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ABSTRACT 

Transcription factor-based biosensors are used to identify producer strains, a critical 

bottleneck in cell factory engineering. Here, we address two challenges with this 

methodology: transplantation of heterologous transcriptional regulators into new hosts to 

generate functional biosensors and biosensing of the extracellular product concentration that 

accurately reflects the effective cell factory production capacity. We describe the effects of 

different translation initiation rates on the dynamic range of a p-coumaric acid biosensor 

based on the Bacillus subtilis transcriptional repressor PadR by varying its ribosomal binding 

site. Furthermore, we demonstrate the functionality of this p-coumaric acid biosensor in 

Escherichia coli and Corynebacterium glutamicum. Finally, we encapsulate yeast p-coumaric 

acid-producing cells with E. coli-biosensing cells in picoliter droplets and, in a microfluidic 

device, rapidly sort droplets containing yeast cells producing high amounts of extracellular p-

coumaric acid using the fluorescent E. coli biosensor signal. As additional biosensors become 

available, such approaches will find broad applications for screening of an extracellular 

product. 

 

 

Page 2 of 38

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



While genome engineering techniques have undergone a revolution over the last decade, 

screening for high-producing cells and identifying the best enzymes involved in biocatalysis 

remain major bottlenecks in cell factory engineering. Genome engineering techniques have 

enabled the rapid generation of libraries consisting of thousands, and even millions, of cell 

factory mutants, each potentially carrying beneficial mutations (1–3). Transcription factor-

based biosensors are well suited for high-throughput screening approaches. These 

biosensors couple the intracellular concentration of small molecules to a detectable read-out, 

e.g., the expression of a fluorescent protein. This process enables the identification and 

sorting of cells with high intracellular concentrations of a specific metabolite based on 

fluorescence using fluorescence-activated cell sorting (FACS). 

In recent years, biosensors have been developed to measure and screen the intracellular 

concentrations of several small metabolites (4–7). Moreover, biosensor-based screens have 

been combined with genome engineering techniques such as recombineering (8,9) and 

screening for NADPH-dependent enzymes by measuring the redox state of the cell (10). 

Many of the biosensors described in the literature are based on endogenous transcription 

factors (5), which are assumed to possess adequate expression strength as well as to exhibit 

auto-regulation and correct folding. If the E. coli genome does not encode a transcription 

factor that can sense the desired effector molecule, heterologous transcription factors can be 

suitable alternatives (7). However, the sensor assemblies often need to be engineered, which 

limits the broader adoption of biosensors as a screening tool. Designing a robust biosensor 

for use in multiple hosts is still particularly challenging. Furthermore, the fact that biosensors 

are constrained to intracellular measurements at the single-cell level restricts their use as a 
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screening method. Screening methods should not solely rely on intracellular concentration 

measurements, particularly if the intracellular concentration is low due to the overexpression 

of exporters (11). Moreover, FACS cannot be used to isolate clones that overproduce 

extracellular metabolites such as lactate or xylitol because increased metabolite accumulation 

in a culture consisting of genetically different variants cannot be linked to the specific cells 

with improved production capacity (12). It is therefore important to develop a screening 

approach that can address these problems (12).  

Droplet microfluidics is a technology platform wherein cells can be cultivated and processed 

as single cells or genetically identical micro-colonies in monodisperse picoliter droplets, with 

each droplet functioning as a separate growth container. Droplets are rapidly and uniformly 

generated and processed in microfluidic devices. Encapsulation in these droplets allows the 

product to be retained in a picoliter volume together with the producer cell so that small 

amounts of an extracellular product generated by a single cell or clone can be assayed. 

Droplets can be further analyzed based on their fluorescence (13) and can be processed in 

multiple steps (14) and sorted at a throughput of millions of droplets per hour (15). Droplet 

microfluidics has been used to screen cell variant libraries for secreted protein production 

(16,17) and secreted enzyme variants (15) and has been used in conjunction with enzymatic 

assays when the assay product is not retained in the cell (12,18). With this technology, it is 

also possible to couple the extracellular concentration of a metabolite to a biosensor cell 

output by co-cultivating the producer and biosensing cells in droplets (Fig. 1). Co-culturing an 

E. coli strain possessing biosensing functionality with a Bacillus subtilis production strain has 

been demonstrated in nanoliter-scale gel capsules (19). These ~400µm sized-gel capsules, 
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which encase thousands of sensor cells and a single or a few producer cells, were sorted 

after isolation and washing step. Droplet microfluidics should enable more exact control of the 

vessel volume, eliminate the need for a gelling agent, and decrease the vessel volume, 

increasing throughput by orders of magnitude. 

We wanted to create a robust, p-coumaric acid-responsive biosensor, which is functional in 

different hosts. p-Coumaric acid is an important precursor for the production of a variety of 

plant natural products, including flavonoids, lignans and stilbenes (20). There is no known 

homologous transcription factor that recognizes p-coumaric acid in E. coli, but a 

transcriptional repressor (PadR) and the promoter it regulates are present in Bacillus subtilis 

(21,22). The production of p-coumaric acid has been demonstrated in several organisms, 

such as yeast, Lactococcus lactis and E. coli, using enzymes of different origins; yeast has 

proven the best host for p-coumaric acid production (23–25). In yeast, the translational 

machinery is more complex and involves only a few “one-component” transcriptional 

regulators that sense small molecules and regulate gene expression simultaneously (26), 

thereby restricting the range of the application of homologous transcription factor-based 

biosensors in yeast. In this study, we demonstrate that picoliter droplet technology can be 

used to overcome this limitation by co-cultivation of E. coli and yeast. 
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RESULTS AND DISCUSSION 

Biosensor design 

To create a biosensor for the detection of p-coumaric acid, we identified a transcriptional 

regulator, PadR, that is naturally responsive to p-coumaric acid. PadR acts as a 

transcriptional repressor and inhibit the expression of PadC, a phenolic acid decarboxylase. 

In the presence of phenolic acids, similar to p-coumaric acid and ferulic acid, the 

transcriptional regulator is inactivated and padC is co-transcribed with the uncharacterized 

upstream genes yveFG in B. subtilis. It has been shown that PadR can be functionally 

expressed in E. coli, resulting in a 30-fold increase in PadC activity after the addition of p-

coumaric acid but with very low absolute PadC activity (22). The expression of transcriptional 

repressors must be tightly regulated because excessive expression results in a state of 

constitutive repression, whereas insufficient expression does not result in the repression of 

the target gene, even in the absence of an inducer (27). Previous results suggested that the 

expression level of PadR was too high in E. coli because the PadC promoter was always 

strongly repressed. We therefore decided to alter the expression level of PadR by using two 

ribosomal binding sites (RBSs) of different strengths, as predicted by the RBS calculator (28). 

One sequence lacked an RBS (translation rate: 43 a.u.), while the other exhibited 10-fold 

lower predicted expression strength (translation rate: 3665 a.u.) compared to the wild-type 

sequence (translation rate: 38,000 a.u.) (Fig. 2). The algorithm included additional bases, 

forming a hairpin structure, to obtain these low translation rates. We designed the sensor to 

contain the padR promoter and PadR protein as well as the padC promoter to control the 

expression of yveFG and padC (Fig. 2). To obtain a simple readout of the padC promoter in 
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subsequent screening applications, we replaced the padC gene with the gene for a yellow 

fluorescent protein (YFP). We analyzed the fluorescence of the resultant constructs with and 

without p-coumaric acid. The construct without a functional RBS exhibited the expected 

phenotype, with a high fluorescent signal produced independently of the presence of an 

inducer (Fig. 2). This result demonstrates that the cellular concentration of PadR is insufficient 

to repress all padC/YFP promoters present in the cell. Interestingly, the variant predicted to 

exhibit 10 times reduced expression strength did not produce the desired phenotype; no 

fluorescence was detected even in the presence of an inducer (Fig. 2). These data 

demonstrate the need to fine-tune the PadR expression level in order to construct a functional 

p-coumaric acid biosensor in E. coli. 

Biosensor optimization by random RBS mutagenesis 

To construct a robust biosensor, we needed to determine the optimal expression strength of 

PadR. Because we were targeting the RBS to reduce expression strength (i.e., lower than 

3665 a.u.), we mutagenized the PadR RBS and screened the resultant library for functional 

biosensors. We found that random mutagenesis generated many sequences that resulted in 

low expression strength (29). We analyzed the p-coumaric acid response of 33 clones from 

this library (Fig. 3a) and identified several promising candidates exhibiting a low fluorescence 

value in the absence of p-coumaric acid and a high fluorescence value in the presence of p-

coumaric acid. The best clone exhibited 130-fold induction in the presence of the effector p-

coumaric acid. The seven strains showing the highest fold-change upon induction were 

sequenced and further analyzed. Additionally, we chose two strains for use as controls: one 

clone harboring a constitutive “off” variant (C4) and another harboring a constitutive “on” 
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variant (B5). The RBS calculator (28) predicted the theoretical RBS strength of the obtained 

sequences, and a narrow range of optimal RBS strengths (100-250 a.u.) was determined 

(Fig. 3b and Supplementary Table 2). Sequences containing an RBS with a lower predicted 

value resulted in a constitutive “on” state, and a higher predicted RBS strength resulted in a 

constitutive “off” state of the biosensor. Many natural transcriptional repressors are known, 

and the information presented here will help to optimize different heterologous transcriptional 

repressors for optimal biosensor design. 

Characterization of the biosensor 

We sub-cloned the sensor module of the construct pG-padR-B11, which produced the best 

dynamic range, into the plasmid pSEVA421 to obtain a lower copy number (4-7 copies per 

cell) (30). We analyzed the specific fluorescence of the cells containing the sensor plasmid 

(EcPadR) in the presence of different p-coumaric acid concentrations (Fig. 3c and 

Supplementary Fig. 1). A linear correlation between YFP fluorescence and p-coumaric acid in 

the range between 0.1 and 1 mM was observed. To analyze the effector range, we tested the 

strain EcPadR in the presence of various structurally similar compounds (Fig. 3d). Of the 

tested chemicals, only p-coumaric acid acted as an inducer.  

Some transcription factors involved in p-coumaric acid degradation have been shown to 

utilize p-coumaroyl-CoA as an effector (31,32). p-Coumaric acid is catalyzed to p-coumaroyl-

CoA as a first step in its degradation pathway. Because no E. coli gene is known to catalyze 

this reaction, we transformed the sensor construct into C. glutamicum to determine whether it 

reacts to p-coumaric acid, p-coumaroyl-CoA, or both. Wild-type C. glutamicum can convert p-
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coumaric acid into p-coumaroyl-CoA, whereas the ∆phdA mutant does not (33). We therefore 

sub-cloned the sensor module into the C. glutamicum-compatible plasmid pCLTON2-

SCpadR. After transformation into wild-type and ∆phdA mutant C. glutamicum cells, the 

fluorescence in the presence and absence of supplemental p-coumaric acid was quantified 

(Fig. 3e). The sensor was active in wild-type C. glutamicum cells as well as in the mutant 

strain, suggesting that the sensor recognizes p-coumaric acid. The weaker fluorescence 

signal in the wild-type cells compared to the ∆phdA mutant can be attributed to the capacity of 

wild-type C. glutamicum to rapidly degrade p-coumaric acid (33). Interestingly, the sensor 

construct optimized in E. coli was active without further modification in C. glutamicum. In B. 

subtilis, there might be another regulatory element that maintains low expression of the 

repressor that is not included in the sensor construct and is therefore missing in E. coli and C. 

glutamicum. C. glutamicum is an industrially important production strain, and the presented 

strategy of fine-tuning the expression strength of a repressor for optimal reversible repression 

will help in constructing additional biosensors for use in both E. coli and C. glutamicum.  

Sorting yeast producers with the help of E. coli biosensor cells 

Biosensor-based screening represents a promising approach for the identification of importers 

(34), but one of the major drawbacks in biosensor applications is that they are limited to 

measuring intracellular concentrations of small molecules. This limitation can be problematic, 

especially if intracellular product concentrations are kept low to reduce feedback regulation or 

toxicity due to the overexpression of exporters (11). In addition, secretion of the product into 

the extracellular space is generally preferred from a bioprocess perspective. To overcome this 

limitation, a sensor cell can be co-cultivated with a production strain in microfluidic droplets. A 
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requirement for measuring the efficiency of a producing cell by a non-producing sensor cell in 

microdroplets is that the substrate and product are membrane permeable. To use biosensors 

to accurately detect a metabolite in a droplet, it is critical that the metabolite remain in the 

water droplet for long enough to affect the sensor and that it does not vanish into the 

surrounding fluorinated oil. To verify that p-coumaric acid does not partition into the oil and 

can activate the biosensor in microfluidic droplets, we grew the strain EcPadR in the presence 

of 1 mM p-coumaric acid in picoliter droplets generated at a rate of 1200 droplets per second 

in a microfluidic device. We injected E. coli at a concentration of 6.84 x 108 cells/mL, 

corresponding to an average of 10 cells per droplet. The fluorescence of individual droplets 

was measured at the onset of induction immediately following droplet encapsulation (Fig. 4a) 

as well as after 7 hours of incubation in the droplets (Fig. 4b). After 7 hours, we detected 

significant increases in fluorescence in nearly all droplets containing p-coumaric acid. The 

vast majority of droplets containing p-coumaric acid (83%) could be distinguished from 

droplets that did not contain p-coumaric acid based on the E. coli biosensor signal by applying 

a threshold that allows for a 2% false-positive rate (Fig. 4b). This finding indicates that sorting 

for droplets containing p-coumaric acid based on a biosensor signal should be possible. 

Because YFP requires oxygen to mature and become fluorescent (35), we needed to 

determine that sufficient oxygen was available in the droplets. Additional oxygen can be 

supplied to the droplets by exchanging the fluorinated oil that the droplets are incubated in 

because the oil dissolves considerable amounts of oxygen. Exchanging the oil used during 

incubation led to an increase in fluorescence compared to droplets for which the oil was not 

exchanged (Supplementary Fig. 2). 
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Further, we wanted to determine whether screening and sorting a droplet-encapsulated 

producer cells would be possible based on the fluorescence signal generated by co-

encapsulated sensor cells (Fig. 1).  

Yeast has been shown to be an excellent p-coumaric acid producer (23,25), but most of the 

genetic devices responsive to small molecules are derived from bacteria. In recent years, 

several novel strategies have been developed that utilize bacterial transcription factors in 

yeast for screening and pathway control (36–39). Here, we demonstrate an alternative 

approach independent of intracellular concentration in the yeast producer cell.  

 We encapsulated two populations of yeast cells individually in microdroplets, generated at a 

rate of 5900 droplets per second, one p-coumaric acid-producing yeast strain (ST4058) (25) 

and another non-producing yeast strain. The yeast strain that did not produce p-coumaric acid 

expressed RFP, which allowed us to distinguish between the two yeast strains after sorting. 

p-Coumaric was produced de novo from glucose or L-tyrosine present in the cultivation media 

(Supplemental Fig.3). The two droplet populations were mixed with a ratio of 10% producer 

cells and 90% non-producing yeast cells. EcPadR E. coli biosensor cells were co-

encapsulated with yeast cells in all microdroplets. The droplets contained an average of 1.4 

yeast cells and 7.7 E. coli sensor cells; 75% of the droplets therefore contained at least one 

yeast cell according to a Poisson distribution model. After generation, the droplets were 

stored at 30°C in a collection syringe.  

After 16 hours of incubation, 74% of the droplets had decreased in size, whereas the 

remaining 26% had grown larger (Fig. 4c). The quarter of the droplets that had increased in 
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size contained no yeast cells, except in rare cases (<1%) where the yeast cell was assumed 

to be dead. The larger droplets and smaller droplet populations had mean diameters of 

35,1 ± 0,23 µm and 27,1 ± 0,32 µm (mean ± SEM, n=25 in both cases), respectively. Size 

differences due to osmosis between droplets containing yeast following incubation has 

previously been observed (40) and has been shown to be caused by water transport between 

droplets (41) driven by differences in solute concentrations generated as the yeast in the 

yeast-containing droplets consume sugars from the media (Fig. 4c). No significant size 

differences were detected between different cell-containing droplets. 

After the 16-hour incubation period, the E. coli sensor emitted a detectable YFP fluorescence 

signal (shown in green in Fig. 4d) in droplets containing non-RFP yeast cells (p-coumaric acid 

producers) but not in droplets containing RFP-expressing yeast cells or in those not 

containing any yeast cells, when exposed to laser light. This difference demonstrates that 

reporter genes are only expressed at detectable levels in E. coli sensor cells co-encapsulated 

with p-coumaric acid-producing yeast cells and that p-coumaric acid is not transported 

between droplets on the time scale of the experiment. After 16 hours of incubation, the top 

1% of droplets were sorted in a microfluidic device based on the EcPadR YFP signal (Fig. 

4e). Sorting was performed at a rate of 300 droplets per second. The sorted yeast cells were 

incubated on agar plates and analyzed individually for RFP fluorescence (indicating a non-

producing cell) by fluorescence microscopy (Table 1), and the RFP fluorescence of individual 

overnight cultures was measured (Table 1). We observed that between 76.4% and 87.5% of 

clones produced p-coumaric acid, achieving an enrichment factor of at least 30 (calculated by 

a cellular enrichment model 15) following a single round of sorting (Table 1). This finding 
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demonstrates that microfluidic picoliter droplet sorting based on fluorescence from a co-

encapsulated sensor cell can be applied to identify a producer strain.  

Sorting of yeast producer strain library 

We further wanted to validate our method by analyzing the sorting capacity for a small library 

of production strains. In particular, we wanted to assess (i) the stability of the producer strains 

during the sorting process, (ii) the enrichment of producer cells after one and two rounds of 

sorting and (iii) the ability to differentiate between high and low producers. 

We decided to analyze a small library comprising 28 yeast strains, that had been shown to 

produce different amounts of p-coumaric acid (25). In this experiment, we encapsulated one 

yeast strain per droplet together with E. coli biosensor cells and sorted them based on the 

biosensor signal. The droplets with the highest fluorescence (top 1%) were sorted in a first 

round and used as a template for a second round of sorting where again the droplets with the 

highest fluorescent signal (top 1%) were isolated. 

After sorting, the yeast cells were grown in YPD media and the yield of p-coumaric acid was 

analyzed after 48 hours. In total, 68 strains from the library, 8 strains after the first round and 

24 after the second round of sorting were analyzed (Fig. 5a and b). As expected, the library 

showed 15% producing cells with very different productivities, ranging from 0.03 - 0.68 mM 

p-coumaric acid. After a single round of sorting, already 50 % of the 8 tested cells produced 

p-coumaric acid. Three out of the four producing strains showed a similar or even higher 

p-coumaric acid yield after 48 hours compared to the best strain of the analyzed strains from 

the library (0.17, 0.55, 0.66 and 0.96 mM p-coumaric acid). After the second round of sorting, 
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23 out of the 24 yeast strains produced p-coumaric acid (96%) with a very similar yield of 0.17 

± 0.05 mM p-coumaric acid excluding one outlier (0.9 mM) (Fig.5b). These results show, that 

two rounds of sorting enables the enrichment of producing strains.  

To apply our method to other biosensors and different production strains, the limitations and 

advantaged of this method need to be taken into consideration. A single round of sorting 

results in a moderate enrichment of producing cells, hence multiple rounds of sorting are 

needed to screen complex and diverse cell libraries.  Also, the incubation time between 

sorting rounds needs to be reduced to a minimum to reduce fitness related reduction in high-

performing producer cells.  

The microfluidic format does impose specific limitations in terms of sensitivity and precision. 

For instance, fluorescence measurements on microtiter plates are generally repeated several 

times per well and averaged, whereas in droplet microfluidics each droplet is only measured a 

single time in a sorting experiment with short exposure times. Moreover, assaying single cells 

or microclones rather than larger populations decreases accuracy due to single cell variability. 

These effects are similar to other high throughput single cell techniques such as flow 

cytometry and can be overcome with multiple rounds of enrichment sorting. 

 

Overall, droplet microfluidics provides an alternative to robotic microtiter plate and gel-

encased bead sorting methods for cell factory library screening for extracellular products (19). 

Both of the latter methods have been demonstrated to be effective but are limited in 
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throughput to 1-10 wells or vessels per second and require longer incubation times due to the 

large volume of each isolated producer cell. 

The inclusion of a cell biosensor in the droplets should greatly expand the range of target 

products available for droplet-based screening. Previously, droplet screens for extracellular 

products have been limited to secreted enzymes with available fluorogenic substrates and to 

products detectable by enzyme-linked assays with a fluorescent readout. Co-encapsulation in 

picoliter droplets allows separating the production and sensing functions previously harbored 

by a single cell. This separation allows optimization of each cell according to its function 

without the addition of an unnecessary metabolic load. Biosensor cells can be optimized for 

specificity and detection range and can be reused without the need for additional genetic 

manipulations. Likewise, selected producer strains can be transferred directly to scaled-up 

production testing in larger volumes. Many new biosensors will become available as the 

principles of biosensor engineering are better understood to meet the increasing need for 

metabolite biosensors. Our approach has a broad range of applications for screening 

extracellular chemical production using novel bacterial biosensor.
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METHODS 

Microbial strains, media, and growth conditions 

Bacterial and yeast strains, as well as plasmids, are listed in Supplementary Table 1. E. coli 

strains were transformed as previously described by Hanahan (42) and cultivated in LB 

medium (43), 2xYT medium (16 g L-1 tryptone, 10 g L-1 yeast extract, 5 g L-1 sodium chloride) 

or M9 minimal medium (44) containing 10 g L-1 glucose. Yeast cells were cultivated in YPD 

medium (20 g L-1 bacterial peptone, 10 g L-1 yeast extract, 20 g L-1 glucose). C. glutamicum 

strains were transformed as previously described (45) and cultivated in CGXII minimal 

medium (46) with 2% (w/v) glucose. Forty-eight-well Flowerplates (m2p-labs GmbH, 

Baesweiler, Germany) with 750 µL medium were inoculated from a preculture to an OD600 of 

1 and cultivated at 30°C, 1200 rpm, a humidity of 85% and a throw of ø 3 mm in a BioLector 

device (m2p-labs GmbH, Baesweiler, Germany) capable of online monitoring of growth and 

fluorescence. The formation of biomass was monitored by measuring the backscattered light 

intensity at a wavelength of 620 nm (signal gain factor 10). YFP fluorescence was measured 

at an excitation wavelength of 508 nm and an emission wavelength of 532 nm (signal gain 

factor 20). 

Recombinant DNA work  

The primers used in this work are listed in Supplementary Table 1. The plasmid pG-PadR-43 

was ordered from Geneart (Regensburg, Germany) and contained the native promoter with 

an RBS variant and open reading frame of PadR as well as the native promoter region of 

PadC. The native PadC gene was replaced by a yellow fluorescent protein (YFP). For 
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construction of the plasmid pG-PadR-3665, the plasmid pG-PadR-43 was used as a template 

in a site-directed mutagenesis PCR carried out using the primer pair padR-sdm_for/padR-

sdm_rev. The PCR product was digested with DpnI, column purified using NucleoSpin Gel 

and a PCR Clean-Up kit (Macherey-Nagel, Düren, Germany), and transformed into Xl-1-Blue 

cells. Random mutagenesis was carried out in a similar manner by taking pG-PadR-43 as the 

template and amplifying with either the primer pair padR-X1_for/padR-X2_rev or padR-

X3_for/padR-X4_rev to generate a PadR RBS mutant library. The PadR-YFP construct 

containing the best RBS (pG-PadR-B11 or PG-PadR-B10) was amplified with the primer pair 

PadR_EcoRI_for/PadR_PstI_rev and was cloned into pSEVA421 using the EcoRI and PstI 

restriction sites to generate the pSEVA421-B11 and pSEVA 421-B10 sensor plasmid. The 

sensor cassette of pSEVA421-B10 was amplified using the primer pair 

PstI_SCpadR_F/PstI_SCpadR_R, digested with the restriction endonuclease PstI, and ligated 

into the vector pCLTON2. 

Determination of fluorescence 

Fluorescence and OD600 were determined using a SynergyMx plate reader (Biotek, United 

States). YFP fluorescence was measured at an excitation of 505 nm and emission of 545 nm, 

with the gain set to 90 if not otherwise stated. The specific fluorescence was defined as the 

fluorescence per OD600 value (given in a.u.). RFP fluorescence was measured at an 

excitation of 555 nm and emission of 584 nm. 
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Droplet generation  

A loop of E. coli sensor cells was inoculated into 10 mL 2XYT culture media with appropriate 

antibiotics in 50-mL glass shake flasks. The flasks were shaken at 150 rpm in an incubator 

maintained at 37°C. Similarly, yeast cultures (p-coumaric acid producers and cells expressing 

RFP) were grown at 30°C in YPD medium. The culture was removed and washed with fresh 

medium, and the cell density was adjusted according to the cell-to-drop ratio. p-Coumaric acid 

at a final concentration of 1 mM was added to the sensor cells for induction as required.  

Polydimethylsiloxane base (PDMS) fabricated chips were used to make surfactant-stabilized 

monodisperse water droplets in an oil phase. The oil used was HFE-7500 (3M, United States) 

with 1% EA surfactant (RainDance Technologies Inc., Billerica, MA, USA). To generate E. coli 

sensor droplets, the oil flow was 500 µL/h and the aqueous flow rate was 100 µL/h. For 

generating yeast and sensor cells in the same droplet, the oil flow rate was 2000 µL/h, and 

the aqueous flow rate was 200 µL/h for the yeast culture and 200 µL/h for the E. coli sensor 

culture. The generated droplets were stored in a plastic syringe. In yeast-E. coli sensor 

droplets, droplets containing p-coumaric acid-producing yeast were generated over 5 

minutes, followed by RFP yeasts over 45 minutes. The final droplet population therefore 

consisted of 90% non-producing yeast (RFP) droplets and 10% p-coumaric acid-producing 

yeast droplets. The droplet emulsion was incubated at 30°C for yeast-E. coli and at 37°C for 

the E. coli sensor alone. During incubation, the cells grew and divided in the droplets and 

sensor cells detected the metabolite (p-coumaric acid) and produced reporter YFP. To 

enhance the oxygen available to the droplets, fluorinated oil was exchanged with fresh oil 1.5 
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hours before taking fluorescence measurements. The fluorescence measurement was 

performed with a line laser as described in the sorting section below.   

Picoliter droplet sorting 

Droplets were injected into the sorting chip (16) at a flow rate of 20 µL/h (300 droplets/s) and 

separated by oil (1% surfactant) at a flow rate of 500 µL/h. A 491 nm laser beam (Cobolt 

Calypso CW <100 mW, Sweden) was expanded in one dimension to form a line by a plano-

concave lens and focused by a 40× objective lens onto the channel close to the electrode in 

the microfluidic chip. YFP in the droplets were excited upon passing this point, and YFP 

fluorescence was detected using an emission filter (525/20 nm) and a photomultiplier tube 

(PMT, Hamatsu, Japan). The PMT was connected to a field-programmable gate array 

(National Instruments, United States) programmed to activate a voltage pulse when the 

detected fluorescence signal exceeded an intensity threshold set to include the brightest 1% 

of the droplets. The voltage pulse was then amplified in a high-voltage amplifier (TREK Inc., 

Lockport, NY, USA) connected to the built-in electrode. The main channel of the chip splits in 

two downstream of the excitation/electrode point, where one channel leads to a waste 

container and the other leads to a collection port. The collection port was connected to a 1-mL 

plastic syringe with a withdrawal flow rate of 220 µL/h. The amplified voltage pulse (0.6 kV, 

500 µs, 30 kHz) directed the droplet to the collection syringe, while in the absence of a pulse, 

droplets passed to the waste container. The experimental setup is schematically described in 

supplementary (Supplemental fig. 4) 
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Incubation of sorted droplet emulsion  

The sorted droplet emulsion was diluted 10-fold with YPD media, and 100 µL of this mixture 

was distributed in YPD agar plates containing ampicillin (100 µg/mL) and kanamycin (50 

µg/mL) resistance. This condition is necessary for yeast clones but not E. coli sensor cells to 

grow. The plates were incubated for 2 days at 30°C.  

Strain verification after sorting 

The clones grown on agar plates were analyzed using two methods:  

(A) Growth in microtiter plates and measurement of RFP fluorescence: A 96-well plate was 

filled with 200 µL synthetic medium per well. Single clones were picked from the agar plate 

and inoculated in a microtiter plate. For reference, half of the wells (48 wells) of a microtiter 

plate were loaded with RFP yeast culture, while half were loaded with p-coumaric acid-

producing yeast culture. Both plates were incubated at 30°C with shaking in a Spectramax M 

microtiter plate reader (Molecular Devices, Sunnyvale, CA, USA). After 16 hours of 

incubation, fluorescence measurements were taken at an excitation of 550 nm and emission 

of 584 nm. A threshold between RFP-positive and RFP-negative colonies (p-coumaric acid 

producers) was set based on the reference culture. 

(B) Colonies were transferred to a microscope slide and imaged using an inverted Nikon 

Eclipse Ti-E with objective lenses CFI Plan Fluor DL-10X/NA=0.30 and CFI Super Plan Fluor 

ELWD ADM 40X/NA=0.60 equipped with a Lumencor SOLA II Solid State White Light Engine 

at 50% power output, an Andor Zyla sCMOS 5.5 camera, and a Semrock filter set (excitation 
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554/23, DM 573, emission 609/54). A threshold between RFP-positive and RFP-negative 

colonies was determined by imaging the reference strains. 

Sorting of producer cells from a small library 

Overnight cultures of the E. coli sensor strain p421B11 (grown in LB with spectinomycin) and 

28 independent cultures of p-coumaric acid producing or non-producing yeast strains 

(Supplementary table I) (grown in YPD) were prepared as follows: the E. coli cells were re-

diluted in LB, grown for two hours until exponential phase and were then pelleted and re-

diluted in YPD to a final concentration OD600=1.7. All yeast cultures were in stationary phase 

and were pooled at equal volume, except for the high producer “4058” which was added at 

half volume and the non-producing RFP-expressing strain which was added in excess. The 

final fractions are about 20% RFP non-producer, 1.5% “4058”, and 3% each of the other 26 

strains. The pooled mini-library was pelleted, and washed and re-diluted in YPD to 

approximately final OD600=3. Droplet generation for co-encapsulation was immediately 

performed as described above. The collected emulsion was incubated at 30°C for 6 hours 

and the oil-surfactant mix was then replaced with new oil-surfactant. Following additional 2 

hours incubation at 30°C sorting was performed as described above with gating on the top 

1% of the droplets. A part of the sorted material was spread on YPD agar plates and the rest 

was inoculated in fresh YPD media. Following overnight incubation, the yeast culture was 

again washed and prepared and encapsulated with E. coli sensor cells. A second round of 

sorting was done in the same way as described. 
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Analysis of productivity oft he isolated strains were performed as previously described with 

minor changes (25). The isolated strains were inoculated at 30°C in 0.5 ml YPD media in a 

96-deepwell plate with 250 rpm agitation at 5cm orbit over night. Fermentation was carried 

out for 48 hours at the same conditions as above. Afterwards, the cultivation broth was 

centrifuged and the supernatant was analyzed for p-coumaric acid concentrations using 

HPLC. 
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Table 1: Strain verification after sorting. The sorted clones from a starting droplet 

population with 10% p-CA producers and 90% non-producers were grown on agar plates and 

characterized by either fluorescence microscopy or culturing in microtiter plates followed by 

RFP fluorescence measurement. The table shows the percentage of p-coumaric acid (p-CA)-

producing clones as well as the enrichment factor. 

Method 
 

p-CA clones % Enrichment factor 

Exp # 1 Exp # 2 Exp # 1 Exp # 2 

Fluorescent 

microscopy 76.4 80.7 29 38 

Microtiter plate 

culture 77 87.5 30 63 
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Figure Captions 

Figure 1. Co-encapsulated biosensors in picoliter droplets  

Sensor cells (E. coli) and producer cells (yeast producers) are encapsulated in a picoliter 

droplet in a microfluidic device. Droplets are incubated at conditions favoring the production of 

the effector metabolite by producer cells. Extracellular p-coumaric acid produced by the yeast 

cells is captured in the droplet and induces the expression of the reporter gene (YFP) in the 

co-encapsulated biosensor cells. Droplets are subsequently sorted in a second microfluidic 

device based on the fluorescence signal from the biosensor cells to enrich for productive 

yeast clones. 

Figure 2. Schematic view of the PadR regulatory system.  

The genes, promoters, and hairpin structures that function as transcriptional terminators are 

indicated by thick arrows, bent arrows, and stem loops, respectively. Organization of the 

biosensor construct is based on the padR and yveFG/ PadC gene regions. The DNA 

fragment covering the natural padR promoter and padR gene, as well as a copy of the padC 

promoter controlling yveFG and YFP gene expression, is shown. YFP was inserted in place of 

the native padC gene. PadR (blue ovals) dimerizes and binds the PadR binding site (blue 

box) located in the padC promoter region, thereby repressing yveFG and YFP. PadR binding 

is inhibited by p-coumaric acid (small white circles), which leads to the de-repression of the 

regulon members yveFG and YFP. The RBS and the surrounding sequence in front of padR 

were modified (star). The original sequence as well as the sequence variants are shown 

together with their predicted RBS strengths and measured YFP fluorescence following 

overnight cultivation with medium containing 1 mM p-coumaric acid (black) or no p-coumaric 

acid (gray). Abbreviations: n.d.: not determined; p-CA: p-coumaric acid. 

Figure 3. Identification and characterization of the p-coumaric acid biosensor 

Results of the random mutagenesis of the RBS in front of PadR. (a) Specific fluorescence of 

XL1-blue cells harboring pG-PadR-RBS mutants cultured in the presence (black bars) and 

absence (gray bars) of 1 mM p-coumaric acid. The induction ratios with and without inducer 

are shown in green, and the best version is highlighted in blue and used for further 

Page 29 of 38

ACS Paragon Plus Environment

ACS Synthetic Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



experiments. Nine biosensor variants, labeled with stars, were further analyzed and 

sequenced. (b) The predicted RBS strengths of the selected clones were plotted against the 

specific fluorescence in the presence (black diamonds) and absence (gray diamonds) of p-

coumaric acid. (c) The dynamic range of the biosensor. The specific fluorescence of EcPadR 

was determined following overnight cultivation in media supplemented with a range of p-

coumaric acid concentrations. (d) Effector specificity of the biosensor. The specific 

fluorescence of EcPadR was determined following overnight cultivation in media 

supplemented with 1 mM of a number of chemicals structurally similar to p-coumaric acid. (e) 

The maximal specific fluorescence of C. glutamicum wild-type (blue diamonds) and C. 

glutamicum ∆phdA (red circles) cells grown in the presence of different p-coumaric acid 

concentrations in a BioLector device. The specific fluorescence was determined as 

fluorescence per side scatter. 

Fig. 4. Detection and sorting according to biosensor cell response in picoliter droplets 

(a-b) Histogram of droplet fluorescence at 525 nm from 20,000 individually measured droplets 

containing biosensor cells in the presence of 1 mM p-coumaric acid inducer (blue) or without 

p-coumaric acid (gray) measured (a) immediately following encapsulation and (b) after 7 

hours of incubation in the droplets. (c) A microscope image (Scale bars, 50 µm) shows that 

after 16 hours of incubation of the mixture of yeast and E. coli cells in droplets, approximately 

one-fourth of the droplets (no yeast cells) increased in size, while the others decreased. (d) 

An overlay of fluorescence images shows that droplets containing RFP-expressing yeast do 

not emit yellow fluorescence.  (e) A histogram of the droplet fluorescence of the model library 

upon sorting. The inset provides a magnified view of the sorting threshold level (solid line) and 

the sorted fraction of droplets (blue). The model library is composed of droplets containing E. 

coli biosensor cells co-encapsulated with RFP-expressing yeast in 90% of the droplets and p-

coumaric acid-producing yeast in 10% of the droplets.  
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Fig. 5. Enrichment of p-coumaric acid producers in a library screening 

The library (grey) and the yeast cells isolated in the first (blue) and second (orange) round of 

sorting were grown in YPD media and the yield of p-coumaric was analyzed after 48 hours by 

HPLC (a) Percentage of producing cells (b) Individual p-coumaric acid yield of the analyzed 

strains. 
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