(Optochemical) control of synthetic microbial co-culture interactions on microcolony level
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Abstract 
Synthetic microbial co-cultures carry enormous potential for applied biotechnology and are increasingly subject of fundamental research. So far, most co-cultures have been designed and characterized based on bulk cultivations without considering the potentially highly heterogeneous and diverse single-cell behavior. However, an in-depth understanding of co-cultures including their interacting single cells is indispensable for the development of novel cultivation approaches and control of co-cultures. 
We present the development, validation and experimental characterization of an optochemically controllable bacterial co-culture on microcolony level consisting of two Corynebacterium glutamicum strains. Our co-culture combines an L-lysine auxotrophic strain together with a L-lysine-producing variant carrying the genetically IPTG-mediated induction of L-lysine production. We implemented two control approaches utilizing IPTG as inducer molecule. Firstly, unmodified IPTG was supplemented to the culture enabling a medium-based control of the production of L-lysine, which serves as the main interacting component. Secondly, optochemical control was successfully performed by utilizing photocaged IPTG activated by appropriate illumination. Both control strategies were validated studying cellular growth on microcolony level. The novel microfluidic single-cell cultivation strategies applied in this work can serve as a blueprint to validate cellular control strategies of synthetic mono- and co-cultures with single-cell resolution at defined environmental conditions. 



Introduction
[bookmark: _Hlk59278279]Understanding interactions and pathways in microbial communities has become a major interest in synthetic biology to expand the toolbox of applications and explore the potential of communities for new or improved biotechnological processes.1–3 For the design and modification of natural and synthetic co-cultures, bottom-up engineering approaches4 as well as in situ microbiome engineering of bacterial communities5 have been applied. Especially cooperative interactions such as commensalism and syntrophy are advantageous for biotechnological processes.6 Exploiting these interaction modes aims at distributing metabolic tasks between different strains, which would allow for higher productivity and more precise pathway optimization as each strain can be engineered individually and carries a smaller metabolic burden.7
The greatest challenge in understanding microbial communities is the analysis of their complex interactions on different spatio-temporal scales, which can be highly dynamic and difficult to predict.8 Analysis of population behavior in co-cultures has mostly been performed within the limits of lab scale cultivations, average measurements, and off-line sample analysis, such as metagenomics or flow cytometry.9,10 However, recent studies have shown that especially short-range interactions play a pivotal role in functions of microbial communities.11,12 According to Co et al., cells interact only in a range of a few cell length with community members to exchange metabolites.11
These short-range cell-cell interactions can be analyzed with microfluidic cultivation devices and appropriate time-lapse microscopy.13 In the past, microfluidics has mainly been employed for the analysis of microbial monocultures14,15, but a few studies investigating synthetic co-cultures have been published recently.16,17 These devices provide access to single-cell resolution as well as controllable environmental conditions. In combination with (fluorescence) time-lapse microscopy, microfluidics enables cell cultivations and analysis with exceptional spatio-temporal resolution. Detailed insights obtained from single-cell analysis are indispensable for the development of promising control strategies for synthetic co-cultures.
Controlling co-cultures is an emerging topic within the research field of synthetic co-cultures. The application of co-cultures in biotechnological processes is still scarce, as their dynamic control remains challenging at the bulk level. Recently, control mechanisms for co-cultures including the engineering of strains for co-culture self-regulation via quorum sensing (QS)18,19, toxin-antitoxin interaction20, gene transfer21 and metabolite exchange22 have been successfully demonstrated (Table 1A). Online control of individual co-culture members (Table 1B) or a single co-culture member (Table 1C) has been achieved by the addition of QS molecules23 or antibiotics.24 Particularly, supplementing inducer molecules or antibiotics provides dynamic control of individual populations in a co-culture. Furthermore, theoretical strategies enabling the control of co-cultures were described.21,25 However, most of the recently demonstrated approaches have in common that they enable the essential stabilization of the population ratios of the interacting organisms (Table 1A), but are not suitable for online process control. Dynamic control tools in terms of online and noninvasive regulation of co-cultures have rarely been applied in previous studies.
[bookmark: _Hlk59368152]Optogenetics is a relatively new technology, that employs naturally occurring light-responsive proteins and transfers them into genetically encoded protein switches to control cellular processes with unprecedented temporal and spatial resolution.26 It carries great potential for the online control of cultures with light in an extraordinary fast, precise, and minimal invasive fashion.27 The different methods applied for light control can be divided into three categories, namely irreversible photo(de)activation (uncaging), reversible photo-switching and optogenetics.28 
With irreversible photo(de)activation molecular processes are regulated using photolabile protection groups linked to key locations or molecules, which can be cleaved upon light exposure, thereby releasing the active inducer compound. These protection groups can be linked to a wide range of molecules such as IPTG, carbohydrates or antibiotics.29,30 By implementing two complementary antibiotics caged by different photo-sensitive protection groups, Velema et al. demonstrated the online control of a co-culture incorporating Escherichia coli and Staphylococcus aureus cells by releasing the specific antibiotics upon exposure to different wavelengths.24 
If a reversible control over cellular processes is required, reversible photo-switches can be applied, where bistable molecules can undergo a reversible change of their structure upon light irradiation.31 Optogenetics combines these rather synthetic chemical approaches and aims at introducing them into living organisms by utilizing genetically encoded photosensitive proteins. However, the natural and synthetic control tools are often combined and a clear discrimination is not possible.28 
Successful gene regulation on the single-cell level was published by Rullan et al. in a study showing transcriptional regulation in yeast with a photosensitive transcription factor by using a digital micromirror device projector.32 Another example on the population level is the automated optogenetic feedback control of a key metabolic enzyme in E. coli for dynamic control of the growth rate by using a light-switchable cyanobacterial two-component system as described by Milias-Argeitis et al..33 Other examples of light switchable cellular systems are described in the review of Szymanski et al..31 However, most of these optogenetic tools have not yet been implemented for the control of the co-culture behavior. 
Here, we demonstrate the control of a synthetic co-culture at the microcolony level based on engineered C. glutamicum strains. In this co-culture, a L-lysine production strain is directly controlled, which in turn influences the growth of the interacting partner, a L-lysine auxotrophic strain. We applied two gradually engineered co-culture control strategies. First, an invasive, IPTG-inducible L-lysine expression system and secondly, a light control-based approach by supplementing photocaged IPTG (cIPTG) to the culture medium, whereby the L-lysine production is induced after releasing the active IPTG molecules upon UV-A light exposure. Our microcolony cultivations and analyses were performed utilizing our recently developed microfluidic co-cultivation platform enabling environmental control as well as defined light exposure to monolayer cell colonies.17 


Table 1 Recently employed tools for the control of co-cultures.
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Results and Discussion

Pre-evaluation of the synthetic co-culture model

[bookmark: _Hlk58773281]For the analysis of intraspecies interaction, we assembled synthetic co-cultures with unidirectional dependency. In search of a suitable co-culture model, we cultivated the lysine auxotrophic strain C. glutamicum ΔlysA pEKEx2-eYFP together with a wild-type strain and with C. glutamicum DM1727, which carries a pyc mutation. Both co-cultures showed no significant fluorescence signal, indicating that not enough L-lysine was secreted by these strains to sufficiently feed C. glutamicum ΔlysA for cell growth (Figure S2). Consequently, we aimed for L-lysine production strains with higher L-lysine titers and chose C. glutamicum DM1800 and DM1727 pEKEx2-lysC-βFBR. C. glutamicum DM1800 carries a pyc and lysC mutation for an improved L-lysine production (Figure 1A), C. glutamicum DM1727 pEKEx2-lysC-βFBR carries also a pyc mutation but additionally the IPTG-inducible feedback resistant aspartate kinase (lysC) on a plasmid for controlled L-lysine production (Figure 1B). If the strain DM1727 pEKEx2-lysC-βFBR is induced by IPTG, it is expected to have a similar L-lysine production as strain DM1800. 
All experiments were performed in defined CGXII medium and the auxotrophic strain was fed with the L-lysine secreted by a corresponding producer strain in the co-culture. L-lysine was the only growth-limiting factor as all other nutrients were present in excess. 

To quantify the lysine secretion of the producer strains, we analytically determined the L-lysine concentration in the culture supernatant at different time points during microbioreactor cultivation of the producer strains (Figure 1C). C. glutamicum DM1800 produced the highest amount of L-lysine with a measured maximum concentration of 4.89 mM after 20 hours cultivation time. Strain DM1727 pEKEx2-lysC-βFBR induced with 15 µM IPTG produced nearly the same amount and reached a maximum concentration of 4.61 mM in the supernatant. Without the addition of IPTG, C. glutamicum DM1727 pEKEx2-lysC-βFBR produced around 1 mM L-lysine, which proves that the promotor system is not completely tightly regulated.

For co-cultivation experiments, we performed microbioreactor cultivations with online measurement of backscatter and YFP intensity to characterize the general strain behavior. As we used strains with similar phenotypes regarding cell size and morphology, the increase in biomass of the two populations in our co-cultures could not be differentiated by the applied backscatter measurements (Figure 1D top). The growth rates of all co-cultures calculated from backscatter measurements are listed in table 2. Yet, due to the ΔlysA strain expressing eYFP, co-cultures showed different average fluorescence intensities (Figure 1D bottom). The fluorescence intensities revealed that the co-culture of C. glutamicum ΔlysA + DM1727 pEKEx2-lysC-βFBR with IPTG induction reached a slightly lower final fluorescence intensity compared to the co-culture of C. glutamicum ΔlysA + C. glutamicum DM1800. 
The control co-cultivation of the ΔlysA strain together with C. glutamicum DM1727 pEKEx2-lysC-βFBR without IPTG addition, showed that even without induction the producer strain secreted obviously low levels of L-lysine, causing growth of the ΔlysA strain, which becomes apparent in a fluorescence intensity of approximately 25 a.u. (Figure 1D bottom). These results are in accordance with the measured L-lysine concentrations, determined in the monocultures of the producer strains. 
For comparison, we additionally performed microbioreactor cultivations, in which all strains were cultured separately and backscatter signals as well as fluorescence intensity values were measured (Figure S1). The results show that the fluorescence intensity values of the co-cultures were below the fluorescence intensity values of monocultures with the fluorescing auxotrophic strain (L-lysine supplementation), but higher than for cultivations with the non-fluorescing L-lysine production strains (Figure S1). This indicates that the ΔlysA strain grew successfully within the co-cultures, but a precise determination of the biomass would be difficult to implement. However, based on our observations, we assumed that the fluorescence intensities of the auxotrophic strain and thus the average co-culture fluorescence can be used to approximately monitor L-lysine production. 

The results show that C. glutamicum ΔlysA grew successfully in co-cultivation with the different L-lysine producers and even a control of L-lysine production by IPTG supplementation was achieved. However, detailed measurements of the correlation between fluorescence and cell mass and individual growth dynamics of the co-culture members are challenging to obtained in bulk measurements. The fluorescence indicates growth of the ΔlysA strain in co-cultures but the correlation of the fluorescence intensity to the cell mass could be imprecise. For detailed insights into the population and analysis of the time-resolved cell-to-cell heterogeneity and strain interactions, we performed microcolony cultivation experiments in microfluidic devices, as described in the following sections.







[image: ]
[bookmark: _Hlk36783841]Figure 1 Bulk analysis of L-lysine production and co-cultures using microtiter plate cultivations. (A) Illustration of synthetic co-culture model with uncontrolled interaction between a L-lysine production strain and a L-lysine auxotrophic strain. (B) Illustration of synthetic co-culture model with IPTG-controlled L-lysine production, which feeds a L-lysine auxotrophic strain for cell growth. (C) Measurement of extracellular L-lysine accumulation during cultivation of C. glutamicum DM1800 and DM1727 pEKEx2-lysC-βFBR with and without IPTG addition. Samples were drawn by a liquid handling system at distinct sampling points and measured via HPLC. Mean values (points) and standard deviations (error bars) were estimated via error propagation from two analytical replicates. (D) Time course of online backscatter and fluorescence data for co-cultures of C. glutamicum ΔlysA + DM1800 and C. glutamicum ΔlysA + DM1727 pEKEx2-lysC-βFBR with and without IPTG. Mean values (lines) and standard deviations (underlaying areas) were estimated from three independent replicate cultures, respectively.

	Co-culture and condition
	Average specific growth rate (h-1)

	ΔlysA + DM1727 pEKEx2-lysC-βFBR, 
CGXII + 15 µM IPTG
	0.36 ± 0.01

	ΔlysA + DM1727 pEKEx2-lysC-βFBR, 
CGXII
	0.38 ± 0.01

	ΔlysA + DM1800, 
CGXII
	0.39 ± 0.01


Table 2 Average growth rates of co-cultures in microtiter plate cultivations. Growth rates and standard deviations were calculated from three independent replicates using spline approximation.


Interaction analysis on microcolony level

For microfluidic co-cultivation experiments, cells were cultivated in monolayer growth chambers, which restricted cell growth to a single cell layer ideally for the subsequent image analysis.34 Strains were spatially separated inside the monolayer growth chambers by a membrane with several interconnecting nanochannels, which allowed the exchange of metabolites by diffusion. The spatial separation was necessary to restrict the faster growing producer strain from overgrowing the slower growing auxotrophic strain when cultivated in a single chamber simultaneously (see Burmeister et al., 17). Metabolite exchange inside the chambers was mainly dependent on diffusion through the interconnecting nanochannels defined by the chamber geometry.17 To examine the growth rate of C. glutamicum ΔlysA in co-cultivation together with the L-lysine producer C. glutamicum DM1800, we emulated batch cultivation conditions by stopping the continuous medium flow when the channels were perfused with fresh defined CGXII medium for one hour after cell inoculation.
Figure 2A depicts growth curves of strains DM1800 and ΔlysA in five separate growth chambers. C. glutamicum DM1800 grew exponentially with an average growth rate of avg = 0.34 ± 0.01 h-1 until the chamber was completely overgrown and the cell numbers stagnated after approximately 5 h cultivation time. Noteworthy, image analysis was not viable from this timepoint on because the cells grew so densely that single cells were not recognizable. C. glutamicum ΔlysA showed an average growth rate of avg = 0.30 ± 0.02 h-1. After around 4 h cultivation time, in which mainly the producer strain increased its cell number, L-lysine accumulated inside the chambers at concentrations high enough to enable growth of the ΔlysA strain. The apparent lag phase of the ΔlysA strain also occurred during the microbioreactor co-cultivations. The YFP fluorescence of the co-culture showed a delay of several hours compared to the YFP signal of the ΔlysA monoculture in the microbioreactor (see Figure 1D and Figure S1). This indicates that a minimum L-lysine concentration was necessary to induce cell growth of C. glutamicum ΔlysA. This in turn could only be achieved when a sufficient amount of producer cells was reached (here approx. 600 cells), which depends on the microfluidic chamber design, the cultivation mode and the genetic background of the producer strain.  
In order to get an estimate for this L-lysine concentration threshold in our setup, we performed microfluidic perfusion cultivations with monocultures of the ΔlysA strain under various constant L-lysine concentrations (Figure S3 A). Our results show that a minimum of 10 µM L-lysine is necessary to induce cell division of C. glutamicum ΔlysA. With L-lysine concentrations below 10 µM no cell growth could be observed. However, under these very low concentrations cells showed long division ages and highly heterogeneous growth behavior (Figure S3 B). The variance of division age was at approximately 3 h2 for 10 µM, while no heterogeneity effects could be observed at supplemented concentrations above 1 mM.
As a control experiment, we also performed microfluidic co-cultivations of C. glutamicum ΔlysA together with a C. glutamicum wildtype strain (Figure S4 A). Results show that the wildtype did not secrete sufficient amounts of L-lysine to induce growth of the ΔlysA strain, which was in accordance with our expectations, as the L-lysine production is negatively feedback regulated in the wild type.35
In a next step, we aimed to control the interaction and analyzed the growth behavior of C. glutamicum ΔlysA in co-culture together with strain C. glutamicum DM1727 pEKEx2-lysC-βFBR.

[image: ]
[bookmark: _Hlk58789100]Figure 2 Microcolony growth analysis of C. glutamicum co-cultures during uncontrolled and controlled interaction. (A) Growth curves of five growth chambers of L-lysine producer C. glutamicum DM1800 (triangles) and C. glutamicum ΔlysA (squares) in co-cultivation. (B) Growth curves of five growth chambers of inducible L-lysine producer C. glutamicum DM1727 pEKEx2-lysC-βFBR (triangles) and C. glutamicum ΔlysA (squares) in co-cultivation. Each color represents one pair of microcolonies in on cultivation chamber.




Interaction control on microcolony level

[bookmark: _Hlk40174476]The inducer-controlled co-culture model consisted of the two strains ΔlysA and DM1727 pEKEx2-lysC-βFBR. IPTG supplemented to the medium induced the production of L-lysine by strain DM1727 pEKEx2-lysC-βFBR, which feeds the ΔlysA strain enabling cell growth. The induced co-cultures revealed similar results compared to the uncontrolled co-cultivations. C. glutamicum ΔlysA grew with an average growth rate of avg = 0.29 ± 0.01 h-1 in co-cultivation together with C. glutamicum DM1727 pEKEx2-lysC-βFBR (avg = 0.31 ± 0.01 h-1) and 15 µM IPTG (Figure 2B). The similar growth behavior of the co-cultures is in accordance with our expectations regarding their genotypes as both production strains exhibit a pyc mutation and (for DM1727 pEKEx2-lysC-βFBR an induced) feedback resistant aspartate kinase (lysC) for improved L-lysine production.
[bookmark: _Hlk59606291][bookmark: _Hlk58792402]Control experiments without adding IPTG to the inducer-controllable co-culture resulted in no growth of the ΔlysA strain in the microfluidic setup (Figure S5). In comparison to the microbioreactor cultivations, where a slight growth of ΔlysA was visible, small amounts of produced lysine are rapidly washed away with the medium flow in the microfluidic setup because of the continuous cultivation mode. In microbioreactor batch cultivations small amounts of produced lysine could accumulate over time and induce cell growth of ΔlysA. Here, the leakiness of the used promotor becomes apparent and confirms the results of previous studies describing the leakiness of several promotors in C. glutamicum.36,37 
We also tested the strain DM1727 without the plasmid pEKEx2-lysC-βFBR in a co-culture with C. glutamicum ΔlysA. The minimal amount of L-lysine produced and secreted by this mutant was also not sufficient to promote growth of C. glutamicum ΔlysA (Figure S4 B).
Similar to the uncontrolled co-culture, a growth lag-phase of C. glutamicum ΔlysA was observed in the controlled co-culture and the auxotrophic strain only started to grow, when C. glutamicum DM1727 pEKEx2-lysC-βFBR had reached a cell number of approximately 500 cells.

Interaction control by UV illumination
[bookmark: _Hlk58766520]Fast and precise control of interaction between our strains ΔlysA and DM1727 pEKEx2-lysC-βFBR in a noninvasive fashion was achieved by the photocaged compound cIPTG38, which was activated upon short UV-A exposure (Figure 3A, B).39 This way, cIPTG molecules are transported into the cells before they are uncaged with UV-A light, leading to a faster induction and more homogeneous promotor activation, which could be demonstrated in previous studies.40 For a more detailed description of the synthesis and molecular mechanism of uncaging cIPTG the reader is referred to Young and Deiters38 and Binder et al..29
[bookmark: _Hlk64749148]Before microfluidic co-cultivation experiments, a UV-A toxicity test was performed by exposing C. glutamicum to UV-A light for 0 s, 1 min and 5 min (Figure S7). Growth rates were compared to find out if the UV-A light has an influence on the viability of the cells. The results showed no significant difference in growth rates between the different exposure times. However, after 1 min UV-A exposure time a slight growth delay could be observed compared to unexposed cells. At 5 min UV-A exposure an even longer lag-phase could be observed, indicating that some cells might be killed or impaired in growth. So, we assumed that a maximum exposure time of 1 min could be applied in our experiments without having a noticeable negative influence on the cell viability. 
In microfluidic co-cultivation experiments, cIPTG was added to the medium and the chip was perfused for 1 h. Subsequently, the medium flow was stopped and an additional waiting time of 30 min was applied to emulate batch conditions and to ensure intracellular uptake of cIPTG inside the DM1727 pEKEx2-lysC-βFBR cells. To uncage the photosensitive molecules, single chambers were illuminated by UV-A light for 10 s, 30 s and 60 s.
Results show that C. glutamicum ΔlysA started to grow solely when the chamber was exposed to UV-A light, while in non-exposed chambers ΔlysA cell numbers remained nearly constant at the level of inoculation (Figure 3C). 
[bookmark: _Hlk64924155]Comparing different exposure times, it becomes evident that 30 s and 60 s exposure leads to slightly higher growth rates compared to 10 s exposure time (Figure 3D). After 10 s C. glutamicum ΔlysA showed an average growth rate of µavg = 0.17 ± 0.04 h-1, after 30 s the growth rate determined was µavg = 0.20 ± 0.02 h-1 and after 60 s exposure time the growth rate was µavg = 0.19 ± 0.03 h-1. However, only between no UV-A exposure (0 s cIPTG) and all three exposure times a significant growth rate difference was found (p < 0.05). The difference in growth rate between 10 s and 30 s exposure (p = 0.09) as well as between 30 s and 60 s exposure (p = 0.57) was not significant.  Yet, the standard deviation was greater for 10 s, which might be an indication that not all cIPTG molecules were uncaged after this short exposure time or not enough cIPTG was taken up by the cells and a more heterogeneous colony response was the result.
During microfluidic experiments, we also observed heterogeneous YFP expression in ΔlysA cells. To verify this, we measured the fluorescence distribution in C. glutamicum ΔlysA in the different co-culture experiments. Co-cultivation with C. glutamicum DM1800 or DM1727 pEKEx2-lysC-βFBR with IPTG induction revealed average coefficients of variation of CV = 31 % and CV = 35 %, respectively (Figure S6 A, B). Interestingly, heterogeneity in YFP expression was the highest when C. glutamicum ΔlysA was co-cultured with C. glutamicum DM1727 pEKEx2-lysC-βFBR and the L-lysine production was induced with cIPTG (CV = 39 %) (Figure S6 C). However, the fact that the ΔlysA strain is not expressing YFP in a homogeneous manner might influence the interpretation of fluorescence intensities in larger scale co-cultivations that we performed in the BioLector device (cmp. Fig. 1) and a correlation between cell mass and fluorescence intensity might be misleading. In contrast, microfluidic co-cultivations depict a more precise analysis of the co-culture with single cell numbers and fluorescence measurements with a high temporal resolution. 
The standard IPTG induction resulted in generally higher growth rates compared to light induction, even though only 15 µM IPTG was used compared to 100 µM cIPTG in the light-controlled experiments. The reason for this might be that not enough cIPTG diffused into the cells leading to a weaker induction of the producer cells. 
Control chambers without UV-A exposure showed a low growth rate, which might be caused by unintentionally uncaged IPTG molecules or a not tightly regulated promotor. 
Light control was successfully achieved by the application of photocaged IPTG and UV-A exposure of the microfluidic co-culture. Results revealed that different exposure times could be used in the future to gradually control the interaction as shorter exposure times led to lower growth rates of C. glutamicum ΔlysA. Photo-activation of L-lysine producer cells led to generally lower growth rates compared to standard IPTG induction but by adjusting the cIPTG concentrations, exposure times and light intensities similar growth rates can be expected as uncaging of cIPTG and cell induction is highly sensitive to these parameters.41 The exposure of selected chambers during microscopy and the subsequent analysis of single-cell growth gives precise insights into strain interaction and shows that different synthetic biology tools can be combined to create light controlled consortia. 
[image: ]
[bookmark: _Hlk64924192][bookmark: _Hlk59201613][bookmark: _Hlk58789253]Figure 3 Optochemically-controlled interaction with photocaged IPTG as inducer for L-lysine production. (A) For the optochemical control, 100 µM caged IPTG was added to the medium of a C. glutamicum ΔlysA and DM1727 pEKEx2-lysC-βFBR co-culture. Upon UV-A exposure (λ = 360 nm, I=1,2 µW) the protection group is released and IPTG can induce L-lysine production in DM1727 pEKEx2-lysC-βFBR, which feeds the ΔlysA strain. (B) Molecular structure and uncaging mechanism of NP-photocaged IPTG (cIPTG) as described by Young and Deiters.38 (C) Microscopic time-lapse images showing the cell monolayer of the L-lysine auxotrophic strain in the microfluidic co-culture chamber. Images revealed the growth of C. glutamicum ΔlysA when the chamber was shortly exposed to UV-A light (left). No UV-A exposure resulted in no growth of the ΔlysA strain (right). Scale bars = 10 µm. (D) Comparison of average growth rates of C. glutamicum ΔlysA under different co-culture conditions with C. glutamicum DM1727 pEKEx2-lysC-βFBR. For each condition eight chambers from two independent experiments were analyzed. Significant differences (p < 0.05) are indicated by stars.


Future challenges
Microfluidic single-cell analysis enables new insights into cell dynamics under defined and constant conditions42 or batch conditions.43
For high-throughput data analysis, image analysis workflows need to be optimized to analyze these large data sets with reliable methods. Several image analysis tools have been developed in the last years, but evaluation of co-culture data is notably challenging. Phenotypically identical or similar strains need to be spatially separated from each other by microfluidic structures, or must be optically traceable, for example by fluorescence labeling. For the determination of intracellular L-lysine concentration, a L-lysine reporter strain could be utilized.44 This way intracellular concentration of L-lysine can be correlated to fluorescence intensity, which reveals information about relative concentration differences.
Single-cell cultivation tools can also be applied to validate different control strategies as they offer unprecedented control over the extracellular environment. Hence, long term dynamics under constant or fluctuating45 environmental conditions as well as heterogeneity studies could be realized.
[bookmark: _Hlk58795100]In this study we used an irreversible on/off control system which offers only limited control over the co-culture. Furthermore, the expression system used, is not completely tight as can be seen in Figure 1C. For a more precise control of co-cultures, a system with more tight and gradual controllable promotors would be the next step. Such systems with tetracycline or arabinose inducible promotors have already been established in C. glutamicum.37,46,47 In the study of Lausberg et al. a tight tetracycline inducible expression vector for C. glutamicum was developed to gradually increase the synthesis of a gene of interest upon gradual increase of inducer concentration. 
[bookmark: _Hlk59379491]Fast and reversible control over a co-culture could be achieved with photo-switches. Photo-switches are mostly based on a chromophore, that can change the conformation of an attached protein upon light irradiation and switches between two or more isomeric forms.31 However, not all synthetically designed photo-switches are suitable for biological applications as their absorption maximum must be at wavelengths which are not harmful to living cells. As in our case, the use of UV-A light is critical and therefore the light intensity and exposure time is  limited.28 But the toolbox for biological applications of optogenetic switches is constantly growing and offers a broad range of wavelengths for activation and deactivation of proteins (https://www.optobase.org). For a completely non-invasive culture control, photo-switches need to be genetically encoded. Utilizing these tools for co-cultures will offer a higher spatiotemporal control over the interactions between co-cultures members.


Conclusion
We constructed and characterized a controllable synthetic microbial consortium with single-cell resolution. All strains were analyzed separately in co-culture in microtiter plate cultivations as well as microfluidic microcolony cultivations. A newly established microfluidic co-cultivation platform was utilized for a highly temporal and spatial resolved interaction analysis. Here, a L-lysine auxotrophic strain was co-cultured with an either uncontrollable or an IPTG-controllable L-lysine production strain, respectively. The L-lysine auxotrophic strain ΔlysA could only grow in co-cultivation with the L-lysine producer in productive state, while the producer was not dependent on the auxotrophic strain. The controllable L-lysine production strain could successfully feed the ΔlysA strain when IPTG was added to the medium. A light-controllable interaction was achieved by supplementing the medium with photocaged IPTG and subsequent induction upon short UV-A exposure. 
This study discloses how microfluidic analysis in combination with synthetic biology and optochemical control tools aid to characterize and directly control newly established synthetic consortia. The online control of one co-culture member, which directly influences the growth of the second member, is an example of how engineering tools could be used to design, control, and analyze promising co-cultures.


Materials and methods
Strains and plasmids 
All bacterial strains, plasmids, and oligonucleotides used in this study as well as their relevant characteristics and sources are listed in Table 2. E. coli DH5α was used for cloning purposes and was cultivated in LB medium at 37 °C.48 C. glutamicum strains were cultivated at 30 °C in brain heart infusion (BHI) medium (Difco Laboratories, Detroit, USA). For molecular cloning work, standard protocols, such as DNA restriction, and ligation were carried out. All enzymes were purchased from Thermo Scientific (Schwerte, Germany). The constructed plasmids are listed in Table 3. Electroporation for transformation of C. glutamicum strains was done as described previously.49

Table 3 Strains, plasmids and oligonucleotides used in this study.
	[bookmark: _Hlk36784858]
	Relevant features
	Reference

	Strains

	C. glutamicum ATCC 13032
	Wild-type strain, biotin-auxotrophic
	50

	C. glutamicum ΔlysA
	L-lysine auxotrophic ATCC 13032 derivative with deletion of the gene lysA (cg1334) 
	51,52

	C. glutamicum DM1800
	ATCC 13032 derivative with an amino acid substitution (Pro458Ser) in the pyruvate carboxylase gene (pycP458S, cg0791) and a feedback resistant aspartate kinase (lysCT311I, cg0306)
	Evonik, Degussa

	C. glutamicum DM1727
	ATCC 13032 derivative with an amino acid substitution (Pro458Ser) in the pyruvate carboxylase gene (pycP458S, cg0791)
	Evonik, Degussa

	E. coli DH5α
	F– Φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1
	Invitrogen
(Karlsruhe, Germany)

	[bookmark: _Hlk59375557]Plasmids

	pEKEx2-eYFP
	Kanr; C. glutamicum/E. coli shuttle vector for regulated gene expression with inserted eYFP 
(Ptac, lacIq, pBL1 oriVC.glutamicum, pUC18 oriVE.coli)
	51,53

	pEKEx2-lysC-βFBR
	Kanr; pEKEx2 derivative for the regulated expression of lysC-βFBR (feedback-resistant aspartokinase lysC beta subunit)
	This study

	Oligonucleotides
	DNA Sequence (5′- 3′)
	Purpose

	pEKEx2_fw
	CGGCGTTTCACTTCTGAGTTCGGC
	DNA sequencing of inserts cloned into pEKEx2

	pEKEx2_rv
	GATATGACCATGATTACGCCAAGC
	





Growth medium
For microfluidic experiments C. glutamicum strains were cultivated in defined CGXII medium at 30 °C.54 Pre-cultures of C. glutamicum ΔlysA were additionally supplemented with 1.5 mM L-lysine. L-lysine production in C. glutamicum DM1727 pEKEx2-lysC-βFBR was induced by the addition of 15 µM IPTG or 100 µM cIPTG. All chemicals were of analytical quality and purchased from Merck KGaA, Darmstadt, Germany.

[bookmark: _Hlk64743341]Synthesis of photocaged IPTG
The synthesis of NP-photocaged IPTG was conducted according to Young and Deiters38 and was previously described in Binder et al..29 After IPTG and 6-nitropiperonal were dissolved in DMSO, the mixture was cooled down to 0 °C and concentrated sulfuric acid was added. The reaction was warmed up to room temperature and after 24 h the mixture was quenched with water and extracted with ethyl acetate. The dried organic layer was concentrated under reduced pressure and the residue was first purified by flash-column chromatography and MPLC.

Pre-cultivation
Overnight pre-cultures were inoculated from glycerol stocks in 20 ml of defined CGXII medium. Culture flasks were incubated at 30 °C and 120 rpm. C. glutamicum ΔlysA cultures were additionally supplemented with 1.5 mM L-lysine and 25 mg/l kanamycin. C. glutamicum DM1727 pEKEx2-lysC-βFBR was supplemented with 25 mg/l kanamycin. Antibiotics were excluded from main cultures and co-cultivation experiments.

Microfluidic device fabrication and cultivation
The cultivation device was molded from a silicon wafer structured with two layers of the photoresist SU-8 in a prior photolithographic process. The process of wafer fabrication and PDMS molding is described in detail in Grünberger et al..55 The device has a size of 3 cm x 4 cm x 0.4 cm (Figure 4A). It incorporates three cultivation channels with two inlets and two outlets each (Figure 4B). Each cultivation channel has an array of parallel shallow cultivation regions (60 µm x 70 µm x 1 µm) which are connected in the center by a grid-like structure (grid spacing 600 nm, modified from17) (Figure 4C). For the cultivation experiments, two different strains can be loaded into the chambers through the two independent supply channels (Figure 4C left). After the cell inoculation, the chip was perfused with fresh medium for one hour. Subsequently, the flow was stopped, and the image acquisition was started (Figure 4C right).
The microfluidic cultivation was performed on an inverted time-lapse imaging microscope (Nikon Eclipse Ti, Nikon, Germany). The microscope was equipped with an incubation chamber (PECON; Germany) enabling constant temperature conditions. The bonded PDMS-chip was fixed in an in-house fabricated chip-holder and images were taken with an 100x oil immersion objective (CFI Plan Apo Lambda DM 100X, NA 1.45, Nikon Instruments, Germany) and a CCD camera (ANDOR LUCA R DL604, Oxford Instruments, United Kingdom). 
Cells were trapped randomly inside the shallow cultivation chambers by flushing cell suspension through the deeper supply channels.56 After enough cells were trapped, the inlets of the supply channels were connected to medium syringes, which were fixed in multiple syringe pumps (neMESYS, CETONI, Germany). A continuous flow of fresh medium at 200 nl/min ensured constant environmental steady-state conditions. Chamber positions were manually selected with the microscope software (NIS Elements AR 4.30.02, Nikon microscopy) and images of each chamber position were acquired in 10 min time intervals.
For optochemical experiments, specific chambers were exposed to UV-A light through the objective, using the fluorescence light source (SOLA light engine, lumencor, USA) and a DAPI filter (λex = 360 nm, λdichroic = 400 nm, λem = 460 nm). The measured light intensity at λem = 360 nm was I=1,2 µW.


[image: ]

Figure 4 Microfluidic single-cell co-cultivation device. (A) Image of a PDMS chip (match for size reference). (B) Illustration of one cultivation channel incorporating 50 cultivation chambers. (C) Illustration of a single co-cultivation chamber consisting of two chamber compartments separated by nanochannels (height = 1 µm, width = 600 nm). First, both strains are inoculated into the shallow cultivation chambers (height 1 µm) by flushing the cell suspension through the deeper supply channels (height 11 µm). Cells get randomly stuck in the cultivation chamber regions. Second, before time-lapse image acquisition, the flow is stopped to create batch conditions.

Image analysis
Images were processed and analyzed using the software Fiji.57,58 Using a tailor-made plug-in cells were separated from the background by applying different consecutive operations such as k-means clustering, despeckle filter, dilatation and watershed transformation. The final clustered phase contrast image was used as a mask for the fluorescence images at each time point. Subsequently, the particle analyzer was applied to determine the cell number as well as the area and fluorescence signal of each cell. 
In detail, first the stack of the phase contrast images was split from the stack of fluorescence images. The phase contrast images were segmented with the plugin k-means clustering. Then the threshold function was used to select the cluster including the cells followed by the despeckle filter to remove noise. For better cell segmentation of cells that lie close together the adjustable watershed operation was performed. The segmented image was used as a mask for the fluorescence image and with the subtract function of the image calculator the cell clusters were extracted from the fluorescence images. The threshold function was again used to select only the fluorescing cells. Finally, the particle analyzer was applied to count the cells in each image.

Microbioreactor cultivation
[bookmark: _Hlk36783289][bookmark: _Hlk36783789]For microtiter plate cultivations, pre-cultures done in shake flasks were centrifuged, the supernatant was discarded and OD600 was adjusted to 0.1 with fresh defined CGXII medium. Glucose concentration of this medium was 10 g/l and L-lysine concentration for controls was 10 mM. Depending on the condition, the defined medium contained varying amounts of IPTG. All cultivations were done in triplicates with a culture volume of 800 µL per well. For co-cultivations resuspended precultures were mixed in a ratio of 1:1. 
Cultivations were performed in BioLector devices (m2p-labs GmbH, Baesweiler, Germany) using specialized 48-well microtiter plates (FlowerPlate, m2p-labs GmbH, Baesweiler, Germany) with optodes for measuring pH and dissolved oxygen and covered with gas-permeable sealing foils to minimize evaporation. Plates were shaken at 1400 rpm. The cultivation chamber was kept at 30 °C and 85 % humidity and was gassed with air. The BioLector device measured a backscatter (scattered light) signal, which correlates to the biomass of the culture, and fluorescence parameters either from the optodes or from the culture itself.
[bookmark: _Hlk59202320]Specific growth rates were calculated from the backscatter signal by spline approximation similar to the method described by Radeck, Tenhaef et al.59 Instead of MATLAB, Python (Python Software Foundation, https://www.python.org/) with the packages numpy,60 scipy61 and csaps (https://github.com/espdev/csaps) was used. The backscatter signal was blanked by using the first data point and approximated by using the function “UnivariateSpline” from the csaps package. The first derivative of the resulting spline function was calculated by using the scipy method “interpolate.PPoly.derivative”. By dividing the resulting function by the blanked backscatter signal, the specific growth rate over time was calculated. The average of all data points laying in the exponential growth phase was formed to calculate the average specific growth rate.

Product analysis
Amino acid quantification was carried out by a high-performance liquid chromatography‐based method using an Agilent 1260 Infinity II system (Agilent Technologies Inc., Santa Clara, CA, USA) with precolumn derivatization using ortho‐phthalaldehyde and separation by a hydrophobic core shell column (Kinetex 5 µm EVO C18 100 Å 150 x 4.6 mm, Phenomenex Inc., Torrance, CA, USA). The derivatized amino acids were detected by fluorescence detection (Ex: 230 nm; Em: 460 nm). Mobile phase A contained per liter of deionized water 26 mmol NaH2PO4, 14.8 mmol Na2HPO4, and 0.5 % (v/v) tetrahydrofurane. pH was adjusted to 7.2 using a 10 M NaOH solution. Mobile phase B contained per liter 50 % (v/v) methanol, 45 % (v/v) acetonitrile, and 5 % (v/v) water. During one sample run, gradient elution (t = 0 min: B = 2 %, t = 2 min: B = 38 %, t = 6 min: B = 42 %, t = 7 min: B = 70 %, t = 13 min: B = 100 %, t = 17 min: B = 0 %) was done from mobile phase A to mobile phase B. Errors originating from derivatization efficiency were corrected by using α‐aminobutyric acid as internal standard. Each sample was measured as an analytical duplicate. Quantification was done by external calibration. Measurement errors were estimated by error propagation analysis using parametric bootstrapping and Monte Carlo sampling.62 
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