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Abstract

Abstract

Bacterial communication or quorum sensing (QS) is a cell-density dependent way to
regulate diverse functions in microbial communities. QS is mediated by autoregulative
processes involving the production, sense and response of small, diffusible molecules such
as acyl homoserine lactone (AHL). We utilize an artificial QS system based on isolated
sender and receiver parts of the marine bacterium Aliivibrio fischeri and implemented the
components in Escherichia coli. The sender cells produce AHL, while the receiver cells
express a reporter gene in presents of AHL. The system is widely applied in synthetic gene
circuits for the synchronization of bacterial behavior. However, to this end, important
information on cellular heterogeneity and stochasticity of the system is lacking as well as
information on the communication ability of bacterial groups confined for example in
water-in-oil emulsion droplets.

In this thesis, we quantified gene expression dynamics at the single cell level, evaluated
noise and subpopulation behavior of receiver cells and provided a method to determine the
effective AHL concentration at the colony level in co-cultured sender and receiver bacteria.
Our results provide quantitative detail and can be further used to elucidate communication
behavior of other and natural bacterial communication systems.

We further clarified whether communication circuits can be established across emulsion
droplets and what mechanisms describe the diffusion processes. We established artificial
communication over large arrays of microemulsion droplets and linear droplet chains by
the diffusion and integration of two amphiphilic inducer chemicals. We were the first
showing communication between a bacterial receiver unit and an artificial cellular sender
compartment producing AHL cell-free. Our results demonstrate the potential of
programmed pattern formation by a tunable diffusion coefficient.
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Zusammenfassung

Zusammenfassung

Kommunikation zwischen Mikroben wird als Quorum sensing bezeichnet. Diese Art der
Kommunikation ist abhingig von der Zelldichte und regelt diverse Funktionen im
mikrobiellen Zusammenleben. Quorum sensing wird ermoglicht durch einen
autoregulativen Prozess, welcher die Produktion, das Aussenden und den Empfang von
kleinen, diffundierenden Molekiilen, den sogenannten AHLs, organisiert. Ausgehend von
den natiirlichen QS-Komponenten des gramnegativen Bakteriums Aliivibrio fischeri,
wurde in dieser Studie ein voneinander getrenntes Sender-Empfinger System in
Escherichia coli implementiert. Dabei wird AHL von den Senderzellen synthetisiert und in
den Empfingerzellen durch Genexpression nachgewiesen. Dieses System ist schon lange
bekannt und wird hiufig zur Synchronisation von bakteriellem Verhalten in der
synthetischen Biologie eingesetzt. Jedoch fehlen bis dato, wichtige Informationen zur
zelluldren Heterogenitét und Stochastizitit sowie Informationen iiber die Kommunikations-
fihigkeit bakterieller Populationen in zum Beispiel Wasser-in-Ol Tropfchen.

In dieser Dissertation quantifizieren wir Genexpressionsdynamiken auf der Einzel-
zellebene, bewerten zelluldres Rauschen sowie das Verhalten von Subpopulationen und
zeigen eine Moglichkeit auf, die effektive AHL-Konzentration in einem Gemisch aus
Sender- und Empfingerzellen zu bestimmen. Unsere Methode kann dazu beitragen, eine
detaillierte, quantitative Aussage iiber andere, natiirliche bakterielle Kommunikations-
systeme zu erhalten.

In einer weiteren Studie wurde klargestellt, ob Kommunikationsschaltkreise {iiber
Emulsionstropfchen hinaus kreiert werden konnen und unter welchen Gesichtspunkten der
Diffusionsprozess stattfindet. Wir starteten ein Kommunikationsexperiment mit dem Ziel
moglichst groBe Flichen von Tropfchenaneinanderreihungen als auch eindimensionale
Anordnungen durch die Diffusion von amphiphilen Chemikalien wie AHL und IPTG zu
induzieren. Wir waren die Ersten, die zeigen konnten, dass eine Kommunikation zwischen
bakteriellen Empfiangern und einem synthetischen, zell-dhnlichen Kompartiment welches
AHL iiber einen zellfreien Synthesemechanismus produziert, aufgebaut werden kann. Die
Ergebnisse dieser Studie konnen fiir weitere Bereiche der programmierbaren
Musterbildung durch einen potentiell einstellbaren Diffusionskoeffizienten von Bedeutung
sein.
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Aims of the thesis and their scientific context

Aims of the thesis and their scientific context

Gene expression quantitation of synthetic sender and receiver bacteria

Quantitation of gene expression is important, since ‘numbers’ are required to estimate
parameters for theoretical models that help to understand and shed light on biological
context. Especially in synthetic biology this is necessary to design functional systems with
novel and useful features. Even genetically identical cells display huge variability in their
gene expression dynamics and levels. This observed noise originates from intrinsic
processes such as protein fluctuations or plasmid copy number effects or reasons from other
extrinsic factors (1). Noise is generated over a wide range of cellular organizations which
leads to heterogeneous populations. Nevertheless, bacteria evolved methods such as
communication systems to reduce noise and synchronize their behavior with other cells. In
nature, an elaborate communication system is likely important for survival in a con-
tinuously changing environment. The way of bacterial communication termed quorum
sensing (QS) is mediated by diffusible molecules such as acyl homoserine lactone (AHL)
that can be sent and received by a variety of species (2). Communication by simple
diffusion of small molecules is an attractive strategy for synthetically designed genetic
programs to minimize noise and enhance robustness in a population. Thus, quorum sensing
as a tool to communicate the behavior between engineered bacteria gained wide interest in
synthetic biology applications.

Moreover the role of noise in the context of quorum sensing has been investigated
theoretically (3). On the experimental side, there exist also quantitative studies at the single
cell resolution (4) and about the origin of noise in microcolonies (5). The focus in those
studies however, was merely placed on natural quorum sensing systems. Therefore, in
Single Cell Analysis of a Bacterial Sender- Receiver System (6), we aimed to investigate
and quantify the heterogeneous gene induction behavior within a population of synthetic
QS receiver bacteria. The cells were equipped with green fluorescent protein (GFP) under
the lux-promoter. In a microfluidic chemostat, we utilized the receiver cells as a ‘bacterial
sensor’ for AHL. We studied gene expression dynamics and their variability to learn and
understand more deeply about cellular behavior at the single cell level. We further
determined the effective AHL concentration in a system containing both AHL sender and
receiver bacteria.
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Aims of the thesis and their scientific context

Communication and small molecule diffusion between emulsion droplets

With the characterization data from our single cell experience and the knowledge about the
signal ‘sending power’ on hand, we next tested our communication system in a bacterial
computer. In the publication Communication and Computation by Bacteria Compart-
mentalized within Microemulsion Droplets (7) we investigated spatial properties of cell-to-
cell communication and used emulsion droplets as model system for a heterogeneous
environment.

Confined microenvironments allow scientist to study gene expression dynamics within a
small population of cells under well-defined conditions. QS has been studied in other
artificial microenvironments such as inkjet prints (8) or fiber-optic microarrays (9). More
recently, bacteria have been confined in two emulsion droplets touching each other in a trap
in which cell-to-cell signaling was studied across the contact area (10).

In contrast to previous studies, our emulsion based droplet system uses spatially large arrays
of water-in-oil droplets containing either engineered bacteria or chemical reservoirs. We
tested the diffusion of sender molecules in a distance-dependent manner. Thus, we
addressed the question whether AHL and other compounds dissolve in the oil phase and
whether communication takes place mainly through the interface of adjacent droplets in
direct physical contact or via free diffusion through the oil. The established reaction-
diffusion model revealed a reduced apparent diffusion coefficient.

As an application of our potentially tunable diffusivity, we extended our engineered
bacteria to integrate AHL and a second amphiphilic chemical such as Isopropyl-f-D-thio-
galactopyranoside (IPTG). We showed the potential of distributed computing in spatially
separated compartments by a synthetic AND gate gene circuit on a reduced length scale
compared to aqueous medium. Thus, we provide a setup for genetically programmable
pattern formation at a different length scale.

Since we observed a reduced apparent diffusion coefficient in earlier studies, we further
aimed to quantitatively understand the diffusion process of autoinducers in a heterogeneous
medium such as emulsions, which was lacking to this end. For this, we arranged emulsion
droplets in capillaries and presented our results in the publication Chemical communication
between bacteria and cell-free gene expression systems within linear chains of emulsion
droplets (11).

The setup represented a simple one-dimensional diffusion process along the long axis of a
capillary and was based on a gradient of inducer molecules that switches on genes in a
position-dependent manner. The scientific context of this study applies to spatially-directed
gene expression, which plays an important role in cellular differentiation during
development and is also triggered by signal molecule (morphogen) gradients. Thus, our
system represents further a useful model to reveal developmental processes in an artificial
context.

Our results in this study indicated an AHL molecule transport via two distinct processes
involving partitioning into the oil and micelle-mediated transport via the surfactant. In
addition, the strong chemical coupling between neighboring compartments in the 1D
geometry led to an extended spatial range compared to our 2D setup. This enabled us to a
more sophisticated arrangement in which we further expanded our system to a
communication network between artificial cellular compartments, equipped with genetic
constructs, and bacteria. We first demonstrated the communication ability between such a
cell-free signal producing sender system and a bacterial receiver system.
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Introduction

1 Introduction

1.1.  The concept of synthetic biology

Synthetic biology uses elements from engineering and computing to design and construct
biological devices and systems in a predictive way and for a useful purpose (12). Such a
goal may be the manufacture of new materials and drugs, the production of high value food,
the improvement of human health and environmental pollutions (13) or the ambitious
intention to create life (14). The engineering aspect includes rational design basics such as
abstraction, standardization, specification and modularization (12).

Abstraction in terms of biological processes is often useful and readily applied by
representing proteins as circles or DNA as a line. This approach demands standardized rules
as well as characterized and cataloged parts with potential utility (14). One step in this
direction was taken by Christopher A. Voigt, Thomas F. Knight and Drew Endy some of
the early pioneers of modern synthetic biology. The synthetic biology open language
(SBOL) and the public registration of biological parts (http://parts.igem.org/Main_Page)
provide the demands for standardization and allow simple selection of biological devices
with defined functions. For instance, an operon can turn into a highly modular biological
building block by combining the subunit with other parts towards sophisticated constructs
with a predictable performance such as circuits (12,15).

From the computational perspective, software aided tools such as flux-balance programs
for metabolism studies (16), translation calculators for optimization of ribosome binding
sites (17,18), the D-Tailor package for the automated analysis and design of DNA
sequences (19) as well as protein structure and (multi)domain engineering plat-
forms (20,21), numerous databases such as BioModels for the computational description of
biological processes (22) and other computer aided tools (23), are central technologies for
synthetic biology workers.

1.2.  Achronology through synthetic biology

The idea of making life is old and at the same moment the idea of synthetic biology. Indeed,
some visions can be traced back to the beginning of the 20" century. The following section
gives a brief overview about the historical developments and the outstanding scientists of
their time and their visions. Those brought us to the point of synthetic biology as we
understand it today. The most of this part is referred to the work of Porcar and Peret6 (12)
presented in their book “Synthetic Biology”. Within this section, I refer to selected
publications of groundbreaking achievements that helped on synthetic biology and served
as foundation and motivation for the results presented in this thesis.

Based on the fundamentals of biology provided by Gregor J. Mendel, Louis Pasteur, Eduard
Buchner or Charles R. Darwin one century before, the French Biologist Stéphane A. N.
Leduc published his work “La biologie synthétique” in 1912 and wondered “Why is it less
acceptable to seek how to make a cell than how to make a molecule?” (24). In respect to
this high-aimed question, there was a shared idea that scientists such as S. Leduc, Edward
A. Schifer, Thomas H. Huxley and others had in common around this time, namely that
life was inseparably linked to matter and must underlie physical and chemical laws or to
say in the words of Huxley “the physical basis or the matter of life was what united all
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Introduction

living beings”. Another seminal scientist of this time was Jacques Loeb. His effort to evoke
the interest in studying cell biology thoroughly from a physicochemical point of view was
decisive for the whole field.

Indeed, knowledge about cell chemistry was rudimental at this time. With the development
of important technologies, especially in structural molecular biology and advanced imaging
such as X-ray diffraction (25,26) and protein crystallography (27), major breakthroughs
quickly set in:

In 1953, the DNA structure was solved (28,29), but also Stanley L. Miller and Harold C.
Urey were the first who synthesized amino acids in an early atmosphere simulating ‘test
tube’ by applying electricity to different gases. The origin of life by chemical evolution was
also early propagated by the biochemist Alexander I. Oparin (30) and is still subject of
modern science (31,32). Only a few years later, scientist at Berkeley observed the self-
assembly of infectious virus particles after mixing virus-related proteins with genomic
RNA. The identification of DNA modifying enzymes (33) by researcher around Arthur
Kronberg led to the synthesis of biological-active circular phage DNA in 1967 (34). Studies
on enzyme activity (35) and the description of gene regulation from an engineering point
of view significantly improved the development in this field. In return, Jacques L. Monod,
Francois Jacob and André M. Lwoff were awarded with the Nobel Prize in Physiology or
Medicine in 1965.

The potential of synthetic biology was early understood by Wactaw Szybalski. With their
contribution on DNA-mediated gene transfer in mammalian cells (36), the authors
Elizabeth Hunter Szybalska and Wactaw Szybalski coined the term synthetic biology in
1974. Their work is today generally recognized as the forerunner of modern gene therapy.
When the enzymatic cleavage of DNA was discovered and intensely studied throughout the
1970s, the dramatic potential of the new technique, namely to manipulate DNA sequence-
specifically (37,38), inspired Szyblaksi to the following comment in 1978:

“The work on restriction nucleases not only permits us easily to construct
recombinant DNA molecules and to analyze individual genes, but also has led us
into the new era of synthetic biology where not only existing genes are described
and analyzed but also new gene arrangements can be constructed and evaluated”
(39)

Hence, synthetic biology principally arose from recombinant DNA technologies. In the
1980s, Kary B. Mullis and Fred A. Faloona (40) made it possible to amplify DNA by
polymerase chain reaction (PCR). Along with the ‘omics era’ and the decoding of the
human genome (41), many researcher, in special those working on interdisciplinary topics
settled between chemistry and biology such as Eric T. Kool, started to call their work
synthetic biology in 2000 (42), a meaningful year for the entire ‘SynBio’ community.

Just in the same year, Michael B. Elowitz and Stanislas Leibler published their almost
legendary work about the ‘repressilator’ (43), the first synthetic gene oscillatory circuit
implemented in E. coli. A genetic network arranged in a rock-paper-scissor fashion where
each symbol beats the next in the loop. At the genetic level this means that a repressor
protein represses the next gene in a configured cycle and is repressed by the previous gene
itself. Interestingly, the observed oscillation periods were longer than a cell’s replication
cycle, hence the dynamics of the circuit were inherited from one generation to the other.
From there on, synthetic biology was boosted and still benefits form accompanied side-
effects: these comprise the development of ‘big data’ handling solutions, the development
of advanced sequencing technologies, the continuously decreasing prices for DNA
synthesis and recently, the development of powerful and sophisticated computer modeling
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and simulation software for rational design and analysis of gene regulation mechanisms
and molecules with predictable function. Despite others, in silico biology quickly opened
the gates towards the first ‘real world” applications and synthetic microbes:

30 years after the first chemical synthesis of a short gene coding for a transfer RNA (44),
J. Craig Venter showed the solely chemically synthesis of genome fragments assembled
into a whole chromosome in vivo and the successful transplantation of the genome into a
recipient cell, starting self-replication (45). Recently, advancements in metabolic and
pathway engineering led to the development of novel materials such as bioplastics,
produced form sugars or naturally occurring polyesters such as polyhydroxyalkanoates
(PHA). Bacterial cellulose and poly(lactic acid) are now used by many Biotech companies
to coat medical products (46).

Scientists developed versatile research interests among synthetic biology. Besides diverse
in vivo approaches subject to bacterial engineering, as already highlighted in selected cases,
there exist many projects with the goal to decrease the dependence on cells in order to
increase engineering flexibility. This in vitro synthetic biology will be introduced in chapter
in vitro computation.

The latest dramatic contribution of a technological development was recently achieved in
the field of genome editing (47). Site-specific cleavage of double-stranded DNA for
sequence manipulation is now easily possible in any species and living organisms. Together
with zinc finger nucleases (ZFNs) or transcription activator-like effector nucleases
(TALEN:YS), clustered regularly interspaced short palindromic repeats (CRISPR) found in
the CRISPR-associated system (Cas) of bacteria are the methods of choice for diverse gene
manipulations. First described by researcher around Jennifer A. Doudna and Emmanuelle
M. Charpentier (47) the novel technique CRISPR/Cas9 already gained traction in industry
and medicine. Special designed ‘molecular scissors’ were recently tested in persons (48).
Several clinical trials with the CRISPR/Cas9 system already commenced in 2017 to treat
various cancer types.

The promising new approach announces an exciting era for synthetic biology and many
other ‘technosciences’, which let me conclude the developments in this field so far with the
statement of Wactaw Szybalski (1974):

Synthetic biology is “[...] a field with unlimited expansion potential and hardly any
limitations to building ‘new better control circuits’ and [...] I am not concerned that
we will run out of exciting and novel ideas [...]”. (49)
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1.3.  Biological computation

Biological computation is closely linked to synthetic biology. Building organisms that
perform computational tasks by themselves is of major interest. Contrariwise, the
abstraction of biological systems, inspired by electronic components such as resistors or
capacitors is an attempt to understand biology in a more unified manner (50). Indeed,
biological systems compute as defined by mathematical relationships, however it is not
easy to disclose the ‘How’ and the “Why’ they compute and the principles and general laws
applying to their operations. It is far from simple to simulate the computational part that
living organisms solve in nature. Larger network structures can be solved, in principal, by
means of Gillespie’s algorithm, even though computationally demanding (51).

Systematic problem solving with the help of computational models is the key instrument
of computer science. The fragmentation of natural tasks into abstract descriptions, coarse-
grained networks linked to experimental setups that reveal the number of species involved
and their amount is essential in understanding and controlling biological computation.
Obviously, computational tools accelerate biological problem solving. According to our
expectations, cellular logic operations are essential for biological systems to compute. The
following paragraphs give attention to our ‘traditional’ understanding of computation and
how we transfer it to cells. Directly after, I introduce current directions of computational in
vitro and in vivo approaches towards programmable biology (52).

Traditional vs. biological computation

In a computer, information is processed via logic operations by the CPU. The information
is of digital nature and handled as bits. The memory is fixed or rewritable and stored
centralized. The computational operations are deterministic and exact, leading to an
ultimate result (50). In contrast to traditional computers, living systems process information
via different molecules that diffuse, compared to physically mounted transistors. Many
biological processes can be expressed as logic functions (53) or algorithms (54). For
example, a simple AND-gate operation is achieved, when a reporter gene such as GFP is
only expressed in the presents of two input signals, shortly expressed as: GFP = [inputl]
AND [input2]. The input molecules can be e. g. quorum sensing signal molecules or certain
types of sugars. So, numerous applications can be implemented in cells by the construction
of logic circuits from Boolean operation building blocks. For instance, distributed bacterial
computing was shown by Tamsir and colleagues (55). A genetic NOR gate, consisting of
wired and orthogonal QS sender and receiver units, revealed the production of all possible
two-input gates. Also, one of the first computational tasks realized in E. coli was a
genetically encoded toggle switch (56). The synthetic circuit was composed of two different
repressible promoters arranged in the fashion that the gene products under control of the
corresponding promoter inhibited the expression of the other in an alternating way. External
signals switched the system between the two possible states.

Such coupled biochemical reactions are basically of analog nature. Biological reactions get
only approximately depict by logic circuitry, due to the dependence on stoichiometry,
concentration or rate parameters of the individual species and interactions involved.
Biomolecular switches that compute continuous-value functions such as multiplications are
hardly implemented (53). One example of such a system is represented in an ‘adder’ gate,
a genetic network that counts (57). Here, the output level is the sum of its inputs’ levels.
In addition, it is often difficult and inefficient to implement complex circuits in an
individual cell. Supported by this view, Regot et al. (58) created a library of engineered
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cells each endowing a logic function combinable in multiple ways. With some small
consortia of these cells, a cellular multiplexer was practically tested in yeast. Another
sophisticated task could be the recording of the number of cell divisions, assuming memory
is handed over. In computation, memory is a quite useful feature and was remarkably
recently implemented in a molecular version of logic circuitry (59).

As mentioned, the distributed information-processing in a cell often struggles with noise.
The origin of noise is both, intrinsic (due to variations of small molecules such as plasmid
copy numbers (60) in femtoliter-sized cell volumes) as well as extrinsic (fluctuations of
environmental parameters such as the number of individual system components depending
on growth, space and food conditions) (1,61,62). The computed results and the dynamic
cell behavior are often of expedient nature and based on stochastic effects. Those stochastic
fluctuations play a crucial role when working with microbes like E. coli. In this case, the
noisy nature of cellular computation and thus gene expression dynamics has to be taken
into account when genetically encoded programs are performed at the single cell level, as
designed in this thesis.

Since biological systems are complex, the information represented, computed and
communicated by the system are complex (63). The continuous character of living entities
impedes the clear perception of what exactly is the input or output signal of a certain
operation (50). In most biological cells neither exist synchronization. However, quorum
sensing (QS) is a natural strategy to synchronize large numbers of individual system
components in a certain way, comparable to the synchronization process that is commonly
achieved with software engineering tools such as spinlocks, barriers or semaphore control
mechanisms in multi-processor systems, executing parallel tasks with shared resources or
codes (64). Data synchronization plays an important role in computer sciences. In biology
for instance, horizontal gene transfer (and in special cloning) serves in terms of data
matching with the goal to equip the entire population with the same genetic material. The
phases of data synchronization are closely related and involving data extraction, transfer
and transformation plus integration to the new host system, although the temporal demands
can differ remarkably.

However, genetic data are affected by mutations and these frequently result in certain
discrepancies. In data transmission with traditional computing systems, soft errors and their
probability can be handled and decoded by certain error control algorithms (65,66). In
living systems, mechanisms that prevent fluctuations and facilitate robust regimes must be
considered (53). This is attempted for example by quantitative threshold implementations
to flag active or inactive states towards digitalized output levels (very low or very high
signals). Although, stochastic properties have less dramatic effects when a group of cells
are observed on the basis of the population’s mean, which levels out fluctuation
effects (67).
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In vitro computation

The interest in molecular computers dates back decades (68) and one of the first realized
system was presented by Leonard Adleman (69). It was about a DNA-based computer that
solved a graphical combinatorial problem by oligonucleotide base-pairing. The solution
was resolved on an agarose gel.

In principle molecular switches and circuits are still preferentially designed of DNA,
followed by RNA and protein building units (53) simply due to the fact that base-pairing
underlies predictable rules.

For biological computation, the matrix in which the system components are embedded or
confined also plays an important role. Chemical reaction-diffusion experiments as applied
in pattern formation studies, are better controllable in a well-defined environment. This
makes in vitro approaches attractive. Due to the absence of cell division and unnecessary
metabolic fluxes, computational modeling is simplified in vitro, allowing increased circuit
complexity beyond proof-of-concept experiments (53). Up to now, gel-based reactors,
filled capillaries or microfluidic setups and emulsion droplets have been used for
compartmentalization. In Schwarz-Schilling et al. (11), we demonstrate a simple approach
towards the study of spatial differentiation in cell-free reaction-based droplet confinements.
The following paragraphs, hereafter, are brief introductions to cell-free systems and
emulsion droplets.

Cell-free systems (CFSs) or in vitro transcription-translation (IVTT) reactions are usually
prepared form whole-cell lysates of the desired strain or species (70-72). They are
completed with further components such as salts, energy solutions or additional amino
acids (73) required for proper performance. 1967 marks the beginning of CF era. The
enzyme B-galactosidase was first synthesized in vitro by the group of Zubay (74). Shortly
after, the Penman group and others established the synthesis of polypeptides from various
DNA sources including viruses (75) and bone-marrow (76) within divers CFSs (77).

To overcome expression limitations and other impairing effects such as low yields or long
delay times due to laborious preparation procedures, CFSs have been consciously
optimized since then. For instance, it is now common practice to exploit the high-level
transcription rate of phage T7 RNA polymerase in situ (78,79). One simple and straight
way to obtain stable and soluble or unique proteins with novel function in CFSs, is the
incorporation of unnatural amino acids as reviewed by Jewett (80). However, most crude
cell extracts contain undesired components such as proteases and nucleases. The absence
of any nuclease activity was achieved by recombinant protein synthesis and purification of
all system components. The so reconstituted IVTT machinery, called PURE® system (81)
has unique advantages regarding protein stability and design. However, this IVTT mix is
expensive and less efficient regarding yield. Other methods to overcome DNA degradation
in crude cell extracts exist (82). Due to their well-known composition, IVTT were recently
simulated (83). Oscillatory gene expressions have been modeled and implemented in CFSs.
To this end, the circuit dynamics were maintained by microfluidic devices that dilute and
feed the reaction mix (84,85).

Homemade CFSs or the commercial available PURE® system are widely applied in
synthetic biology (86). Some applications for example include: rapid prototyping systems
to test genetic circuits built by Gibson assembly (87), model systems for in vitro directed
evolution studies (88) with the goal to improve enzyme stability at the industrial scale (89),
or screening and selection projects that identify novel biochemicals or specific inhibitors
(90). Other popular applications are the reengineering and redesigning of metabolic
pathways (91). Recently, the production of n-butanol was tested and improved by means
of CFSs (92). Furthermore, the use of CFS for diagnostic purposes (e.g. point-of-care
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devices) is a growing sector and contemporary issue. Diverse low-cost biosensors
implemented on portable devices such as simple freeze-dried paper discs, have been
developed. Those have the ability to detect many infectious diseases in situ such as
Ebola (93) or Zika (94) viruses within a few hours, based on genetic circuit networks in
CFS:s.

Emulsions are typically two-phase liquid components in which the oily one is dispersed in
the continuous (often water) phase bearing oil-in-water emulsions (95) such as lipoproteins
observed in living organisms. Other types of emulsions (water-in-oil droplets) and multi-
bedded (water-in-oil-in-water) droplets are of particular interest for biochemical
applications as microreactor. Studies in cell-like volumes can be performed in a wide range
of concentrations depending on droplet size and on the applied compartmentalization
technique (stochastic partitioning or ordered encapsulation (96)). Thus, single cells or
molecules can be encapsulated in microdroplets as well (97). Numerous of such individual
microcompartments offer the possibility to parallelize tests as designed for emulsion PCR
reactions. This concept proved to be very powerful for drug screening and cell screening
applications or in vitro evolution experiments selecting for specific ribozymes or functional
proteins in a high-throughput manner (98-100). Moreover, emulsion droplets can be
massively manipulated. After generation, they can be transferred into other traps or
chamber devices (101), densely packed to hexagonal arrays or additional reagents can be
added at any time point by fusion (102) or direct injection (103). Single droplets can be
divided for further dilution purposes (104) or sorted due to their size (105) or actively in an
electric field (106). It is also possible to retrieve encapsulated samples using mild extraction
ways such as demulsification chips (107).

A special class of emulsions are microemulsions which are stabilized by surfactants against
coalescence. Surfactants are surface-active agents with amphiphilic character that
accumulate between the boundaries of immiscible phases, minimizing the free energy to
form micro-sized droplets (108). Indeed, due to surface tension, the drops appear spherical.
The role of the surfactant and the corresponding utilized oil is critical. Bearing on aqueous
droplets dispersed into oil as used for bioreactors, the surfactant must further provide an
inert interface to avoid interactions between the biological content of the aqueous phase
and the inner boundary surface (109). Many biomolecules such as DNA, RNA or proteins
used in gene circuits possess charged groups that are subject to denature and activity loss
when electrostatically attached to surfaces. Thus, biocompatibility suffers when strong
hydrophilic and charged surfactants are applied. Surfactants separate adjacent droplets and
consist of hydrophilic head groups such as polyethylenoxide or polyethylene glycol (PEG)
moieties and hydrophobic tail groups of various length of perfluorinated polyethers PFPE
fluorocarbon (110). Diffusion can be the rate limiting step, when tails are too long (51). On
the other hand, tail length is critical for stabilization against shear forces and densely packed
droplet constructions. Copolymeric morphological structures synthesized of di- and
triblocks of a PFPE-PEG-PFPE architecture (110) have shown to fulfill both requirements
for diverse biochemical in vitro reactions.

While requirements for the surfactant were already assessed, an appropriate continuous
phase has to be chosen carefully, too. Since droplets are often generated in microfluidic
chips usually molded from polydimethylsilaxane (PDMS), the silicone-based elastomer is
prone to swell when incompatible organic fluids are applied (111). Low solubility of
biological substances and gas-permeability is also desired. Thus, the hydrophobic and
lipophobic qualities of fluorocarbon oils (112) meet the demands and are frequently used
in droplet production. Such as in this thesis, the non-ionic surfactant with PFPE-PEG-PFPE
architecture developed by Holtze et al. (110) is used in combination with the fluorinated
oil FC-40®.
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Monodisperse size distributed emulsion droplets in the pico-to-femtoliter scale (113) are
commonly obtained in microfluidic devices with carefully chosen chip geometry, whereas
droplets with a high polydispersity can be generated by simple steering, vortexing or ultra-
sonication (114) (51). An ordinary droplet generator setup comprises the microfluidic
device, pumps, valves and fluid flux control software. For on-chip detection, fluorescence
image acquisition, UV-spectroscopy or electrochemical detection methods assist proper
control systems.

The parameters which determine the droplet production are the viscosities and densities of
the two phases (surfactant and oil), the interfacial tension, the applied volumetric flow rates
and the channel geometry (inlet and outlet widths as well as channel height) which forms
the flow-field in the laminar flow conditions (108). Considering all the aspects including
shear stress and stochastic processes such as fluctuations in the laminar flow of liquids, the
theoretical description of droplet forming is demanding, compared to the practical handling
of this technique. In addition, the microfluidic droplet generator device can be made from
different channel geometries (108). This comprise co-flow streams, a setup arranged by
two concentrically assembled glass capillaries with the dispersed fluid inside and the
continuous one in the outer tube. Cross-flow or T-junction devices and flow-focusing
geometries (as used here) are widely applied, too. However, droplet formation physics and
geometric modelling for drop breakoff would exceed the scope of this thesis and thus are
not be further addressed here, but can be looked up as well as their numerous applications
in recent reviews (108,109,115).

In vivo computation

Alan M. Turing gave direction to the origin of spatial patterns and shapes in biological
organisms (116). His work on the mathematical description of chemical reactions led him
to the reaction-diffusion system, a model which explains the spatial and temporal changes
in the concentration of involved chemical species due to chemical transformation and
diffusion.

One early implementation of Turing’s morphogenesis paper was shown by James D.
Murray. With the theory on hand, he could explain the stripes’ and spots’ characteristics of
the fur of cats (117). Further research in this area underpinned the involvement of the
reaction-diffusion model in various biological processes such as tumor growth (118) or
embryonic development of Drosophila (119,120). A subsequent recent highlight in
programmed pattern formation has been realized by Tabor et al. (121). Edge detection is a
sophisticated computational task required for segmentation algorithms in image processing,
for instance. Based on a light/dark sensing circuit, the production of a black ‘ink’ between
the boundaries of adjacent bacteria in the two different states (dark/light) was recently
shown in E. coli. Upon the stimulation of the photoreceptor of a light-sensitive protein, a
diffusible trigger molecule was produced by the cell, ‘and’ a functional NOT-light gate
interpreted the dark state. Such a genetically wired program encoded in bacteria drove the
final output as computated by reaction-diffusion equations. Beside pattern forming
computations, engineered cells can also identify and report tumor forming cell states by
multiple endogenous miRNA markers and finally initiate an apoptosis protocol (122).
Other tailored microorganisms have been programmed to commit suicide, when subject to
external stress, but ‘altruistically’ leave a public good for the survivors (123).

In the context of this thesis, a simple reaction-diffusion system is applied to model
diffusion-mediated communication between bacteria. The cells are confined in micro-
emulsion droplets arranged in spatially large arrays that can form position-dependent
patterns (7).
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1.4.  Quantitative single cell studies

Although, cells naturally live in highly spatiotemporal organized and complex networks, it
is important to study their single cell existence (124,125). This has long been realized and
quite powerful methods have been developed. Moreover, a quantitative display of genetic
circuit behavior is only obtained when large numbers of single cells are measured. This
originates form cell-to-cell variability in the expression levels (126,127), from persistence
or aging (128) or other phenotypes which we interpret as ‘noise’. Recently, two distinct
temporal noise phenotypes, concerning cell cycle duration and start variability in budding
yeast were identified by histograms, generated out of quantitative microscope data
analysis (129). Thus, single cell studies are preferentially performed in high-throughput-
based manner. The common techniques and the developments in this fields are introduced
at this point.

For this purpose, flow cytometry and subsequent sorting provide quantitative capacities for
up to 100.000 events in classical end point measurements and reveal information on cellular
size and granularity as well as expression levels form fluorescence detection (97,130).
Recently, mass spectrometry was coupled to flow cytometry using isotopes instead of
fluorophores which greatly expand the number of detectable parameters (131). Such hybrid
systems are termed mass cytometry and reflect the current state-of-the-art setups.
Classical wide-field epi-fluorescence microscopes equipped with automated time-lapse
image acquisition control provide insights into dynamic processes in living cells as well.
At the same time, microfluidic platforms evolved that allow long-term monitoring in
parallel of up to thousands of single cells in precisely defined chemostats with low reagent
consumption (132). Beside droplet generation, microfluidic devices have been used to
study aging in chips that trap the mother cell, while the outgrowing daughter cell is flushed
away (133), and electron transport by the fabrication of distinct electrodes surrounded by a
microchamber containing bacteria (134). When single cells come in contact with the
electrode, a current increase was measured. Many more seminal studies with elaborate chip
designs exist that revealed exciting results of bacterial life or provide myriad applications
for diagnostic purposes. Recent reviews on microfluidics can be found here (135,136).
Microfluidic design and fabrication conventionally involve soft lithography (137) and
replica molding based on a gas-permeable silicone elastomer (such as PDMS) (138). Valve-
based microfluidic devices have been developed which allow flexible and diverse
manipulations such as the application of spatial or concentration-based gradients or time-
dependent perturbations (139). Biological samples compartmentalized in emulsion droplets
can also be simple transferred into microfluidic traps and imaged concurrently (95,140).
Pressure-based flow controllers have been available recently that maintain precise flow
gradients and waveform pulses. Microfluidic chips can be simply customized at low costs
making them ideally suited for any kind of dynamic studies. The emergence of 3D printing
has made the manufacture of next generation microfluidic chips possible reaching the
ranges of bacterial demands (141,142). Many more single cell techniques exist which do
not allow dynamic insights in living cells such as quantitative PCR, but complement other
techniques such as microfluidic-based time-lapse acquisition.

Another technological boost in time-lapse fluorescence microscopy (TLFM) was made by
the development of spectrally different gene variants of green fluorescent protein (GFP)
with improved properties in brightness, maturation time or photo stability (143,144). With
these fluorescent reporter proteins on hand, many parameters can now be monitored in the
same cell just using appropriate filter sets for detection. From there on, it was possible to
illuminate important network features such as genetic feedback loops in dynamic
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measurements (145,146) or to shed light on the kinetic expression order of cellular events
using green and red fluorescent protein fusions (147). But also, fundamental dynamic
processes such as the interaction between a transcription factor and its target gene resulting
in a gene regulation function with characteristic variability (148,149) or the determination
of protein degradation rates (150) have been identified. The characterization of such simple
systems has been proved to be useful when implementing synthetic circuit designs in vivo.
Many more fluorescent tools have been realized since then. For dynamic tracking in live
cells, photo switchable fluorophores (151) and fluorescence timers (FTs) (152) found great
popularity. Also a panel of signal peptides that guide tagged fluorescence proteins (153) to
a fast degrading protease system (ssrA) (154), are widely used when tunable protein
stability is needed. Such tools are commonly applied in oscillatory circuits, for
instance (43). Particularly interesting from the standpoint of transcriptional monitoring was
the development of GFP-mimicking aptamers (155). These specific designed RNA
sequences bind, stabilize and therefore switch on corresponding fluorescent molecules that
resemble the fluorophore core of GFP. In addition, these fluorophores neither show
unspecific light up nor cytotoxicity in cells. They represent a novel tool for the live
observation of RNA transcription, previously inaccessible.

However, automated image analysis is required for most TLFM experiments, since up to
thousands of cells and just as many time points are recorded. Manual dataset evaluation can
be error-prone and often impossible. A classical approach to extract data out of image time-
series begins with proper pre-processing. This involves background reduction by applying
nonlinear filtering tools and deconvolution methods against blurring effects as well as
proper segmentation algorithms based on the intensities of neighboring pixels.
Segmentation methods can include edge detection, thresholding, water shedding and
template matching procedures (156). The identified pixels belonging to a cell respectively
the regions of interest give information about intensity, shape, size, velocity, pixel-to-pixel
fluctuations, co-localization of regions in other color channels, ancestral trajectories of
single cells and many more criteria which can be tracked over time (125).

Finally, the continuous improvement of image analysis software is anticipated, although
many commercial and open-source software packages are available. For instance, Matlab
and the freeware Imagel] are two mainly accepted software suites for academic image
analysis, but there are many others such as CellTracer, which have their individual strengths
and weaknesses. Since no program could possibly analyze every experimental setup (125),
it should be customizable. Scripting skills are beneficial to implement user-defined
demands or plug-ins for particular imagining conditions.

In this thesis, TLFM with microfluidic devices for E. coli single cell analysis and droplet
generation are the central techniques in the publications presented in chapter Results. For
image processing and data extraction, customized software was developed by Korbinian
Kapsner and Tiago Ramalho.
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1.5.  Bacterial communication

Bacterial chatter is of particular importance. Many infectious diseases, virulence and
biofilm formation are facilitated by the information exchange of bacteria (157-161). The
following section is an introduction to the elaborate molecular communication managed by
bacteria.

Quorum sensing — Diffusion sensing — Efficiency sensing

Quorum sensing (QS) is a mode of prokaryotic cell-to-cell communication widespread in
gram-negative and gram-positive bacteria within and between species. Small molecules,
called autoinducers (162) (Als) are the membrane-passing transmitters. The message
bacteria produce, send, read and respond by these chemical molecules enables them to
monitor their environment in a cell-density dependent manner (163). Hence, the
communication process was termed ‘quorum sensing’. In a typical QS circuit, the
extracellular Al concentration accumulates with increasing cell population (2,164). Once,
the signal molecules reach an internal threshold concentration, gene induction is activated
by certain regulators and leads to high expression rates of QS-related genes and Als. This
executed positive feedback loop also alters the cellular behavior by switching the entire
population into ‘quorum sensing mode’. Hence, QS is a powerful - and from the classical
point of view - a social strategy to coordinate collective cellular interests among bacterial
communities. Such common goods for instance are certain exoenzymes, cooperatively
secreted for the digestion of difficult nutrients or the enhancement of group fitness in
complex organic material (165). By the concerted action of QS, the production of protective
extracellular matrices (166,167), certain antibiotics (168) or common chemotactic
behaviors (169,170) are also achieved.

Well, bacterial populations in their natural environment are complicated and diverse. For
instance, in early biofilm formation small groups of bacteria successfully colonize attractive
surfaces such as plant roots or soil particles and rapidly form complex 3D aggregates
despite continuously changing environments. Interestingly, in such an early stage of cell
clusters of different sizes, Al-mediated cell-to-cell communication over long distances was
observed (171). Also in confined space, single QS bacteria have been observed to achieve
high-density behavior (172). Hence, under some circumstances, the spatial distribution of
cells plays a more important role in QS than (true) cell density (173). However, QS is not
only affected by spatial confinement but also by other environmental factors such as mass
transport (diffusion or advection) and degradation or the presents of third party producers,
cheater and cross-talk (QS interference (159)). Due to the fact of diffusion limitation in
heterogeneous biofilms, Redfield proposed to interpret QS as ‘diffusion sensing‘ (DS)
process in which bacteria probe whether Al signal molecules diffuse rapidly away or are
slowly enough that further Al secretion is efficient (174). This hypothesis spotlights the
unsocial character of QS in which the direct fitness benefit is of individual interest.
However, the functional role and the notion of QS still remains controversial. In a recent
computational study, Cornforth and colleagues demonstrate, that cells can simultaneously
deduce both their social (density dependent) and physical (mass transfer based)
environment by a combinatorial response to multiple signals of distinct half-life (175).

QS might not be a question of cooperative or non-cooperative behavior, but rather of what
cells measure and why. Hense et al. proposed a well plausible hypothesis which does not
contemplate both concepts QS and DS discretely, but rather encompasses both to the most
appropriate interpretation of Als signaling (173). According to Hense et al. bacteria use
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Als as relevant information to estimate their efficiency. In other words, producing costlier
effectors for the extracellular space or not. This efficiency sensing strategy can be of
individual interest due to direct fitness benefit when effector production is optimized but
does not exclude social aspects in appropriate situations concerning survival and growth.
Nevertheless, keeping the alternative explanations in mind, the term quorum sensing will
be usually used throughout this thesis.

Chemical communication in synthetic biology

In contrast to natural ecosystems, synthetic biology commonly utilizes bacterial QS for the
execution of artificial genetic programs between engineered cells. In a seminal work, Weiss
and Knight first came up with the idea to separate the natural QS system of the seawater
bacterium Aliivibrio fischeri into a ‘sender’ and ‘receiver’ unit (176). Based on this sender-
receiver system, artificial intercellular communication was applied in many studies of
outstanding interest:

For instance, to control the density of a bacterial population, QS was used to commence
programmed cell death in E. coli. The implemented circuit coupled the signal molecule
production and detection to the death rate induced gene expression leading to tunable cell
densities (177). Other programmable cell systems use QS to activate and coordinate biofilm
formation after the detection of damaged DNA (178), or only when two E. coli strains were
present of which each owns a specific combination of a bidirectional quorum sensing
system built up of Lasl/LasR and RhII/RhIR components of Pseudomonas
aeruginosa (179). An example for interkingdom communication between mammalian
cells, bacteria, yeast and plants was shown by Weber et al. (180).

An autoinducer gradient was utilized to form programmed patterns such as ring-like
structures and ellipses in a synthetic multicellular system (181). The core unit is based on
engineered receiver cells that express different fluorescent proteins according to user-
defined levels of signal molecules. Thus, the arrangement of both, sending and receiving
bacteria lead to the desired spatial pattern. Further inspiring studies include the synthesis
and degradation of autoinducer molecules, which have been linked to a fluorescent read-
out, encoded on a rational engineered synthetic circuit. Such a system built the basis for
synchronized oscillations in growing bacterial colonies over large distances in a
microfluidic device (182,183).

The diversity of signals

Nature evolved various chemical signals to communicate with each other. Many
prokaryotes are able to use different signal molecules (recently reviewed in (184)) in
parallel to channel information and to regulate diverse functions (185). Thus, different
classes of autoinducer (Al) molecules exist. Some are species specific, others are used for
interspecies communication such as autoinducer-2 (AI-2) molecules (186-188). A universal
precursor for AI-2 sensing is DPD (4,5-dihydroxy-2,3-pentanedione) (189). The highly
reactive molecule exists in different forms and modifications such as furanones (190). Each
variation is identified by a particular bacteria species but rapidly interconverts into another.
Hence, the recognition by other bacteria is facilitated (191). Interestingly, AI-2 are the most
common autoinducers in bacteria identified to date (192), however, certain bacteria do not
produce AI-2 type signals. Nevertheless, sensing the foreign compounds is part of their
abilities as well as changing the gene expression pattern according to them (193).

Oligopeptides are mainly found in gram-positive bacteria (194,195). A prominent example
for this type of cell-to-cell signal is derived from Bacillus subtilis. The competence-
stimulating factor (CSF) is a pentapeptide, secreted into the medium and reimported by
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oligopeptide permeases to regulated the competence pathway and sporulation
process (196). Also oligopeptides which ask for plasmid conjugation in appropriate donor
cells were identified (197).

In addition, quinolones, known for their antibiotic and anticancer properties are used as
autoinducers by certain microorganisms such as Pseudomonas aeruginosa. Such an
example highlights in particular the chemical diversity but also the multi-functionality of
molecular communication in bacteria.

Autoinducer of class 1 (Al-1) include N-acyl-l1-homoserine lactones (AHLSs or acyl-HSLs).
This cell-to-cell communication signals solely exist in gram-negative bacteria (198,199)
and are commonly dedicated within a species.

The following sections deals with an introduction to their biosynthesis.

Al-1 synthesis, release and response

AHLs are originally derived from Aliivibrio fischeri, a light-producing marine bacterium.
The light emission of the symbiotic microbe is based on luciferase enzymes genetically
encoded by the luxICDABE operon (163,200). The mechanisms regulating production,
uptake, and response to these signal molecules are well-understood and briefly introduced
in this section.

Chemically, AHLs are synthesized from S-adenosyl methionine (SAM) precursor, the
source for the homoserine moiety (201). The acyl chains are supplied by an acylated acyl
carrier protein (acyl-ACP) of the fatty acid biosynthesis pathway (202). The fundamental
gene products required for the catalysis are LuxlI-like proteins and homologs of the
regulatory protein LuxR. This enzymes also comprise the Lasl/LasR and RhlI/RhIR system
of Pseudomonas aeruginosa or Tral/TraR QS circuit of Agrobacterium tumefaciens for
instance (reviewed in Miller and Bassler (163) and Papenfort and Bassler (184)). Followed
by the interaction with SAM, the AHL synthase LuxI recognizes specifically acyl-ACPs of
certain carbon chain length and reduction state (203). The first carbon of the acyl chain is
then conjugated to the amino nitrogen on the methionine moiety of SAM to form an amide
bond (204). A conserved threonine residue observed in many LuxI family proteins assigns
specify for 3-oxo-ACPs (205) and directs the oxidation state of the third carbon of the acyl
chain to 3-oxo-acyl HSL. Upon release of the apo-ACP, the lactonization of the
intermediate homoserine ring leads to the final AHL product (206).

AHLs exist in different structures and show acyl chain length variations between 4-18
carbons (in an increment of 2), a varying degree of oxidation and different till extraordinary
additional modifications such as coumaroyl moieties. Short chained AHLs freely diffuse
through cell membranes (207) whereas AHLs with long, hydrophobic acyl chains such as
the 3-o0xo0-C12 HSL of Pseudomonas aeruginosa require assisted transport into the cell by
certain efflux pumps (208,209). Once in the cytoplasm, the signal receptor LuxR perceives,
binds and activates the transcription of autoinducers by itself (200). The amino-termini of
LuxR-type proteins recognize and envelops the cognate autoinducer molecule provided by
LuxI synthases (210,211). Upon dimerization the protein is stabilized against
proteolysis (187) and the helix-turn-helix DNA binding motif of the C-terminal domain
stimulates together with RNA polymerase (212) the bidirectional transcription of the
downstream /ux-operon and /uxR to increase the intracellular production of Al in response
to the extracellular concentration.

The bacterial response to autoinducers is the activation or (in some circumstances) the
repression of up to hundreds of QS related genes for various reasons (biofilm formation,
scouting the environment or diverse social and unsocial tactics as mentioned in section
QS.), but also the degradation of such molecules. Hence, bacteria evolved strategies that
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degrade AHLs (213). The ability to interfere with bacterial QS is not surprising, since in
natural environments, bacteria often compete with other species for space and resources.
Such quorum quenching (QQ) strategies may be crucial for population survival or gives an
advantage over other microbe species (214,215). For instance, an extremely efficient QS
inhibitor is produced by Bacillus subtilis, a metallohydrolase called AiiA (216,217). The
enzyme is secreted and cleaves the lactone ring from any acyl moiety of AHL that
eliminates a wide range of chemical signals. Also eukaryotic hosts counteract bacterial QS
to prevent colonization and virulence (218). Several natural and synthetic Al analogs such
as furanones block LuxR-type proteins and cause their degradation (219-221).

The sender and receiver unit applied in this thesis is derived from the construction presented
by Weiss and Knight (176) with additional optional degradation of the reporter fluorescence
protein GFP by peptide tags recognized by the protein degradation system ssrA (153,154).
The LuxI/LuxR system have been used to study communication and computation between
populations of E. coli in a microfluidic device (6), compartmentalized into emulsion-based
droplets (7) or with confined cell-free systems (11). The results of this studies are presented
on the following pages.
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2 Results

2.1.  Single cell analysis of a bacterial sender-receiver system

A bacterial sender-receiver system based on the quorum sensing components LuxI/pluxR
for AHL synthesis and detection was monitored at the single cell level.

We applied a customized microfluidic chemostat in which fresh nutrients permanently flow
in and waste products out. The cells were trapped in chambers connected to the nutrient
flow channel and monitored by fluorescence microscopy. The cells were equipped with
green fluorescent protein (GFP) that reports about AHL levels. Videos obtained from time-
lapse microscopy allowed the extraction of quantitative data by cell tracking and stochastic
data analysis.

We determined bacterial lineages and report about gene expression dynamics and
variability (gene expression noise) upon varying concentrations of AHL inducer molecules.
We found the expression noise in the main population of our system is linked to extrinsic
noise for high induction levels, while for low inducer concentrations the laws for extrinsic
and intrinsic noise characteristics were not assignable to generic models of noise analysis.
However, from the response curves of single cell trajectories we further extracted
subpopulations of bacteria with classified, homogenous expression levels. Such
subpopulations showed more cooperative response behavior (larger Hill exponent)
compared to the heterogeneous entire population. We further determined the effective AHL
concentration produced by sender bacteria based on the response curve data of an AHL-
receiving bacterial sensor and mathematical modelling. These ‘sending power’ laid in the
low nanomolar regime and was adjustable by the ratio of sender/receiver bacteria in the
microfluidic chamber and is approximately proportional to t*> due to the influence of cell
growth and AHL biosynthesis.

The following copy of the original research article (6) shows the above-summarized results
in detail. Supplemental figures, tables and methods can be found in the Appendix. For
supplemental movies, please refer to the publishing journal.
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Abstract

Monitoring gene expression dynamics on the single cell level provides important information
on cellular heterogeneity and stochasticity, and potentially allows for more accurate quanti-
tation of gene expression processes. We here study bacterial senders and receivers geneti-
cally engineered with components of the quorum sensing system derived from Aliivibrio
fischeri on the single cell level using microfluidics-based bacterial chemostats and fluores-
cence video microscopy. We track large numbers of bacteria over extended periods of time,
which allows us to determine bacterial lineages and filter out subpopulations within a hetero-
geneous population. We quantitatively determine the dynamic gene expression response
of receiver bacteria to varying amounts of the quorum sensing inducer N-3-0xo-C6-
homoserine lactone (AHL). From this we construct AHL response curves and characterize
gene expression dynamics of whole bacterial populations by investigating the statistical dis-
tribution of gene expression activity over time. The bacteria are found to display heteroge-
neous induction behavior within the population. We therefore also characterize gene
expression in a homogeneous bacterial subpopulation by focusing on single cell trajectories
derived only from bacteria with similar induction behavior. The response at the single cell
level is found to be more cooperative than that obtained for the heterogeneous total popula-
tion. For the analysis of systems containing both AHL senders and receiver cells, we utilize
the receiver cells as ‘bacterial sensors’ for AHL. Based on a simple gene expression model
and the response curves obtained in receiver-only experiments, the effective AHL concen-
tration established by the senders and their ‘sending power’ is determined.

Introduction

Components of bacterial communication systems [1, 2] have been frequently utilized for appli-
cations in synthetic biology. In an early seminal work, Weiss and Knight [3] created artificial
bacterial ‘sender’ and ‘receiver’ cells based on a quorum sensing (QS) system from the marine
bacterium Aliivibrio fischeri, which is also utilized in this work. In this system, sender cells are
equipped with the fuxI gene from the lux operon coding for the autoinducer synthase LuxI.
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LuxI catalyzes the synthesis of the quorum sensing signal N-3-oxo-Cé-homoserine lactone (an
acyl homoserine lactone, abbreviated AHL). AHL can diffuse through bacterial cell membranes
and bind to LuxR activator proteins, which activate gene expression in receiver cells, from
genes put under the control of Py, promoters. In contrast to the natural QS system, in which
all senders are also receivers, AHL is not utilized as an ‘autoinducer’ and there is no positive
autoregulation of AHL production. Similar sender-receiver modules were already utilized in a
wide variety of synthetic biology applications, e.g., in an artificial population control system

[4, 5], for bacterial pattern formation [6, 7], synchronization of bacterial oscillators [8], bacte-
rial edge detection [9], or distributed computing systems [10, 11].

In the context of synthetic biology, an important consideration is the reproducibility and
robustness of synthetically generated behaviors. This is particularly challenging, as complex
biological systems unavoidably display variability on various levels of organization. Over the
past two decades it has become increasingly apparent that gene expression levels and their
dynamics can vary considerably from one cell to another even in homogeneous colonies of
genetically identical cells [12-17]. While this phenotypic heterogeneity was found to be the
exception rather than the rule in a homogeneous environment [18], it is likely important for
the survival of the colony in fluctuating environments, Mechanistically, the heterogeneity can
be attributed to the intrinsic stochasticity of the processes involved in gene expression [19], in
protein number fluctuations [20] and the noise generated by the unequal distribution of cellu-
lar components during cell division [21, 22], or other “extrinsic” factors.

The role of noise in the context of quorum sensing was previously analyzed theoretically,
where in particular the impact of population feedback [23] and diffusion of the signals [24] was
investigated. Diffusive coupling of the cells was surmised to lead to an overall reduction of
extrinsic gene expression noise in the cells [24]. On the experimental side, quorum sensing was
investigated on the single-cell level in V. harveyi bacteria, which communicate via two distinct
autoinducer signals [25]. Noise was characterized for several reporter strains and found be
extrinsic in nature. An alternative approach was demonstrated in [26], where protein level fluc-
tuations were analyzed using correlation functions on the microcolony level rather than based
on single cell data.

In contrast to previous work, we here focus specifically on an artificial sender-receiver sys-
tem as typically used in synthetic biology applications. Based on fluorescence microscopy
experiments [27] with bacterial cells growing in microfluidic chemostats [28, 29], we first study
gene expression dynamics of a QS-derived ‘receiver module’ implemented in E.coli. We show
that single cell data can be used to determine the quantitative input-output characteristics for
the AHL/Py,,. system, which agree with data generated using bulk methods. We then analyze
individual single cell gene expression time courses, which display a considerable heterogeneity
compared to the bulk data. From these we extract statistical distributions of gene expression
rates in the bacteria, and identify sub-populations with different induction beahvior. In our
analysis, we first follow the time-course of the gene expression rate distribution of the whole
population. By tracking individual cell lineages, we then restrict the analysis to the sub-
population of the bacteria with the dominant induction state, which results in a more accurate
estimate of gene expression rates and the corresponding quantitative single cell input-output
characteristics.

Finally, we apply our analysis procedure to a synthetic sender-receiver system [3, 11], in
which the AHL signals are produced in situ by dedicated sender bacteria. In order to be able to
determine AHL concentration within the chambers, we utilize the highly sensitive receiver cells
themselves as AHL bioreporters [30]. Using a simple model of gene expression in sender and
receiver bacteria, we can deduce the effective AHL concentration established by the bacteria in
the microchambers, which falls in the low nanomolar range for our experimental setup. We
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show that the effective AHL concentration scales with the average sender/receiver ratio in the
chamber and rises ~ f* with time.

A similar analysis could help to provide a quantitative experimental basis for the ongoing
debate about the evolutionary origins of QS [31, 32]. The question is centered around whether
the autoinducer is really a social signal to other cells, or instead simply a single cell mechanism
to measure effective diffusion in the local environment. This distinction is relevant in the con-
text of heterogeneous colonies, where different individuals may evolve to respond differently to
the autoinducer—if some contribute external molecules which benefit all cells while others do
not, then ‘cheaters’ can have a growth advantage. The analysis approach established here for
the synthetic sender-receiver system will be useful to quantitatively characterize the QS behav-
ior by controlling effective AHL diffusion as well as population sizes.

Materials and Methods
Plasmids

All experiments were performed with genetic constructs derived from the Aliivibrio fischeri
bacterial quorum sensing system (cf. Fig A in S1 File). Receiver plasmids contained the uxR
gene under control of the TetR repressed promoter P, and the gfpmut3b gene [33] controlled
the lux promoter Py, (BioBrick part BBa_T9002) on vector pSB1A3. In the absence of TetR,
LuxR was constitutively expressed from this plasmid. To construct the sender plasmids, the
gene for LuxI synthase (BioBrick part BBa_C0261) was cloned into a pETDuet-1 expression
vector (Merck Millipore) inserted between the BioBrick cloning sites Xbal and Pstl. Expression
from this vector is driven by T’RNAP, which is produced by the compatible host strain E. coli
BL21(DE3)pLysS after IPTG induction. As a fluorescent reporter, an additonal 7fp gene
(derived from BioBrick BBa_E1010) was cloned between the Ndel and Pacl restriction sites of
the plasmid. A complete description of the construction of the plasmids including their
sequences can be found in a previous publication [11]. Receiver and sender cells were created
by transforming the corresponding plasmids into E. coli BL21(DE3)pLysS using an Electro-
porator (ECM399, BTX Harvard Apparatus, Holliston, MA, USA).

Bacterial cell culture

Experiments were performed with the Escherichia coli strain BL21(DE3)pLysS (Promega,
Fitchburg, WI, USA). Cells were grown in 10 ml Luria-Bertani (LB) medium (Carl Roth, Karls-
ruhe, Germany), containing 100 pg/ml Carbenicillin (AppliChem GmbH, Darmstadt, Ger-
many) and stored for 4 hours in a shaker (Innova 44R, New Brunswick scientific, Edison, NJ,
USA) at 37°C and 250rpm. After 4 hours, the OD600 typically was between 1.0 and 1.5. The
OD600 was then adjusted to 1.0 with fresh LB medium. 10 ml of the culture were centrifuged
for 5 minutes at 7000 rcf. The supernatant was decanted and the remaining pellet was resus-
pended with 1 ml LB medium for the microscopy experiment and 10 ml LB medium for plate
reader measurements.

Plate reader experiments

Bulk characterization of gene expression activity was performed in a FLUOstar Omega plate
reader (BMG, Ortenberg, Germany). A 96-well plate (ibidi, Martinsried, Germany) was pre-
pared by combining 30ul of a 10 X AHL stock solution (corresponding to the desired 1 X con-
centration) and 240ul LB medium. 30yl of bacterial suspension in LB were added directly
before the experiment was started. Fluorescence and optical density were measured every 5
minutes for 15 hours. Between two consecutive measurements the plate was shaken with
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1100 rpm. To prevent evaporation a gas permeable laminate (Carl-Roth GmbH, Karlsruhe,
Germany) was bonded onto the plate. Fluorescence was excited at A, = 485 nm for excitation
and detected at 4,,,, = 520 nm. The absorbance of the cell suspension was measured at 600 nm.
Cells were initially diluted to an absorbance of OD600 = 0.1, and inducer was added at concen-
trations ranging from 0 nM to 100 nM. AHL did not have any observable influence on bacterial
growth during exponential phase, while it slightly affected the saturation level. Bacterial cul-
tures appeared to grow to higher densities at higher inducer concentration.

Microfluidic chemostats

Microfluidic chemostats consisted of bacterial traps (100 pm x 60 ym x 1 ym) connected to
microfluidic supply channels (width x height = 100 um x 15 um), similar to those previously
described in Ref. [8]. AHL concentrations were varied using a microfluidic gradient mixer
adopted from [34]. A schematic design of the microfluidic device is shown in Fig B in 51 File.
The chemostats were fabricated using standard soft lithography procedures. A lithographic
master was first defined by photolithography on a silicon wafer using the negative resists Epo-
Core 20XP (micro resist technology, Berlin) and AZ-nLOF 2070 (Microchemicals, Ulm, Ger-
many). Channels and traps were defined separately in two consecutive steps. The microfluidic
channels were then molded in the elastomer Polydimethylsiloxane (PDMS) (Sylgard 182, Dow
Corning, Seneffe, Belgium). After baking for 2 h, PDMS and a microscopy cover glass slide
were sonicated for 10 minutes in 2/3 isopropanol and 1/3 ddH,0, followed by exposure to an
oxygen plasma in a plasma cleaner (Femto, Diener electronic, Ebhausen, Germany) for 1 min-
ute, after which the PDMS was bonded to the glass. Calibration measurements using fluores-
cent buffer solution (cf. Fig C in S1 File) showed correct performance of the gradient mixer
with a relative precision in the concentrations of £20%.

For the experiments, bacterial suspension was flushed through the microfluidic system until
single or few bacteria were captured in the traps. After trapping, bacteria were constantly sup-
plied with nutrients (LB medium) using a syringe pump with two syringes at a speed of 2x
80ul/h. For the titration experiments, AHL (N-3-oxo-C6-homoserine lactone, Sigma Aldrich,
Taufkirchen, Germany) was added to the medium to achieve the desired concentrations after
passing the microfluidic mixer. The bacterial growth rates in the microfluidic chambers ranged
from g~ 0.36 h™ up to & 1 h'", independently of the inducer concentration.

Fluorescence Microscopy

Time-lapse microscopy was performed on an automated fluorescence microscope (IX81,
Olympus, Tokyo, Japan) equipped with a ZDC2 laser autofocus system and a motorized x-y-
stage (Scan IM, Maerzhaeuser, Wetzlar, Germany). The microscope was enclosed in a cage
incubator (okolab, Ottaviano, Italy) and held at a constant temperature of 37°C. Brightfield
and fluorescence images were acquired every 3 minutes for 15 hours with an emCCD camera
(iXon3 888, Andor, Belfast, UK) through an oil-immersion 100x objective (UPlanSApo 100x,
Olympus, Tokyo, Japan) with acquisition times of 0.2 seconds. and all devices were controlled
via CellSense software (Olympus, Tokyo, Japan). Fluorescence was excited by an x-cite 120
lamp (EXFO, Quebec, Canada).

Image analysis and extraction of single cell data

A detailed description of the image processing procedures is found in S1 File. In brief, micro-
scopic images are first preprocessed by applying contrast enhancement, noise reduction, and
sharpening algorithms (Fig D in S1 File). As a second step, each pixel is classified as belonging
to a cell or not, based on a hybrid method: global brightness, adaptive local brightness and an
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adaptive masking method (adapted from Wang et al. [35]) each contribute to the classification
of a pixel as ‘cell area” or ‘image background’. After removal of the background pixels, cell
markers are created by a multi-step process. First, connected regions of cell area pixels are
assigned to a shared marker. These regions are then broken down based on edge information,
brightness, and cell geometry until all regions have dimensions consistent with the cell type.
The resulting regions are refined using the watershed algorithm. Spurious results may be
removed by filtering regions by size and via the use of a classifier. We use a support vector
machine (SVM) as classifier, which has previously been used to distinguish cell phenotypes
with success [36]. The classifier is trained by the user via a graphical user interface (GUI).
Finally, cells are tracked in time using a maximum-overlap method. This method compares
cell labels in two adjacent frames and calculates their overlap. For each cell in the later frame,
the cell with maximum overlap in the previous frame is assigned as its parent, and cell lineages
can be constructed from the data (Fig E in S1 File). The user can correct tracking assignments
via the GUL

Data analysis

In plate reader experiments, the time-dependent optical density (OD600) is taken as a proxy
for the total cell mass, M(t). Together with the fluorescence F(¢) the expression rate « is calcu-
lated via

o~ F/M. (1)

This proportionality holds for expression of a stable fluorescent protein during exponential
growth of the bacteria: In exponential growth, the total mass grows according to M = uM,
while the number of fluorescent proteins p per bacterium follows p = o — up, which assumes
that protein concentration is only diluted by bacterial growth. Since p ~ F/M, one has

dF F MF F F
g e D 2)
@M M M M 'M
and thus
F dF F
L e ) 3
M- am Fa @)

which is proportional to p + pp = o In plate reader data analysis, we took the maximum of
F /M during exponential growth as an approximate measure for e In microfluidic experi-
ments, the area A occupied by the cells takes the role of the cell mass/absorbance in the bulk
experiments and thus o ~ F/A.

Results and Discussion
Gene induction by AHL—population average

We first characterized the average gene expression response of our receiver cells using standard
plate reader experiments. Receiver cells constitutively expressed LuxR and thus, in the presence
of the QS inducer AHL, produced the fluorescent reporter protein GFPmut3 (Fig A in S1 File).
Experiments with varying inducer levels ((AHL] = 0 - 100 nM) were used to deduce the
response curve of the bacteria, which was well fit by a Hill function with Hill exponent # = 0.97
+ 0.08. The AHL concentration required for half induction was obtained from the fit as
K=13.9£1.7 nM (cf. Fig F in S1 File). These parameters are consistent with previous
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quanlitative analyses of the AHL/P,,, system, which have typically resulted in Hill exponents
around 7 = 1 - 1.5 and induction thresholds in the range K=5 - 15 nM [25, 37-39].

Using time-lapse fluorescence microscopy [27], we then recorded the response of growing
populations of receiver bacteria within microfluidic bacterial chemostats similar to those previ-
ously described in [8] (see Methods and Fig B in 81 File). In these structures, bacterial cells are
captured in shallow microchambers of dimensions 100 um x 60 gm and ~ 1um height, which
only allow cell growth in a single layer. The microchambers are connected to larger microflui-
dic supply channels, which continuously provide fresh medium and remove waste products
from the chambers. As a resull, bacteria can grow in the chambers in exponential phase over
extended periods of time.

In the experiments, we recorded bright field (BF) and fluorescence images of growing bacte-
rial populations over a timespan of typically 15 h with a temporal resolution of 3 minutes. The
microscopy images were then analyzed using a custom-written image analysis software pack-
age, which is described in detailed in the Supporting Information (Text A in S1 File). We first
used the extracted data to determine the colony average of all observables, permitting us to
compare the average response in the microfluidic chemostats to the bulk response measured
with the plate reader. Fig 1A shows the time-dependent total area A(t) of all cells in a microcol-
ony for different external AHL concentrations, while Fig 1B shows the total integrated fluores-
cence F(t) for a colony. Since the total area is a proxy for tolal cell mass, the average gene

expression activity a for the microfluidic experiments can be defined as o0 = F/A. Taking tnax
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Fig 1. Bulk analysis of gene exp ion in microfiuidic chemostats. (A) Total cell area A in pixels as a function of time for acquisitions with different AHL
concentrations. The cells are in exponential growth for at least 450 min. After this time, the bacteria completely fill the microfluidic traps and the measured
area stays constant. (B) Total colony fluorescence F as a function of time. (C) Maximum gene expression rates calculated as F /A (cf. Egs 1-3). The solid
response curve is a Hill fit to the data with n = 0.9540.2 and K = 5.3+1.4 nM. (D) Snapshots taken from a time-lapse microscopy video of a bacterial colony
growing in a microfluidic trap, which is connected to a supply channel on the right. The images shown are overlays of bright-field and flucrescence data. In
the example, the bacteria were induced with 12 nM AHL.

doi:10.1371fjournal. pene.0145829.g001
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from each curve, we can construct the average response of the AHL/Py,, system (Fig 1C). In
this case, the Hill function fit leads to a cooperativity exponent of 1 = 0.95£0.2 and half activa-
tion at K = 5.3+1.4 nM. The Hill exponent thus agrees well with the one extracted from the
bulk experiment, while the induction threshold K is somewhat lower in our microfluidic device.
This difference could be caused by the different physiological state of the bacteria in the micro-
fluidic environment, e.g., their significantly lower growth rate compared to the bulk experi-
ment. Additionally, the microfluidic setup may introduce a small deviation between the
expected and actual local AHL concentration (Fig C in S1 File).

Analysis of gene expression variability

We next characterized the stochastic response of the AHL/P,,,, system by extracting time-
dependent histograms of fluorescence levels from our data. Fig 2A shows an example for such
a time-dependent histogram where the cells were induced with 50 nM AHL. Note that in this
analysis the identity of the individual cells is not followed. From a theoretical perspective, this
characterization of the gene expression dynamics corresponds to the Fokker-Planck descrip-
tion of stochastic systems in terms of a time-dependent probability distribution, in contrast to
the Langevin description in terms of stochastic trajectories (see below).

In order to display the entire range of expression levels, we plot the fluorescence per cell
area in Fig 2A on a logarithmic scale. A single time slice, taken at the late time point t = 600
min, is displayed in Fig 2B. The Gaussian fit to the main peak (green line) shows that the domi-
nant part of the gene expression histogram is well described by a Gaussian distribution on the
logarithmic axis, which corresponds to a lognormal probability distribution for the expression
level. Theoretically, a lognormal distribution is expected to be a good description for a biologi-
cal quantity that is determined by several independent kinetic rates. For instance, if the steady-
state concentration p of a protein is determined by the rates of mRNA synthesis, @,, and degra-
dation, 4,, as well as the translation rate &, and the rate of protein degradation 4, via p = &, o,/
A Ay and the statistical variations of these rates from cell to cell are not strongly correlated,
then the central limit theorem can be applied to the logarithm of this expression [40, 41]. The
theorem states that the limiting distribution obtained for many different rates is the lognormal
distribution, but in practice the distribution will already be very close to lognormal even when
only a couple of rates are involved, as in this example where p is determined by four rates.

A 2 B x1072
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60| 2 ;g 120 | bondtn e 5
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Fig 2. Single cell gene expression histogram and traj ies for AHL = 50 nM. (A) Evolution of the bacterial fluorescence per area F/A as a function of

time. Clusters of ‘late inducers’ are visible. (B) Histogram of F/A at time t = 600 min using a logarithmic scale on the x-axis. Solid lines represent the two
Gaussian distributions resulting from the Gaussian mixture fitting procedure used to separate out the dominant, homogeneous fraction of cells. (C)
Parametric plot of the square of the coefficient of variation (CV) of p = F/A, i.e., o7/ {p}*, as afunction of (p). The noise is dynamically ramping up until the cells
reach roughly 1/3 of their maximal expression level. After this, cw stays approximately constant, indicating the dominance of extrinsic noise in gene
expression,

doi:10.1371/journal.pone.0145829.9002
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Previously, a variety of distributions for gene expression variability have been theoretically
derived [19, 20, 42-44] from different assumptions for the underlying noise process, including
the negative binomial and the Gamma distribution, which are empirically hard to distinguish
from the lognormal distribution [41].

Whereas the dominant part of the distribution in Fig 2B is well described by the lognormal
distribution, there are evidently other contributions at lower expression values. The time-
dependence of this contribution is visible in Fig 2A and suggests that the population contains a
small group of bacteria, which respond much later and less strongly than the majority. We
hypothesized that this fraction of cells is in a different physiological state, which appears con-
sistent with the observation that the number of these cells does not grow significantly in con-
trast to the cells in the dominant part of the distribution, see Fig 2A. We therefore separated
out these slow-growing ‘Tlate-inducers’ from the dominant induced population using a Gauss-
ian mixture model for the logarithm of the expression data (in Fig 2B, this is shown by the red
and green lines). This procedure allowed us to extract, at each time point, the mean and vari-
ance of gene expression within the dominant part of the cell population, which appears to be
homogeneous in its physiological state.

We next analyzed the noise characteristics within the dominant cell population (Text B in
S1 File). From the mean, (p), and the variance, ¢}, of protein expression, we calculated the frac-

tional noise a> / {p) *, which corresponds to the square of the coefficient of variation CV = g,/
(p). This is plotted in Fig 2C against the mean expression level. Note that Fig 2C is a parametric
plot, where both the fractional noise and the mean are functions of time. It indicates that

az/ (p)” is approximately constant after reaching about one third of the maximal expression,
i.e. from this point on the standard deviation increases proportional to the mean. The obtained
CV = 0.17 is about half of that obtained previously for V. harveyi autoinducer reporter systems
[25]. The scaling of the fractional noise with the mean is often used to distinguish between
intrinsic and extrinsic noise contributions. A recent high-throughput study with E. coli sug-
gested that generally intrinsic noise is dominant at low expression levels, while extrinsic noise
is dominant at high expression levels [45]. Our observation of constant fractional noise at high
expression levels is consistent with the scaling expected for extrinsic noise.

At expression levels below one third of the maximal expression, the fractional noise in Fig
2C is not constant but increases roughly linearly with the mean. This behavior is neither con-
sistent with extrinsic noise nor with intrinsic noise, which would predict a fractional noise that
decreases with the mean. Strictly speaking, the scaling laws for intrinsic and extrinsic expres-
sion noise only apply to the steady-state, while the increasing regime of Fig 2C corresponds to
the time period during which gene expression is dynamically ramping up. Nevertheless, the
increasing fractional noise appears somewhat surprising given that existing models for time-
dependent noisy gene expression [44] rather display a decrease in the fractional noise as the
mean expression level rises. However, the precise stochastic dynamics of the initial induction
process likely depends on many details including the dynamics of the reporter system, and it is
unclear whether this period leads to any generic features that can be captured by a simplified
mathematical model. In contrast, the last two thirds of the induction process nicely follow the
generic extrinsic scaling.

Extraction of response curves from single cell trajectories

Up to now, we characterized the induction response of our bacteria only on the colony level.
We first focused on the temporal evolution of the mean gene expression (Fig 1), and then
determined the statistical variation of gene expression levels within the population (Fig 2). The
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latter analysis demonstrated that the population is in fact quite heterogeneous, and thus the
response of individual cells potentially could be different from the mean behavior.

We therefore tracked the gene expression dynamics of individual cells and determine the
response curve of a single homogeneous subpopulation (for Details on Video Analysis cf. Text
A in S1 lile) and the establishment of Single Cell lineages (Fig E in S1 File)). In order to filter
out cells with a specific induction behavior, we classified cells via their expression level at the
end of the experiment and excluded trajectories of all cells outside of the targeted subpopula-
tion. From the fluorescence time traces we then calculated the full temporal dynamics of the
production rate & for each cell. As before, we utilized the maximum of this value (max, «(t)) as
a measure for the induction level of the cells. As an alternative measure, we also calculated the
mean production rate (a(f)), for each cell.

In Fig 3 we compare the distributions obtained for each observable, which are both fit well
by a lognormal distribution. We extracted the average and standard deviation of these distribu-
tions as a function of AHL concentration. This allowed us to plot induction response curves

A x10%
10 -

Plamax)

0
0 50 100 150 200 250 300 350 40

Amax [AHL] (nM)

c x10%
7

P(<a>)

<a>

70

<a> [AHL] (nM)

Fig 3. Distribution of gene expression rates

a determined from single cell trajectories. (A) Histogram of the maximum gene expression @y, = max; aft)

for each single cell trajectory {AHL =50 nM), and a lognormal MLE fit to P{a,,.s«) (red line). (B) Plot of the average and standard deviation of the distribution
Plamax). The red line is a regression curve generated by fitting a Hill function to the data. (C) Histogram of the average expression (a(t)) for each single cell

trajectory (AHL = 50 nM) and a lognormal MLE
represents the best fit with a Hill curve.,

fitto P((a(t))). (D) Plot of the average and standard deviation of the distribution P((a(t)})—the red line

doi:10.1371/journal.pone.0145829.g003
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such as in Fig 1C, but now based on single cell data—and with error bars. For max;, a(t), a fit
with a Hill curve results in K = 2.7+0.6 nM and n = 1.2+0.3, while for (a(f)}, we obtain values
of K=3.8+1.2 nM and n = 1.5+0.6.

The latter values thus represent the induction threshold and Hill exponent obtained from
the average expression rates of single bacteria belonging to a single subpopulation, and should
therefore be the ‘most reliable’ estimate of these parameters for our system. While the obtained
values are in agreement with those fit to the bulk response curve (Fig 3C) within statistical
error, we observe that the predicted response is at a higher cooperativity and lower threshold.
This is consistent with the fact that the late inducer population effectively lowers the observed
average fluorescence per mass unit, resulting in a (predicted) more gradual response curve in
the bulk case. Focusing only on quickly induced cells we obtain a sharper response, suggesting
that the heterogeneity in the population smoothes out the response curve.

Quantification of AHL concentrations in a sender-receiver system

We next attempted to quantify the chemical communication between bacterial sender and
receiver cells within the microfluidic chambers (Fig 4). While receiver cells were the same AHL
sensing bacteria as described above, sender cells were equipped with a plasmid containing a
gene for Lux], an AHL-synthase, and red fluorescent protein (RFP) as a fluorescent marker.
Thus the sender cells were capable of locally producing a QS signal, which can spread into the
microfluidic environment and induce GFP expression in the receiver cells. We performed a
series of experiments, in which we loaded small numbers of senders and receivers into chemo-
stat microchambers at varying initial ratios r, and monitored their growth and communication
using time-lapse microscopy as before.

A quantitative analysis of these sender-receiver experiments is complicated by a variety of
issues. First, there is no simple sensor available for in situ sensing of AHL except for the
receiver bacteria as “cellular sensors’ themselves. Furthermore, both the senders and receivers
are growing and dynamic, and thus at any given time the signal output depends on the history
of the system and the specifics of the experiment (such as sender/receiver ratio r, growth and
expression rate). In order to determine the effective AHL concentration (or ‘sender strength’)
for each experiment individually, we therefore have to resort to a model of gene expression
dynamics in the system.

In the model, the production of the AHL synthase LuxI is described by

%[Luxl](t) = oy rN(t) — A [LuxI|(t). (4)

Here a; is the LuxI production rate, N is the total number of receiver bacteria and [LuxI] is
the mean concentration of LuxI molecules in the microfluidic chamber at time t. The rate 1
accounts for degradation/dilution of LuxI, and r is the sender/receiver ratio, which can be dif-
ferent in each experiment and due to cell division may vary over time. AHL is then produced
from LuxI with rate o, and distributes within the chamber through diffusion. We further
neglect AHL decay, but assume a constant outflow from the chamber proportional to C:

B AHL(E) = 2 [Lux(0) — ¢ [AHLI() (s)

In the exponential growth phase—when N(t) = N, ¢’’-, the above equations can be solved
for [AHL] analytically. For small enough growth, degradation, and dilution rates (, 4, C), the
resulting expression for the concentration [AHL] at time t can be approximated by [AHL]

(9 ~1/2a, 03 N, £ (cf. Text C in S1 File). Intuitively, this can be understood as follows: at any
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Fig4. (A)Maximum GFP induction for 7 select experiments as a function of the effective AHL production constants = (r)t? .. The sender strength parameter
s in the experiments was varied via the sender/receiver ratio r. Nominally, the initial ratios were chosen to be r=0.067, 0.142, 0.33, and 1 (corresponding to
sender fractions of 6.25%, 12.5%, 25%, and 50%, resp.), but due to cell division and dynamics within the bacterial traps, the ratios varied over time—the
resulting average ratios (r) are indicated for the single data points. Error bars represent standard deviations obtained from single cell gene expression
histograms as in Fig 3. (B) Determination of effective AHL concentration for the 7 experiments using the calibration curve acquired in the ‘receiver only'
experiments with constant [AHL]. (C) The parameter s and the effective AHL concentration in the traps can be related as indicated by the broken lines in part
A and B of the figure (for the red colored example point). A linear fit to the data following Eq (6) is shown as a red line, error bars are obtained from the
standard deviations in {A) via error propagation. (D) Example image of a microfluidic trap containing sender (red) and receiver (green) t i

doi:10.1371fjeurnal.pone .0145829.g004

time ¢ there will be a number of sites producing AHL proportional to t (due to population
growth). Integration with respect to time results in a total AHL production in the chamber pro-
portional to £. The proportionality constant (e, o ¥No/2) depends on the AHL and LuxI pro-
duction rates and the initial sender population size.

The sender-receiver ratio r and the times f at which AHL concentration is measured are not
constant from experiment to experiment. For each experiment we therefore fix the measure-
ment time ¢ Lo be the lime at which senders are maximally induced (f,,,,), and the sender-
receiver ratio is estimated by averaging r(f) in the interval [0, f,,...). In order to be able to
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compare different sender-receiver experiments, we bundle these experimental parameters into
the variable s = (r)#?_. This procedure allows us to set up a calibration curve that relates the
parameter s to the effective amount of AHL in the chamber:

1L
AHL (s) = 5% %NS (6)

Under the assumption that AHL diffuses quickly through the microchamber (estimates for
its diffusion coefficient D are in the range from 100 to 1000 um?/s [9, 46-48]) such that each
cell is exposed to the same concentration [AHL], the GEP expression rate of the receiver cells is
given by:

_d [AHL]"(¢)
= [GFP|(f) = &, TAHIT(D) 1 K¢ (7)
where n and K are the Hill exponent and threshold for AHL induction determined above.

We can now match any experimentally determined GFP expression rate ¢ to a parameter s
characterizing each experiment (I'ig 4B). At the same time, & can be matched to an effective
AHL concentration via Eq (7) (Fig 4C). As explained in Fig 4D, this also establishes a relation-
ship between AHL and the parameter s. which can be used to characterize the sender strength
of the sender bacteria according to Eq (6). In practice, we might want to determine the ‘effec-
tive’ AHL concentration in a sender-receiver experiment, compare data from two different
experiments, or we might ask whether two experiments are comparable at all. Our results indi-
cate that this could be done using a similar procedure as that detailed above, i.e., via determina-
tion via a parameter s that depends on the sender ratio in the population and grows
quadratically with time.

Conclusions

We have quantitatively studied gene induction by the diffusible quorum sensing inducer N-
3-0x0-C6-homoserine lactone in genetically modified receiver bacteria, in which the expres-
sion of green fluorescent protein was put under the control of the quorum sensing promoter
Pjux. In order to characterize gene expression dynamics on the single cell level, we performed
experiments in microfluidic chemostats and monitored bacteria by fluorescence video micros-
copy. Using customized image analysis software, we were able to track large numbers of bacte-
ria over extended periods of time, determine bacterial lineages and filter out subpopulations
within a heterogeneous population.

We then quantitated the single cell response of bacteria to varying amounts of inducer using
different methods. We followed the temporal evolution of the full statistical distribution of
gene expression aclivities in bacterial populations, which allowed us to identify several subpop-
ulations of bacteria with distinct induction behavior. Response curves derived from the mean
behavior of the microchamber populations agree well with those obtained in bulk gene expres-
sion, except for a lower induction threshold which is attributed to the different growth condi-
tions in the chemostat. We also constructed response curves from single cell trajectories, which
enabled us to focus on the dominant sub-population with homogeneous induction behavior.
Analysis of this homogenous, major sub-population resulted in a slightly steeper response to
the autoinducer (larger Hill exponent) than for the whole population. Small numbers of cells
appeared to respond much later to added AHL, which could be attributed to a strongly reduced
growth rate. Gene expression noise in receiver bacteria was found to be extrinsic in nature, con-
sistent with previous studies of other bacterial communication systems. Somewhat surpris-
ingly, the coefficient of variation was found to dynamically ramp up in the initial (non-steady
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state) phase of growth in the chamber, but remained constant after approximately 1/3 of the
maximum gene expression was reached.

We also applied our methodology to the characterization of bacterial microchambers con-
taining both AHL senders (expressing the autoinducer synthase Luxl) and receivers, where we
used the receivers themselves as highly sensitive bioreporters for AHL. Based on a simple gene
expression model of the sender-receiver system and the response curves obtained in the
receiver-only experiments, we were able to determine the effective AHL concentration estab-
lished by the senders in the microchambers, and also assign an effective ‘sender strength’ to
them. The sender strength can be adjusted by the sender/receiver ratio in the chambers, but
due to statistical fluctuations this ratio can fluctuate over time and vary from experiment to
experiment. In addition to this ratio, the effective AHL concentration in a chamber is approxi-
mately proportional to %, which is due to the combined effect of sender cell growth and simul-
taneous AHL production.

Taken together, we quantified both the response of the receiver cells as well as the emitting
power of sender cells on the colony and single-cell level. This contributes a better characteriza-
tion of this important inter-bacterial communication channel for rationally designed synthetic
biology applications that takes the stochastic nature of gene expression into account. The same
approach and methods can be used to characterize natural quorum sensing systems in quanti-
tative detail to further elucidate the communication behavior in bacterial communities.

Supporting Information

$1 File. Supplementary Text A-C, Supplementary Figs A-F. Text A, Image processing. Text
B, Gene expression noise. Text C, Sender—receiver system. Fig A, Schematic overview of the
bacterial sender-receiver system. Sender cells: As indicated, in the presence of IPTG repressor
protein Lacl is not bound to the lac promoters Py, ;yvs on the bacterial genome and Py, on
the sender plasmid. T7 RNA polymerase is then expressed, which in turn leads to the expres-
sion of AHL synthase LuxI and fluorescent reporter protein RFP from the plasmid. LuxI cata-
lyzes the production of the quorum sensing signal N-3-oxo-C6-homoserine lactone (AHL),
which can freely pass through the bacterial cell wall. Receiver cells constitutively express activa-
tor LuxR from the receiver plasmid. In the presence of AHL, LuxR activates GFP expression,
which is under the control of the lux promoter Py,,. In the first set of experiments in the main
paper, only receiver cells are used and AHL is manually added to the culture medium to induce
gene expression. Fig B, Microfluidic chemostats. (A) The microfluidic chemostat consists of a
gradient mixer (adopted from Ref. 55 of the main paper), which generates linear concentration
gradients of chemicals supplied through inlets 1 and 2, respectively. Eight gradient exits are
connected to a total of 2 x 8 microfluidic channels, which contain trapping regions for bacteria
(similar to Ref. 8 of the main paper). In the experiments, the concentration of AHL was varied
in 1 nM steps in the range 0 - 21 nM, and in 10 nM steps in the range 20 - 90 nM. (B) Top
view of a supply channel (blue) with trap region (grey). (C) Side view (not drawn to scale)
showing the reduced height of the trap region, which only allows bacterial growth in a single
layer. Fig C, Calibration of the gradient mixer system. We performed a series of calibraton
experiments (with flow rates 40, 80, 160 and 320 ul/h) to evaluate the quality of the concentra-
tion gradient generated by the microfluidic mixer shown in Fig B in S1 File. In these experi-
ments the right reservoir was loaded with buffer solution containing 10 uM fluorescein and the
left reservoir with pure buffer (0 uM). After establishment of a steady gradient, we measured
the fluorescence in the trap regions. The background-subtracted fluorescence values were then
plotted against the nominal concentrations expected for the traps. As shown in the figure
(which is obtained for the 160u1/h case), indeed a linear concentration gradient is generated. A
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linear regression fit to these values (fixed at 0uM) allows us to estimate the concentration
errors. The maximum relative deviation from the nominal concentration is found to be ~ 20%
in all experiments performed. Fig D, Overview of the image analysis procedure. (A) A compos-
ite brightfield and fluorescence image, cropped to display only the microchamber contents.
The program workflow is demonstrated by focusing on the red highlighted area of the picture,
a region with dimensions 21.6x12.4 um>. (B) Once the brightfield image is imported, contrast
is enhanced and resolution increased. (C) Background detection is performed via a hybrid
method combining adaptive thresholding and geometry information. (D) Cell markers are cre-
ated using gradient information and geometric priors, refined using the watershed method. (E)
A statistical classifier is used to remove mis-segmented cells. (F-T) Using the maximum overlap
method, cell lineages are reconstructed (see also Fig D in S1 File). A cell division event is
highlighted in (F-G); and propagated forward in (H-I). The user can correct tracking errors
manually in the application. Fig E, Example of a cell lineage extracted using the segmentation
software. The lineage is first automatically calculated by using the maximum overlap method
on the segmented cells, as described in the main text, The segmentation method is conservative
in detecting cell divisions, which means that already divided cells may be detected as a single
cell for a few frames longer. This explains the observed cell division timings in the above line-
age tree. After this step a correction heuristic is applied which finds potential mother-daughter
mismatches by searching for fluorescence fluctuations twice as large as the calculated noise in a
typical trajectory. For presentational clarity any branches which do not reach the final frame
(due to mismatches) were manually edited out of the above plot. Fig F, Bulk analysis of gene
induction by AHL using plate reader measurements. (A) Background subtracted absorbance of
growing bacterial cultures for AHL concentrations ranging from 0 nM to 100 nM. (B) Corre-
sponding background subtracted fluorescence intensities for the different AHL concentrations.
(C) Maximum gene expression rate a,,,, obtained for the different AHL concentrations as
explained in the main text. The solid line is a fit with a Hill curve with Hill exponent n = 0.97
+0.08 and induction threshold K = 13.941.7 nM.
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2.2.  Communication and computation by bacteria compartmentalized
within microemulsion droplets

We encapsulated genetically modified E. coli within water-in-oil droplets. The sender strain
was able to produce autoinducer I molecules 3-oxo-C6-HSL (here AHL) and red
fluorescent protein (RFP) upon induction with IPTG. The receiver strain answered with the
expression of GFP in the presents of the quorum sensing molecule AHL. The spatially
separated bacteria strains performed different communication modes across emulsion
droplets by sending and detecting the signal molecules.

In our experimental setup, we addressed three communication paths. First, we studied AHL
droplets inducing encapsulated AHL-receiver bacteria in proximity. From time-lapse
fluorescent microscopy movies and tracking of individual droplet we gained information
about the time course of each position, size and intensity for different AHL concentrations.
With this data on hand and a simple reaction-diffusion model (initial parameters were partly
obtained from bulk measurements) we found distance dependent gene induction and
reduced effective diffusion coefficient of Detr = 2 pm? s for AHL compared to solely
aqueous medium.

Since we demonstrated that small, amphiphilic molecules such as AHL were partly soluble
in our surfactant/oil mix, we expanded our experiments to further suitable chemicals such
as IPTG. Due to its slight amphiphilic character and capability to diffuse through cell
membranes, we tested whether IPTG reservoir droplets induce sender bacteria droplets.
Indeed, time-lapse videos with RFP as reporter gene, confirmed the induction process and
temporal evolution towards IPTG-receiver cell droplets further apart from the inducer
droplets. However, due to its less beneficial octanol/water partitioning coefficient, an even
lower effective diffusion coefficient of Der = 0.05 um? s was determined for IPTG
compared to AHL.

The communication scenario between AHL-sending and AHL-receiving cells in spatially
separated droplets confirmed the reduction of diffusivity for AHL.

As a final experiment and to show the integration of a multi-channel system with our
bacterial droplet communicator, we introduced an AND-gate circuit in our receiver cells.
The integration of a two-input chemical signal, namely AHL and IPTG was studied and the
transfer functions determined as in the previous experiments.

The following copy of the original research article (7) shows the above-summarized results
in detail. Supplemental figures, tables and methods can be found in the Appendix. For
supplemental movies, please refer to the publishing journal.
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ABSTRACT: Amphiphilic inducer molecules such as N-
acyl-L-homoserine lactones (AHLs) or isopropyl-4-p-thio-
galactopyranoside (IPTG) can be utilized for the
implementation of an artificial communication system
between groups of E. coli bacteria encapsulated within
water-in-oil microemulsion droplets. Using spatially
extended arrays of microdroplets, we study the diffusion
of both AHL and IPTG from inducer-filled reservoirs into
bacteria-containing droplets, and also from droplets with
AHL producing sender bacteria into neighboring droplets
containing receiver cells. Computational modeling of gene
expression dynamics within the droplets suggests a
strongly reduced effective diffusion coefficient of the
inducers, which markedly affects the spatial communica-
tion pattern in the neighborhood of the senders.
Engineered bacteria that integrate AHL and IPTG signals
with a synthetic AND gate gene circuit are shown to
respond only in the presence of both types of sender
droplets, which demonstrates the potentiaI of the system
for genetically programmed pattern formation and
distributed computing.

uorum sensing {QS) is a mode of chemical

communication between bacteria mediated by diffusible
inducer molecules called autoinducers (Als). In a typical QS
system, Als are produced by an Al synthase, whose production
is itself controlled by the presence of AL Due to the membrane-
penetrating nature of the Als, Al-inducible genes may also be
influenced in neighboring bacteria, which facilitates the
induction of genes in a cell-density dependent manner, hence
the name “quorum sensing”." QS has been identified both in
gram negative as well as in gram positive bacteria, with different
classes of Als? Chemically, the AT-1 class Als are N-acyl-L-
homoserine lactones {AHLs), which are found in gram negative
bacteria. Specifically, the AI-1 of the bacterium Aliivibrio
fischeri® used in the present work—regulating the LuxR-Luxl
system—is the amphiphilic molecule N-{3-oxohexanoyl)-L-
homoserine lactone {30C6HSL).

In the context of synthetic biology, bacterial QS systems have
been frequently utilized as a means of communication between
engineered bacteria. In a seminal work, Weiss and Knight4
artificially separated the QS system of A, fischeri into “sender”
and “receiver” parts, and were therefore able to realize the first
synthetic bacterial communication system. Based on this
sender-receiver systemn, various gene circuits were engineered,
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such as a population control system,® pattern-forming systems,®
or distributed bacterial computing.” Artificial microenviron-
ments and microfluidics® have been previously used to
investigate spatial aspects of cell-to-cell communication via
QS. For instance, QS between groups of bacteria was studied
using inkjet printing,g fiberoptic microarrays ™ or by micro-
fluidic confinement within small aqueous dmp[et&11 Recently,
also signaling between bacteria confined in an emulsion droplet
to a neighboring compartment within a microfluidic double
droplet trap was shown,"* a mechanism that is also used in our
work.

Here, we utilize a genetically engineered QS-based sender-
receiver system, but also the conventional inducer/repressor
module isopropyl-f-p-thiogalactopyranoside ({IPTG)/Lacl to
implement a spatially extended communication system between
E. coli bacteria encapsulated within large populations of water-
in-oil emulsion droplets (cf. Figures S1 and $2). We find that
both AHL (30C6HSL) and IPTG partly dissolve in the oil
phase (Figures S5 and S6). The resulting slow diffusion of the
inducers from compartment to compartment establishes two
chemical communication channels between the droplets, which
can be directly demonstrated using computational bacteria that
process AHL and IPTG signals as inputs of a simple genetic
AND gate. Integration of several slowly diffusing signals within
a droplet population using synthetic gene regulatory circuits is
expected to enable programmable pattern formation®™ and
distributed c:c)mputing7’13 on a shorter length scale than in
aqueous medium. '

We first investigated the influence of inducer-filled
“reservoir” droplets without bacteria on gene expression in
“receiver cells” in neighboring droplets (Figure 1A). Emulsion
droplets were formed using a microfluidic flow-focusing device
made of PDMS, in which an aqueous phase was mixed with
fluorocarbon oil containing a nonionic, biocompatible
surfactant.'® A schematic representation of the receiver genetic
creuit is shown in Figure 1b. Receiver bacteria constitutively
expressed the A. fischeri QS regulatory protein LuxR, which acts
as an activator of gene expression upon binding to AHL. As a
read-out for the presence of AHL, the expression of green
fluorescent protein {GFP) was put under the control of the
AHL-inducible promoter pLuxR. Cell densities were chosen
sufficiently low to ensure that either no or only few bacteria
were present within each droplet initially.
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Figure 1. (A) Receiver bacteria in the presence of AHL reservoir
droplets. (B) Receiver gene circuit. AHL enters a receiver cell through
the cell membrane (dashed line) and binds to constitutively expressed
LuxR. LuxR:AHL dimers activate expression of GEP. (C)
Fluorescence microscopy time series of receiver cells close to an
AHL reservoir droplet (red). White circles are derived from bright
field (BF) images and represent droplet surfaces. AHL diffuses from
reservoir to receiver droplets and induces gene expression in a distant
dependent manner (scale bar, 50 um; dark droplets close to reservoirs
do not contain cells, cf. Figure S2 for higher magnification and BE).
(D) Evolution of the average fluorescence intensity of droplets
containing receiver cells for different distances from the next nearest
reservoir droplet. An appropriately scaled fluorescence time trace from
a control experiment with uninduced receiver cells is included for
comparison (dashed line). (E) Intensity profiles for different times
obtained from the traces in (D).

In Figure 1C, images extracted from a fluorescence
microscopy time-lapse movie of a reservoir droplet surrounded
by receiver cell droplets are shown, which confirm that gene
expression is first induced in droplets adjacent to the reservoirs
and starts later in receiver droplets further apart. Gene
expression experiments in bulk showed that in the presence
of AHL pLuxR-controlled GFP production follows an
activation function ~1/(1 + K5, "/[AHL]"), with a threshold
concentration of Ky & 15 nM, and a Hill exponent of n = 1.6
(Figure 83). The inducer concentration in the reservoir
droplets was therefore chosen to be [AHL] = 200 nM, i.e,
more than 10 times the induction threshold.

In order to study the spatiotemporal dynamics of gene
expression, in Figure 1D the change of fluorescence collected
from 1405 bacteria-filled droplets grouped according to their
distance to the next nearest AHL reservoir droplets (in total
91) is shown as a function of time (cf. Figure S1 for image
processing). As the droplets roughly arrange in a hexagonally
closed packed lattice, the mean distance between reservoir
droplets is estimated to be ~66 pm. Thus, the curves only
approximately reflect the true distance dependence of gene
expression that would be caused by an isolated reservoir
droplet. Fluorescence profiles for different distances from
reservoir droplets 55, 110, 165, and 330 min after initiation of
the experiment are shown in Figure 1E. A clear response of
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receiver bacteria is visible up to distances of ~100 ym from the
reservoir droplets. Qualitatively, inducers diffuse away from the
source droplets and induce GFP expression in neighboring
receiver droplets. Due to depletion of the reservoirs, decay of
inducers and gene products and also due to limited growth of
the bacteria in the droplets, gene activation is only transient,
leading to the particular shape of the response curves displayed
in Figure 1D,E. Figure 1D can be understood more
quantitatively in terms of a simple reaction—diffusion (RD)
model (SI section 4.7, Figures S8 and §9), yet only with the
assumption of a strongly reduced effective diffusivity of AHL on
the order of Dz & 1 um?/s as compared to the bulk case, for
which diffusivities in the range of Dy, & 100—1000 gm’/s are
typically assumed.”' 311 Ag discussed in SI section 4.7, this
may be explained by varying diffusion coefficients in the
different phases, the permeability of the interfaces, and also by
geometrical effects.

In order to address the question, whether communication
takes place mainly through the interface formed by surfactants
between droplets in direct physical contact or via free diffusion
through the oil phase, we performed a series of control
experiments (Figure SS). We found that 30CG6HSL partly
dissolves in the oil phase, which is in accordance with its slight
hydrophobicity characterized by an octanol /water partitioning
coefficient (log P) in the range 0.2—2,"” and we also found gene
induction in isolated receiver droplets not in physical contact
with senders. It is thus conceivable that transport occurs both
directly through the interface between touching droplets and
via the oil phase.

We reasoned that a droplet-to-droplet induction might also
be possible with a conventional inducer such as IPTG, in
particular as its chemical structure also suggests an amphiphilic
nature'® (for the IPTG activation function, cf. Figure $4 and SI
section 4.5). Experiments equivalent to those with AHL were
performed with IPTG-containing droplets and droplets with
corresponding receiver bacteria, which contained a gene for a
red fluorescent protein (RFP) under the control of a Lac
promoter. Indeed, expression of RFP was observed in these
bacteria only in the presence of reservoir droplets (see Figure
§7). We found that also IPTG partitions into the oil phase
(Figure $6), and the dynamics of gene expression was again
consistent with a strongly reduced effective diffusion coefficient
for the inducer (Figure S10).

In order to demonstrate spatially extended chemical
communication between bacteria within droplet arrays, we
also performed experiments, in which we exchanged inducer-
filled reservoir droplets by droplets containing bacteria
expressing the AHL synthase Luxl (“sender cells”, Figure
2A). The genetic module responsible for AHL synthesis is
shown in Figure 2B. As expected, the fluorescence in receiver
cells increases as sender cells synthesize AHL, which is
transduced through the emulsion (Figure 2C). Analysis of
signals recorded from 1679 receiver droplets mixed with 13
sender droplets again reveals distance-dependent GFP
expression levels of receiver cells as shown in Figure 2D.
This gene activation pattern is very well reproduced by our RD
model when reservoirs with a finite supply are exchanged for
permanently producing inducer sources (Figure S11).

With two diffusible inducer molecules available, we
investigated an emulsion mixture of droplets containing
engineered bacteria, which responded to the simultaneous
presence of IPTG and AHL as inputs (Figure 3A). To this end,
a genetic AND gate was constructed, in which IPTG induced

dx.doiorg/10.1021/ja411132w | 1 Am. Chem. Soc. 2014, 136, 72-75



Journal of the American Chemical Society

Results

Communicati

A B el
-
S _mm" wm M
aDs N— ’R Placwvs T7 4
= U _J

s
» Luxi

LA

T =60 min

3 =1 3 :
&30 gg £ vl &30 369 min )
> pell = > o N 240 min
220 g 220 o
a |Bds a
& g _-180 min

210 e 2 10}120 min =
3 w .
& c o 60 min
8 S . 2
2 g -
£ o= E g S

0 100 200 300 400 0 50 100 150

Time (min) AHL-Distance (pm)

Figure 2. (A) Receiver bacteria in the presence of droplets containing
sender cells. (B) Sender gene circuit. A 1'7 RNA polymerase expressed
from an IPTG inducible promoter drives the expression of AHL
synthase Luxl. AHL diffuses through the cell membrane (dashed line)
into the extracellular medium. (C) Fluorescence microscopy time
series recorded from receiver cells in the proximity of a sender droplet
{red). AHL spreads by diffusion and activates GFP expression in
receiver cells (green). Scale bar, 25 gm. (D) Evolution of the average
fluorescence intensity of droplets containing receiver cells for various
distances from the next nearest sender-containing droplet. A
flnorescence time trace from a control experiment with uninduced
receivers cells is also shown (dashed line). {E) Intensity profile at
different times corresponding to the traces shown in (D).

expression of LuxR, while AHL activated GFP expression via
binding to LuxR (Figure 3B). We first characterized the
operation of the AND gate circuit in bulk experiments (SI
section 4.5), from which the dose—response function depicted
in Figure 3C was extracted. As designed, GFP expression was
high only in the presence of both inducers. We then studied the
response of droplets containing AND-gate bacteria in the
presence of reservoir droplets with low inducer concentrations
([AHL] = 20 aM, [IPTG] = 200 gM). In Figure 3D, the
corresponding population mean of single droplet fluorescence
time traces are shown. As desired, encapsulated AND gate
bacteria express GFP only when both AHL and IPTG filled
reservoir droplets are present, whereas expression remains low
in the absence of one or both inducers. Fluorescence
microscopy images of AND-gate bactetia droplets in the
presence of either no, one, or both types of inducer droplets
taken 18 h after initiation of the experiment are shown in
Figure 3E. As expected, green fluorescence is high only when
both inducer filled droplets are present. For reservoir droplets
with higher inducer concentrations—and thus larger “diffusion
range”—also spatial effects can be observed. The AND gate
response for this case as a function of distance to the nearest
AHL and IPTG reservoirs is shown in Figure §14.

We have shown that amphiphilic inducer molecules such as
the QS signal 30CGHSL or the conventional inducer IPTG can
establish chemical communication between chemical reservoirs
and small groups of bacteria encapsulated within water-in-oil
microemulsion droplets, and this presumably holds true also for
other amphiphilic compounds, e.g., antibiotics. Using engi-

74

A B
IPTG &%
.
LA
IPTG - = -
=, el IR
("R o Pl
. o+
aHL) 7\ o'ty Y VLR
® .
| a’0 B
Pn
D
_6 -
5 3 AHL/-IPTG /
B8 £5 _aHuwpPTG y
3 z, +AHL/- IPTG /
T3 B —sAHLPTG
a a
e g3 4
s E
£ 52
g
g
=

4
0 200 400 600 800 1000
Time (min)

m

+ AHL

- AHL

+IPTG

-IPTG

Figure 3. (A) Receiver bacteria containing a genetic AND gate. AHL
and IPTG diffuse from reservoir droplets to a receiver droplet with
engineered bacteria containing a genetic AND gate. (B} AND-gate
gene circuit in the presence of both input molecules. IPTG enters the
bacterial cell, binds to the Lac repressor Lacl and thus induces
expression of LuxR. AHL then binds to LuxR and thus activates
expression of GFP. (C) Response of the genetic AND-gate to varying
input molecule concentrations, The diagram shows the fit of a two-
dimensional input function to values determined in bulk measure-
ments (SI section 4.5). (D) Fluorescence time traces of droplet
populations containing computational receiver bacteria in the presence
(+) or absence (=) of inducer-filled reservoir droplets (for single
droplet traces see Figure §12). (E) Fluorescence microscopy images
arranged in a truth table (BF images in Figure $13). AND-gate
bacteria express GFP when both AHL (red) and IPTG (Dblue)
reservoir droplets are present. Scale bar, 50 pm.

neered computational bacteria, several of such signals sent out
from distinct reservoir droplets can be integrated within
receiver droplets in a context-dependent manner. As natural
QS occurs in complex environments such as biofilms,'®'®
emulsion systems may actually be used as models for the study
of bacterial comimunication in heterogeneous media. Apart
from this, a small, potentially tunable diffusivity for bacterial
communication could be of considerable interest for
applications in synthetic biology. Several studies have explored
genetically programmed structure formation in the past,™'™*
resulting in patterns on a millimeter length scale. Tuning of the
diffusion coefficient to smaller values would reduce the
patterning length scale by a factor (Dy/Deg)?, which is of
order ~10 in our case.

An additional interesting feature of a droplet-based bacterial
communication system is the fact that communication takes
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place between small and spatially separated groups of bacteria.
In principle, different types (even species) of bacteria with
potentially different environmental requirements could be
prepared in different droplets, and their interactions studied
without mixing of the bacteria themselves.

Another aspect of compartmentalization is the fact that
chemical signals are sent out or received by small groups of
bacteria, which is expected to average out fluctuations caused by
single cell variability.'® Previous studies on distributed
computing based on spatially separated, communicating
microcolonies™*® have emphasized the fact that such averaging
makes bacterial computing more robust than in alternative
concepts based on intracellular (single cell) computing. A
distributed bacterial computer implemented in microemulsions
potentially could be faster and operate with reduced space
requirements.
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2.3.  Chemical communication between bacteria and cell-free gene
expression systems within linear chains of emulsion droplets

Inside of a capillary, we loaded picoliter-sized emulsion droplets to arrange them in a linear
manner. The droplets were generated by the aid of a microfluidic device and filled with
either bacteria or a cell-free transcription/translation reaction mix. In the presents of both
chemical input signals AHL and IPTG, a genetic AND-gate circuit, developed in Weitz et
al (7), reported the expression of green fluorescent protein (GFP). We also utilized
genetically modified bacteria to synthesize and ‘send out” AHL. AHL was also produced
in situ in our cell-free system. Here we modified the cell-free reaction mix with the AHL-
precursor S-adenosyl methionine (SAM) and T7 RNA polymerase to attain sufficient
amounts of the inducer. With this setup, we encapsulated and arranged different kinds of
droplets to achieve various sender-receiver communication chains from ‘bacteria to cell-
free’ or vice versa.

First, we connected a droplet chain to an inducer reservoir and found in our 1D geometry
spatially differentiated gene expression patterns due to the formation of an inducer gradient
along neighboring reporter droplets. The dynamics varied between cell-free and bacteria
reporter systems, assuming bacterial growth causing the effect. Compared to cell-free gene
expression, bacteria droplets were also more affected by oxygen evolution through our
fluorinated oil. However, by varying inducer concentrations we could control the number
of droplets being induced. By combining AHL and IPTG sender droplets, it was also
possible to spatially confine gene expression only to AND gate bacteria close to them.
With this ‘sensor’ device we were further able to estimate the diffusion coefficient for the
quorum sensing molecule AHL. We shed light on the understanding of how AHL diffuses
through a water-in-oil barrier. We used bulk measurements (microtiter plate experiments)
in the pl-regime to obtain the GFP expression strength for known AHL concentrations and
estimated the local AHL concentration of the gene expression pattern of our droplets to
obtain the apparent diffusion coefficient (Da.). For [AHL] =200 nM and [AHL] =1 uM we
found D, = 0.1 um? s !, while for the [AHL] = 10 uM we got a higher D, of
about = 25 um?” s 1. These findings can be explained by grouping AHL transport into two
different modes. Based on our surfactant/oil mix, partitioning effects are the main course
of action to transport the molecules within the emulsion for high concentrations of AHL.
The alternative transport mechanism for lower AHL concentrations is micelle-mediated
diffusion which occurs with approximately 1 um? s *!. For detailed explanation see the
discussion part in chapter 3.

The following copy of the original research article (11) shows the above-summarized
results in detail. Supplemental figures, tables and methods can be found in the Appendix.
For supplemental movies, please refer to the publishing journal.
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a fluorescent protein. We guantitatively study the coupled diffusion-gene expression process and
demonstrate that gene expression can be made position-dependent both within bacteria-containing and

cell-free droplets. By generating diffusing guorum sensing signals in situ, we also establish communication
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between artificial cell-free sender cells and bacterial receivers, and vice versa.

The creation of synthetic multicellular structures composed of artificial and chemical cells, which have the ability to respond to their environment is a topic of

increasing interest in synthetic biology. Such systems could be used to create soft, adaptive structures and materials that differentiate in response to

environmental cues or morphogens. Here we demonstrate a simple form of spatial differentiation within linear chains of emulsion droplets that are filled

either with bacteria or with cell-free gene expression systems. Confinement of genetic inducers te diffuse in only one dimension enables strong coupling of

neighboring droplet cells. As an application, we establish chemical communication between cell-free systems and bacteria acting as senders and receivers, and

vice versa.

Introduction

Over the past decade, the investigation of bacterial growth, gene
expression or population dynamics in artificially structured micro-
environments have become increasingly popular,' as they allow
researchers to follow the dynamics of individual cells within a
population over time, and also to precisely control their spatial,
temporal, and chemical boundary conditions. In this context, the
combination of fluorescence microscopy methods and micro-
fluidic techniques has been shown to be particularly versatile.”
Microfabricated bacterial traps have been applied to monitor gene
expression dynamics over extended periods of time,** and study,
e.g. stochastic effects in gene expression,~ or the synchronization
of bacterial oscillators.® Microfluidic environments have also been
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used to study the growth of bacteria®'® or perform evolutionary
experiments.*'*? Other experiments were designed to control
bacterial shape,'® or study biofilm formation and bacterial
adhesion properties."* Microfluidic techniques have been also
frequently used for compartmentalization studies, in which
single or small numbers of cells were isolated from their
environment and also from each other. This has been recently
utilized in single cell genomic studies,"® where the genomic
content of a single cell is amplified directly within the compart-
ment using droplet PCR.**"7

In previous work, we used picolitre-sized water-in-oil emulsion
droplets to compartmentalize small bacterial consortia and study
their response to small diffusible inducer molecules.'® This was
based on the finding that inducers such as IPTG or the guorum
sensing signal N-(3-oxo-hexanoyl)t-homoserine lactone {abbre-
viated 3-0x0-C6-HSL or simply AHL) could permeate through the
separating oil phase and thus diffuse from one microcompartment
into another. In this system, engineered “sender bacteria” in onhe
droplet could communicate with “receiver bacteria” in neigh-
bouring compartments.'**° Gene expression in bacteria equipped
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with a genetic “AND gate” was switched on only in the presence of
both IPTG and AHL containing reservoir droplets.

Compartmentalized bacterial consortia are of particular
interest for applications in synthetic biology. For instance,
compartmentalization could be used to create systems, in
which several bacterial species interact and cooperate, which
might be incompatible in co-culture {due to different growth
conditions or predation of one species on the other). Further-
more, hybrid systems could be created, in which some droplets
contain cell-free gene expression systems, while others contain
bacteria, or simply nutrients or other chemicals. One vision for
such systems could be the creation of a semi-synthetic super-
organism composed of spatially arranged “droplet cells”,
which have the ability of position-dependent gene expression,
and thus spatial differentiation and pattern formation.'™2*

In the present work we study spatially distributed gene
expression in strictly linear arrangements of microdroplet
compartments. A quasi one-dimensional geometry allows for
a better control of boundary conditions, and also facilitates a
straightforward analysis of the experiments. One of the most
important aspects for our present study is the stronger mutual
coupling of neighbouring compartments in a 1D geometry.

We not only studied microdroplets containing bacteria,
but also emulsion droplets filled with cell-free gene expression
systems®* ™ as well as hybrid systems. In experiments with
compartmentalized bacteria, gene expression dynamics is
strongly affected by bacterial cell growth in the droplets. By
contrast, cell-free systems display different gene expression
dynamics,®® as the gene products are not diluted by cell growth.
An obvious advantage of cell-free systems is the presence of the
whole transcription and translation machinery and the simulta-
neous lack of an own genetic agenda. Cell-free systems can thus be
programmed by simply feeding synthetic DNA without inter-
ference with an existing genetic background.****** The scope of
cell-free systems can be easily expanded by the addition of
supplementaty components such as enzymes and their sub-
strates, crowding agents,”® or other chemicals. Encapsulation
of cell-free systems thus results in flexible biochemical compart-
ments, which inherit some of their characteristics from bacteria.
We demonstrate that in the context of our linear microdroplet
geometries, cell-free and bacterial systems can be even made to
communicate with each other.

Results and discussion

Our experiments are based on two simple synthetic gene circuits.
As explained in Fig. 1a, expression of green fluorescent protein
(GEPmut3*) is activated only in the presence of both inducer
molecules IPTG and AHL. In this respect, the gene construct on
the reporter plasmid approximates the function of a logical
AND gate. The second gene construct is termed “sender’” since
it can synthesize AHL in the presence of IPTG as shown in
Fig. 1b. Operating the AND gate circuit within gradients of
inducer molecules can be used to generate spatially differentiated
gene expression. In order to study this effect, we produced
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Fig. L Overview of genetic circuits and experimental setup. (3] A genetic
AND gate that responds to the inducers IPTG and AHL: IPTG induces
expression of the transcriptional activator LuxR, which is under the control
of a lac promoter. Only in the presence of AHL, LuxR activates the
expression of GFP, which is controlled by a lux promoter. (b) The sender
circuit comprises a gene for the AHL synthase Lux| under the control of a
lac promoter. Gene induction with IPTG leads to Luxl production and thus
generation of the quorum sensing inducer AHL. (€) £. coff or cell-free
systems with the AND gate or sender plasmid are encapsulated in
water-in-oil droplets, which are arranged in a squared glass capillary (side
length = 50 umj. (d) Fluorescence microscopy images of droplets in a glass
capillary overlaid with inverted bright field images, which show the droplet
surface and the capillary in white. Encapsulated £, coli bacteria (left) and
cell-free systems (right) both contain the AND gate. The droplets are filled
with 10 mM PTG and 200 nM AHL, resulting in the expression of GFP
(shown in green).

picolitre-sized emulsion droplets {diameter d ~ 40-50 um),
containing either the cell free transcription/translation mix or
bacteria using a microfluidic droplet generation system (see
Experimental section). In order to create a linear arrangement
of such compartments, the droplets were loaded into a squared
capillary with a side length of 50 pm (Fig. 1c and d). Hence,
diffusion of inducer molecules was effectively confined to the
dimension along the long axis of the capillary.

Inducer response in the cell free system

We first studied the bulk response of the AND gate plasmid in
the cell-free system to the inducer molecules IPTG and AHL in
bulk in titration experiments (for the characterization in E. coli
¢f ref. 18). To this end, we fitted the maximum rate of GFP
expression as a function of the inducer concentrations with a
Hill curve. We found that the response of t