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ABSTRACT

The ability to design and construct combinatorial synthetic metabolic pathways has far exceeded
our capacity for efficient screening and selection of the resulting microbial strains. The need for
high-throughput rapid screening techniques is of upmost importance for the future of synthetic
biology and metabolic engineering. Here we describe the development of a RNA riboswitch-
based biosensor module with dual fluorescent reporters, and demonstrate a high-throughput flow
cytometry-based screening method for identification of naringenin over producing Escherichia
coli strains in co-culture. Our efforts helped identify a number of key operating parameters that
affect biosensor performance, including the selection of promoter and linker elements within the
sensor-actuator domain, and the effect of host strain, fermentation time, and growth medium on
sensor dynamic range. The resulting biosensor demonstrates a high correlation between specific
fluorescence of the biosensor strain and naringenin titer produced by the second member of the
synthetic co-culture system. This technique represents a novel application for synthetic microbial
co-cultures and can be expanded from naringenin to any metabolite if a suitable riboswitch is

identified. This article is protected by copyright. All rights reserved
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IMPORTANCE

The co-culture technique presented here is a novel screening method that can be applied to a
variety of target metabolites in combination with the SELEX approach for aptamer design. Due
to the compartmentalization of the two genetic constructs responsible for production and
detection into separate cells and application as independent modules of a synthetic microbial co-
culture we have subsequently reduced the need for re-optimization of the producer module when

the biosensor is replaced or removed.

INTRODUCTION
Riboswitches are common RNA-based genetic units that can regulate, either by inhibiting or
activating, the expression of certain metabolic genes on pre-transcriptional, transcriptional, post-
transcriptional, or translational levels through a variety of mechanisms, in response to the
presence of a small molecule, without the need of proteins (Chang et al. 2012; Liu et al. 2015;
Topp and Gallivan 2010; Wachsmuth et al. 2013). Natural regulatory RNA riboswitches are
found in a wide range of prokaryotes and are usually located in the untranslated regions of
metabolic genes. Typically, riboswitches are composed of two domains: a sensing domain (an
aptamer) and regulating domain (expression platform), generally functioning through allosteric
control of gene-regulatory activity. Binding of a small molecule ligand to the aptamer domain
causes a conformational change, which then results in modification of specific gene expression
(Liu et al. 2015; McKeague et al. 2016; Topp and Gallivan 2010; Wachsmuth et al. 2013;
Wittmann and Suess 2012).

Systematic Evolution of Ligands by Exponential enrichment (SELEX) and its new

enhancements(McKeague et al. 2016), Hi-Fi SELEX, single round SELEX, microfluidic SELEX,
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semi-automated SELEX, CE-SELEX, capture-SELEX and branched SELEX, have allowed for
the screening of new aptamers that respond to a plethora of natural and non-natural ligands.
Riboswitches are therefore of great interest for understanding and reprogramming cellular
behavior. However, aptamers isolated in vitro do not always retain activities under in vivo
conditions, therefore a secondary screen or rational design of RNA devices must be performed.
Several computer-aided design platforms were also developed to (1) identify sequence-structure
motifs through SELEX (Alam et al. 2015; Hoinka et al. 2015); (2) predict in vivo gene-
regulatory activities through stochastic kinetic folding simulations (Carothers et al. 2011; Endoh
and Sugimoto 2015); (3) perform massively parallel assays (Geertz et al. 2012; Townshend et al.
2015); and (4) engineer complex sequence-structure-activity relationship of RNA devices that
can process cellular information (Espah Borujeni et al. 2016).

Advances in generating synthetic riboswitches have accelerated their application as
genetic controllers in the areas of molecular sensors, metabolic pathway optimization (Cress et al.
2015; Dietrich et al. 2010; Liu et al. 2015; McKeague et al. 2016; Rogers et al. 2016) and
therapeutic applications (Davydova et al. 2016; Lee et al. 2016). In the past decade, several
natural and artificial RNA-based sensors have been engineered to respond to a wide range of
metabolites, including folinic acid (Trausch et al. 2011), theophylline (Beisel et al. 2011; Lynch
et al. 2007; Michener and Smolke 2012; Topp et al. 2010; Wachsmuth et al. 2013), xanthine
(Beisel et al. 2011), tetracycline (Beisel et al. 2011; Weigand and Suess 2007), ammeline (Dixon

et al. 2010), cyclic-di-GMP (Kellenberger et al. 2015b; Lynch et al. 2007), cyclic-di-AMP

(Kellenberger et al. 2015a), pB-catenin (Bloom et al. 2014), thiamine 5’-pyrophosphate (TPP)

(You et al. 2015), guanine (Paige et al. 2012; You et al. 2015), adenine (You et al. 2015), S-

adenosyl-methionine (SAM) (Paige et al. 2012; You et al. 2015), adenosine 5-diphosphate (ADP)
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(Paige et al. 2012), guanosine 5-triphosphate (GTP) (Paige et al. 2012), flavin mononucleotide
(FMN) (Meyer et al. 2015), lysine (Yang et al. 2013; Zhou and Zeng 2015), glucosamine 6-
phosphate (Lee and Oh 2015) in prokaryotic, eukaryotic and mammalian cells through various
mechanisms.

Significant progress has been made in the biosynthesis of natural products such as
flavonoids using a variety pathway optimization strategies. (Cress et al. 2015, 2016; Jones et al.
2016; Pandey et al. 2016; Raman et al. 2014) Interest in flavonoids has emerged in recent years
due to the potential clinical use of these compounds. (Bhan et al. 2013; Pandey et al. 2016;
Thaiss et al. 2016; Wang et al. 2016) In order to develop screening methods for flavonoid
producers, two natural naringenin-responsive transcription factors, FdeR from Herbaspirillum
serpedicae SmR1 (Marin et al. 2013) and TtgR from Pseudomonas putida DOT-T1E (Teran et al.
2003), were identified. They were used in a FdeR-biosensor for intracellular detection of
naringenin concentration (Siedler et al. 2014) and in a TtgR-TolC sensor-selector for screening
of targeted genome-wide mutagenesis for naringenin high-producing strains (Raman et al. 2014).
Here, we report the construction of an RNA riboswitch-based fluorescent biosensor using a novel
synthetic aptamer that activates gene expression upon naringenin binding. The biosensor was
characterized with different genetic components, in different strain backgrounds, and under
different growth conditions in order to optimize its performance and better correlate naringenin
input with reporter protein output. This represents the first example of a producer-biosensor co-
culture system that has been developed and applied for product quantification. This process for
biosensor design and characterization is useful in various applications, such as the dynamic
regulation of naringenin-producing genetic circuits, and in high-throughput screening of natural

or recombinant strains.
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RESULTS

A naringenin-responsive riboswitch-based device as a platform for in vivo naringenin
detection. Naringenin-responsive, single-stranded RNA was isolated from combinatorially
prepared nucleic acid libraries using SELEX (submitted for publication). Using the previously
identified naringenin-responsive RNA aptamer (Fig. 1B), four riboswitch sensing-actuation
devices were constructed to detect, report, and act on environmental and intracellular signals.
These devices are comprised of two modular subunits (Fig. 1A): 1) a riboswitch module, with an
aptamer, for sensing the small molecule naringenin, and an actuator acting as a switch for
downstream gene expression controlled by the metabolite-induced conformational change of the
riboswitch module; 2) a dual expression module (Yang et al. 2013): growth-based selection
marker tetA, encoding a tetracycline/H" antiporter, and fluorescent reporter marker sgfp.

The aptamer O-, M1- and M2- (Fig. 1B) mediated in vivo biosensor provided varied
concentration-dependent responses to naringenin supplementation (Fig. 1C). Their responses
were characterized by their dynamic range or signal-to-noise ratio (quantified as the ratio of a
highest fluorescent signal in the presence of ligand to that in absence of ligand) (Rogers et al.
2016) and operational range (defined as the range of concentrations over which the biosensor
exhibits a graded, concentration-dependent change in output fluorescent signal) (Rogers et al.
2016). The aptamer-M1-based biosensor demonstrated the highest dynamic range of
approximately 4.9 (a.u.). The aptamer-O-based biosensor showed a dynamic range of about 3.7
(a.u.) and the aptamer-M2-based biosensor showed a dynamic range of about 2.4 (a.u.). However,
aptamer-M2-based biosensor demonstrated the broadest operational range, from 0 to 0.6 mM
naringenin, compared to the other two biosensors, which both displayed similar operational

range up to 0.4 mM naringenin in culture.

This article is protected by copyright. All rights reserved



The half maximal effective concentrations (ECso) for the different aptamers, an indirect
measure of binding affinity of the aptamer to naringenin, are illustrated in Fig. 1C. The ECso
value of aptamer-M2-based biosensor was the largest and the ECso of the aptamer-O-based
biosensor slightly greater than the smallest ECso observed for the aptamer-M1-based biosensor.
The aptamer-H2-based biosensor, composed of the same aptamer as M2 but with different (N)10
linkage sequences (Fig. 1B), showed a noticeable decrease of fluorescent protein output as a
function of naringenin concentration compared to that of M2 (Fig. 1C).

A single plasmid riboswitch device was tested in two host strains, wild type
BL21star™(DE3) and MG1655(DE3) AendA ArecA, with different naringenin concentrations
added at 0 h. The two hosts displayed significantly different dynamic ranges. When 0.73 mM
naringenin was fed to aptamer-O-based biosensor, the fluorescence intensity per cell reached
4285 (a.u.) when expressed in BL21star™(DE3), but only 2884 (a.u.) when expressed in
MG1655(DE3) AendA ArecA (Fig. 2). Meanwhile, the fluorescence output for each naringenin
concentration studied showed a steady increase until reaching saturation after approximately 12 h
post inoculation in both wild type strains (Fig. 2). From 12 h to 24 h post naringenin addition, a
decrease of fluorescence was observed in the BL21star™(DE3) host, while the MG1655(DE3)
AendA ArecA host showed a slight increase during the same period.

The performance of the different biosensors in M9 minimal media and a semi-rich
defined media (AMM) was then evaluated and compared (Fig. 3). Contrary to expectations, sgfp
was not overexpressed in semi-rich defined media, despite the advantage of rapid cell growth.
Cells grown in AMM showed twice the ODegoo but only about half the fluorescence signal of cells

grown in M9 minimal media.
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We constructed a dual-promoter system (Fig. 1A), with both the T7-lac promoter and the
constitutive promoter BBa_J23113 upstream of the riboswitch. This system allowed us to switch
transcription regulation depending on the presence of isopropyl B-D-1-thiogalactopyranoside
(IPTG) in the media. In order to investigate the influence of different promoters, parallel
experiments were performed with the aptamer-M1-based biosensor and 0.18 mM naringenin
supplement at 5 h post inoculation. Fluorescence excitation was determined hourly by flow
cytometry after induction. Selected results from the Fluorescence-Activated Cell Sorting
(FACS)-generated histograms are shown in Fig. 4A. The constitutive promoter controlled
sensing-actuating components afforded stronger fluorescence excitation at 1 h post naringenin
input (Fig. 4A blue histogram) than the T7-lac promoter (Fig. 4A orange histogram). Over the
next 3 h, an equivalent fluorescent output was measured in both cases. However, the slight
change in strength of system output suggests stronger control of the sensing-actuating
components using the T7-lac promoter than the constitutive promoter-based system. The T7-lac
promoter controlled sensor eventually, at 22 h, resulted in a very high fluorescent protein
expression even though no naringenin was added to the culture, something that we interpreted as
a false positive result.

Based on the previous observations, a constitutive promoter (BBa_J23113) controlled
riboswitch biosensor device was re-constructed to avoid interference from IPTG in subsequent
co-culture studies. When tested in shake flask cultures with naringenin added to the medium, the
new device plasmid demonstrated a slightly increased dynamic range, from 4.55 (a.u.) in dual
promoter device to 4.60 (a.u.) (Fig. 4B). Moreover, an empty pETM®6 vector was transformed
together with new biosensor device into BL21star™(DE3) to create a control strain that is

resistant to both antibiotics, similarly to the naringenin producer strain. The resulting dynamic
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range of sensing-actuating device showed a decrease, to 4.52 (a.u.), in the control strain (Fig. 4B),
while the ECso, illustrated as dashed lines, was slightly increased in the control strain. Overall,
the new device showed a relatively steady dynamic range and operational range when the
additional plasmid was present.

Quantification of in vivo metabolites in E. coli co-culture. A co-culture experiment with
manual naringenin addition was performed in order to test the co-culture hypothesis while
running a controlled pseudo-monoculture experiment (Fig. 5A). A consistent functional
dependency between naringenin concentration (0.09 mM and 0.73 mM) in the medium and
fluorescence shift assayed by FACS was found between both co-culture and pseudo-monoculture
studies confirming the validity of the co-culture/sensor approach (Fig. 5B). Next, we validated
the applicability of the constructed biosensor in measuring naringenin production levels by using
our biosensor to monitor naringenin production from producer strains with different metabolic
capabilities (Jones et al. 2016) (Fig. 6). All the constructed strains showed different naringenin
productivities and a positive correlation between naringenin titer in co-culture and specific
fluorescence of the sensor cells was demonstrated (Fig 7). Only a small proportion (4% v/v) of
the biosensor strain was required at inoculation to achieve an effective fluorescence excitation

for screening.

Discussion

In this study, an RNA riboswitch-based biosensor was designed to respond to the flavanone
naringenin (Fig. 1A). The biosensor displayed an increased fluorescent signal generation after
activation of gene expression upon binding with naringenin, while in the absence of ligand,

aptamer-mRNA formed a three-dimensional structure, preventing reporter gene expression.
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Mismatched regions (i.e., loops) in the mRNA play an important role in determining mRNA
three-dimensional structures and can destabilize local structure. The structural change resulting
from aptamer-ligand association, within mismatched regions, relies on its intermolecular
interactions including stacking, electrostatic and hydrogen-bonding (Hermann and Patel 2000; C.
A. Kellenberger et al. 2015a; Wachsmuth et al. 2013; You, Litke, and Jaffrey 2015). Thus, the
aptamer portion is exploited as a core component of engineered riboswitches, since small nucleic
acid moieties are capable of determining the ligand binding affinity and specificity.

Naringenin plays a role as an inducer in this cell-based, sensing-actuating, genetically
encoded biosensor. This way, the biosensor can ‘measure’ the concentration of the intracellular
or extracellular metabolite, and report it through the production of a fluorescent reporter protein,
such as sgfp, providing a high-throughput screening method to detect differences in metabolic
capabilities between strains. Any visible molecule or one that can alter cell fitness, such as the
expression of an antibiotic resistance gene (Raman et al. 2014; Yang et al. 2013) or auxotrophic
complements (Feng et al. 2015), can be employed in the expression module to facilitate efficient
cycles of the design-build-test-learn loop. However, taking advantage of high throughput flow
cytometry screening, one must face the drawback of overlapping fluorescence profiles that may
lead to a high rate of false positives (Dietrich et al. 2010). Similarly, when the actuating
expression is a fitness advantage, cells that erroneously survive may take over the population
(Rogers et al. 2016).

The fluorescence output of the biosensors was greatly influenced by a number of
parameters, including the host strain and growth conditions such as media composition. This can
be the result of metabolic burden that places hidden constraints on host cell productivity due to a

high proportion of resources reassigned to expressing the recombinant pathway inside a host
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cell.(Englaender et al. 2017; He et al. 2017; Wu et al. 2016) Although there are no common
guidelines in place for how to regulate RNA device activities, the effect of some individual
parameters such as host strain (Carothers et al. 2011) and observation time (Rogers et al. 2015)
has been discussed in the literature. Based on our observations, BL21star™(DE3), M9 minimal
media and harvest at 12 h post IPTG induction were chosen as the optimal conditions that ensure
the compatibility of the RNA device in the host strain’s background to create a riboswitch-based
whole-cell biosensor.

Two key parameters impact the behavior of the riboswitch-based biosensor. First, the
linkage (N)io0 between the aptamer and actuator, can dramatically impact the sensitivity and
dynamic range of the biosensor (Fig. 1B, C). Similar results were reported to design a synthetic
riboswitch. (Win and Smolke 2007; Yang et al. 2013; You et al. 2015) The principle for design
mainly relies on the three-dimensional structure of the mRNA. Unfortunately, it is quite
challenging to simulate a highly accurate three-dimensional mRNA structure, and predict the
structural changes that accompany mRNA binding with the target small molecule. However, a
framework for the modular assembly of aptamers, linkers and gene regulatory components, and
some computational tools have been created to help with the design and prediction of RNA-
based metabolite biosensors (Carothers et al. 2011; Endoh and Sugimoto 2015; Espah Borujeni
et al. 2016; Geertz et al. 2012; Townshend et al. 2015; Win and Smolke 2007).

Second, the use of T7-lac promoter controlled aptamer-actuator biosensor (Fig. 1A) in the
co-culture resulted in a significant naringenin-uninduced population that would complicate
screening due to its strong IPTG-dependence (Fig. 4A). Thus, a constitutive promoter was
employed for driving the expression of the aptamer-M1-based biosensor. This change of

promoter did not influence biosensor dynamic and operational ranges (Fig. 4B, 5B). It was also
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reported that the gene expression noise can be reduced by switching to a constitutive promoter in
the biosensor construction or decreasing plasmid copy number (Michener and Smolke 2012).

The development of a biosensor assay in a co-culture application is then relatively
straightforward (Fig. 6). A plasmid constitutively expressing an additional fluorescence marker,
mRFP1, was introduced and applied to facilitate proper cell sorting using the FACS-based assay
in the biosensor-producer co-culture. We showed that biosensor cell populations could be
distinguished from other co-culture strains (Fig. 5). Two strains, BL21star™(DE3) (host of
plasmid carrying the biosensor device) and BL21star™(DE3) AsucC AfumC (host of plasmid
carrying the naringenin biosynthetic pathway), allow for relatively easy compatibility in the co-
culture system (Fig. 6). It is important to note that there are three additional conditions that
allowed us to use our biosensor device: First, the ability of target analyte, naringenin, to freely
diffuse from the cell to the extracellular medium (Jones et al. 2016). Second, the specificity of
the aptamer to bind to naringenin but not to precursor metabolite p-coumaric acid (data not
shown). Third, the operational range of biosensor is similar to the cellular metabolite
concentration (Siedler et al. 2014).

Hence, we were able to, for the first time, combine a riboswitch-based fluorescence
biosensor strain and naringenin producing strain in co-culture for high throughout in vivo
naringenin detection. The coefficient of determination (R?) and Pearson’s correlation coefficient
(r?) were calculated to measure how well the regression line approximates the actual data points
and to measure the linear correlation between the HPLC and flow cytometry results (Fig. 7). This
correlation critically relied on growth conditions, especially post-induction time. Under extended
microbial co-culturing conditions, the biosensor is capable of not only distributing the metabolic

burden and allowing module-specific optimization, it can also simplify library generation,
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screening, and selection, since removal of the biosensor strain will not influence metabolite

production as is possible in a monoculture screening strategy.

Conclusions

In this work, an RNA riboswitch-based biosensor with dual fluorescence reporters was
developed and applied to detect the in vivo production of naringenin through a novel co-culture
approach using flow cytometry screening. This method is different from traditional monoculture-
based sensors derived from transcription factors and can enable the design of high-throughput

screening methods for metabolic engineering applications.

Materials and Methods

Bacterial Strains, vectors, and media. E. coli DH5a was used to propagate all plasmids.
BL21star™(DE3) or MG1655(DE3) AendA ArecA (Tseng et al. 2010), a gift from Kristala
Prather (Addgene plasmid # 37854), was used as the host for RNA riboswitch vector.
BL21star™(DE3) AsucC AfumC (Xu et al. 2011), with pETM6-xx4CL-xxCHS-xxCHI (The ‘xx’
feature represents different homologs for each of the three enzymes from different plant sources)
and pACYC-matC-matB, were used as naringenin production strains (Chemler et al. 2010; Jones
et al. 2016). The vector pACYCDuet-1 was used as the basis for RNA riboswitch construction.
A vector pYTKO085 carrying mRFP1 gene (Lee et al. 2015), a gift from John Dueber (Addgene
plasmid # 65192), was used directly as an extra fluorescent marker in co-culture biosensor. M9
salts (BD), Luria Broth (LB) lennox modification (Sigma) and semi-rich defined media (AMM)
(He et al. 2015) were used where noted. All the nutrients and chemicals for medium preparation

were purchased from Sigma-Aldrich (St. Louis, MO).
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Sensor component construction. The naringenin riboswitch is comprised of an aptamer
and expression platform (Fig. 1A). The aptamer was selected from in vitro selection using
SELEX against a naringenin-coupled matrix, and the expression platform was evolved from in
vivo dual selection(Yang et al. 2013): tetA, encoding a tetracycline/H* antiporter, and sgfp,
encoding superfolder green fluorescent protein. A selecting (N)10 and RBS was constructed as a
functional actuator in between the aptamer and fusion protein gene. (Yang et al. 2013) The
sequence of the riboswitches (O, M1, M2 and H2) tested in this paper are shown in Fig. 1B. The
riboswitch was under the control of a dual-promoter system consisting of an IPTG-inducible T7
promoter and a constitutive promoter (BBa_J23113) (Fig. 1A). Later, the device containing only
the constitutive promoter was applied in the co-culture study.

Cultivation protocol. Single colonies of each strain were inoculated separately into 10
mL of LB in a 125 mL non-baffled shake flask with corresponding antibiotics (ampicillin 80
pg/mL and/or chloramphenicol 25 pg/mL, as necessary) and grown overnight at 37 °C. After 14
h, the overnight culture was inoculated at 5% (100 pL) into 2 mL of M9 minimal media. The
naringenin producer strain and biosensor strain co-culturing experiment utilized overnight
cultures mixed before inoculation volumetrically to an indicated inoculation ratio of 25:1
(producer: biosensor). Naringenin was added to the desired final concentration at inoculation or
as mentioned. After induced with 1 mM IPTG, the cultures were transferred to 30°C and allowed
to grow for 12 h prior to analysis. All experiments were performed in polypropylene 48-well
plates (5 mL, VWR). All the single-cell level experiments used M9 minimal medium with 4 g/L
glucose, while the co-culture experiments used M9 minimal medium with 15 g/L glucose.
Sodium malonate (1 g/L, Sigma) and p-coumaric acid (50 mg/L, Sigma) were added at induction

as substrates for naringenin production.
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Metabolic analysis. The supernatant (25 pL) of fermentation broth obtained through
centrifugation (2 min, 20,000 x g) was used for HPLC analysis, which was carried out using
Agilent 1200 series HPLC equipped with a ZORBAX SB-18 column (5 pm, 4.6 x 150 mm) and
a diode array detector. The mobile phase was acetonitrile (solvent A) and water (solvent B) (both
contained 0.1% formic acid) was used at a flow rate of 1 mL/min. The HPLC program was 10-
40% A (0-10 min) and 40-60% A (10-15 min) (Jones et al. 2016; Zhao et al. 2015). Absorbance
at 280 nm was monitored in all cases. Naringenin standard was purchased from Sigma-Aldrich
and was dissolved in pure ethanol.

Florescence assay. Endpoint green fluorescence (excitation wavelength of 485 nm and
emission wavelength of 535 nm) and ODesoo measurements were obtained in 96-well black, clear
bottom plates (Nunc Products) on a Biotek Synergy 4 instrument. The ratio of fluorescence to
absorbance at 600 nm (AFU/ODeoo, given in a.u.) was used to compensate for changes in cell
density over time and between experiments. Cultures were diluted into the linear range as
necessary.

Flow cytometry was performed on LSRII flow cytometer (BD Biosciences, San Jose,
USA) with 488 nm excitation from a blue solid-state laser for all the co-culture experiments.
Fluorescence was detected using a 505-nm long-pass and a 530/30-nm band-pass filter set for
sgfp, or 600-nm long-pass and a 610/20-nm band-pass filter set for mRFP1, respectively. Cells
collected with centrifugation (2 min, 20,000 x g) were washed and diluted in cold phosphate
buffered saline (PBS) and kept on ice until evaluation. Gating was performed on forward and
side scatter to avoid debris and clumped cells, then on mRFP1 to avoid background from
producer strain, by using BD FACSDiVa 7.0 software. The specific fluorescence was defined as

the value of geometric fluorescence mean of 100,000 cells (given in a.u.).
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A control sample, of only one strain and without naringenin or inducer addition was
performed in all experiments as a background blank. The specific background fluorescence value
was subtracted to ensure it was comparable between each biosensor. All experiments were

performed in triplicates. Error bars represent + 1 standard deviation of biological triplicates.
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Figure legends

Figure 1. Naringenin-binding riboswitch devices construction and in vivo test. (A)
Riboswitch sensing-actuation devices subunits. (B) Sequence of sensor and actuator of different
riboswitches: O, M1, M2, H2. The binding domain (underlined) is located between a consensus
noncoding upstream and downstream sequence, together composing the sensor part of riboswitch
devices. Selected (N)10 sequences are shown in shadow and the ribosomal binding site is shown
in bold. (C) Effector range and response with different riboswitch devices single plasmid in
BL21star™(DE3) detected by flow cytometry. The ECso for the different aptamers are illustrated
as dashed lines.

Figure 2. Fluorescence as a function of naringenin concentration via time. The aptamer-O-
based biosensor was tested in two host strains (A) BL21star™(DE3) and (B) MG1655(DE3)
AendA ArecA by time.

Figure 3. Effect of medium on biosensor performance. Aptamer-O-based biosensor and
aptamer-M1-based biosensor, in BL21star™(DE3), were tested for their fluorescent response to
different naringenin concentrations after growing for 19 h in M9 minimal media and AMM -
15¢/L Glucose media, separately.

Figure 4. Fluorescent output in different promoter controlled biosensor via time. (A) The
BL21star™(DE3) hosting the aptamer-M1-based biosensor where a dual-promoter was placed at
the 5’-untranslated region of the sensing-actuation device. Naringenin addition or/and IPTG
induction were made at 5h after inoculation. The fluorescent intensity of a population of 100,000
cells for each case was examined by flow cytometry at different time points. (B) the dual-

promoter was replaced by a constitutive promoter and the response of the new construct to
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naringenin was measured both with and without the empty vector plasmid pETM6. The ECs for
the different cases are illustrated as dashed lines.

Figure 5. Dual-fluorescent response with naringenin in co-culture system. (A) The red
fluorescence protein helped distinguish between naringenin and biosensor strain. (B) A
comparison between pseudo-monoculture and co-culture system in response to the same
naringenin concentration, 0.09 mM and 0.73 mM.

Figure 6. Schematic representation of biosensor-producer co-culture modules. The modified
biosensor module carried both naringenin-responsive riboswitch-based green fluorescence device
and constitutive red fluorescence device.

Figure 7. Correlation between naringenin produced and specific fluorescence. Strains with a
range of naringenin production capabilities were grown in co-culture with the riboswitch-M1-
based biosensor and induced with 1 mM IPTG at different time points (6 h, 7 h, or 8 h). Final
fluorescence was measured by flow cytometry, while naringenin production was measured by
HPLC. The coefficient of determination (R?) was 0.8959, 0.9337, and 0.8415 for induction time
points of 6 h, 7 h, and 8 h, respectively. Pearson’s correlation coefficient (r?) was calculated to be

0.9465, 0.9663, and 0.9173.
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