imaging Systems (Bio-Rad, USA). All halo assays were
419  conducted in three biological replicates.

420

421 Evaluation of OS-strains using culture supernatants.

422 BY4741, bar1A and bar1Afar1A strains were co-transformed with the inducible
423  MFa1 gene construct and the FUN-LOV plasmids, obtaining the Optogenetic Sender (OS)
424  strains. These strains were grown in flasks under darkness overnight in 25 ml of SC medium
425 at 30°C with 130 rpm of shaking. Thereafter, the ODeoo Of the cultures was adjusted to 0.2
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426  and the cells were grown for 8 h under constant darkness (DD) or constant white light (LL)
427  conditions using Percival incubators (Percival Scientific, USA). Importantly, the LL
428  experiments were conducted under 100 umol m? s™ of light intensity. Then, the cells were
429 discarded by two consecutive rounds of centrifugation at 3500 rpm for 5 min and the
430 supernatants were recovered and maintained at -20°C. On the other hand, R-strains were
431  grown overnight in a 96-well plate with 200 pL of SC medium at 30°C. Thereafter, 10 uL of
432  the R-cell cultures were inoculated in a new 96-well plate containing 190 uL of the collected
433  supernatants supplemented with a final concentration of 1 mM luciferin, to indirectly analyze
434  the optogenetic pheromone production in terms of ODsoo and luminescence. All kinetic
435  curves were performed with six biological replicates, and the results are shown in terms of
436  luminescence normalized by ODeoo. The growth parameters such as rate and efficiency were
437  calculated using the ODggo data and the Gompertz equation %. Also, the pheromone-
438  dependent growth inhibition of R-strains was evaluated with halo assay, using 5 pL of OS-
439  supernatants obtained from DD and LL conditions. Again, the halo assays were conducted
440 in three biological replicates.

441

442 Evaluation of the two-population system.

443 The mixture of OS- and R-strains allowed the evaluation of the optogenetic
444  intercellular system. First, the cells were evaluated at OS-R 1:1 ratio under three different
445  illumination conditions: 24 h of DD, 24 h of blue-light (BL) and a transition of 4 h of DD
446  followed by 20 h of BL (DL4h:20h) in a temperature-controlled dark room. Blue-light (BL)
447  experiments were carried out using an LED lamp (model i5038) at ~ 20 umol m? s of light
448 intensity *°. Briefly, OS- and R-strains were grown separately overnight in a 96-well plate
449  with 200 yL of SC medium at 30°C in DD. Thereafter, 5 yL of the OS- and R-cell cultures
450 were co-inoculated in nine combinations in a new 96-well plate containing 190 pL of fresh
451 SC media supplemented with luciferin (1 mM). The measurements involving BL used a
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discontinuous protocol, that allows keeping the plate outside of the microplate reader to
expose the co-cultures to the LED lamp between each measurement *°. Then, different
dark/blue-light  transitions  (DL1h:23h, DL2h:22h, DL6h:18h, DL8h:16h, = DL10h:14h,
DL12h:12h) were assessed. Furthermore, the cells were evaluated by varying the OS-R
ratio (3:1 and 1:3) under DD, BL and DL4h:20h conditions. In this case, the normalized
results are shown in heat-maps, where each co-culture was evaluated in six biological
replicates. Finally, the pheromone-dependent growth inhibition of R-strains was evaluated
with halo assay by using 5 pL of saturating cultures of OS-strains, posteriorly grown in DD
and LL conditions. As before, these halo assays were conducted in three biological

replicates.
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700

701

702 FIGURE CAPTIONS

703 Figure 1. Molecular design of the optogenetic intercellular system. Under blue-
704  light conditions, the FUN-LOV switch activates the secretion of a-factor pheromone by OS-
705 strains. This signaling molecule triggers the mating pathway in R-strains, inducing the
706  expression of luciferase inserted at the FUS1 locus as a transcriptional reporter.

707

708 Figure 2. The R-strains depict different profiles of transcriptional response
709 upon pheromone addition. Commercial a-factor was exogenously added in different
710  concentrations (1, 5, 25, 50 and 100 uM) and reporter expression (luminescence normalized
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711 by ODeno) was measured in R1, R2 and R3 cells for 24 h. In all panels, R-strains were
712  evaluated in the absence of pheromone (0 pM) as negative controls. The average
713 normalized response of six biological replicates is shown, with the standard deviation
714  represented as a region with soft tone.

715

716 Figure 3. The OS-strains carrying a multi-copy inducible MFa1 plasmid
717  produce functional pheromone upon constant light. The supernatants of OS1, OS2 and
718 OS3 cultures were collected from contrasting illumination conditions (DD and LL) and
719  reporter expression (luminescence normalized by ODeoo) was measured in R1, R2 and R3
720  cells for 24 h. In all panels, the R-strains were evaluated in fresh media (FM) as negative
721  controls. The average normalized response of six biological replicates is shown, with the
722  standard deviation represented as a black bar.

723

724 Figure 4. The combination of OS- and R-strains leads to productive light-
725 dependent cell communication. The cells were combined at OS-R 1:1 ratio, and then
726 exposed to DD, BL and DL4h:20h to measure reporter expression (luminescence
727  normalized by ODsno) for 24 h. The average normalized response of six biological replicates
728 is shown in the heat-maps.

729

730 Figure 5. The amplitude of the response depends on the initial ratio between
731  OS- and R-strains. The cells were combined at OS-R 1:3 (A) or 3:1 (B) ratios, and then
732 exposed to DD, BL and DL4h:20h to measure reporter expression (luminescence
733  normalized by ODso) for 24 h. The average normalized response of six biological replicates
734  is shown in the heat-maps.

735
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736 Figure 6. The autonomous strains display a worse performance regarding
737  symmetric OS-R co-cultures. A. Molecular design of A-strains. B. The cells were exposed
738 to DD, BL and DL4h:20h to measure reporter expression (luminescence normalized by
739  ODsno) for 24 h. The average normalized response of six biological replicates is shown in
740 the heat-maps. C. Comparative of maximum fold-induction between A-strains and the
741  optogenetic intercellular system at OS-R 1:1 ratio for two illumination conditions (****P

742 <0,0001).
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