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Summary

Lactiplantibacillus plantarum is a probiotic bacterium widely known for its health-
promoting properties and fermentation capabilities through the production of natural
metabolites. Despite its inherent advantages, its broader utility remains constrained by
two limitations: i) a challenging genetic transformation and ii) a limited genetic toolbox
for enhanced genetic programmability. This thesis addresses the first gap by identifying
the barriers limiting genetic transformation and developing a time-saving, direct cloning
method in L. plantarum. This method is used to address the second gap, which focuses
on exploring sources of genetic parts, ranging from bacteriophages to unexplored
endogenous parts, and evaluating their performance to expand the genetic toolbox of L.
plantarum. In this thesis, valuable genetic parts are discovered and combined to achieve
high levels of constitutive and inducible gene expression, improved protein secretion, and
tunable plasmid retention. Ultimately, the potential of the engineered bacteria for
responsive drug delivery is evaluated within the context of Engineered Living Materials
(ELMs). Thus, this thesis describes the development of methods and tools leading to the
first lactobacilli-based ELM capable of switchable protein release. Beyond living
therapeutics, the outcomes of this thesis might contribute to expanding the
programmability of L. plantarum towards advances in metabolism research,

biotechnological, and imaging applications.
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Kurzzusammenfassung

Lactiplantibacillus plantarum ist ein probiotisches Bakterium, das fir seine positiven
Eigenschaften und seine Fahigkeit zur Fermentation durch die Produktion natirlicher
Metaboliten bekannt ist. Seine breitere Anwendung wird jedoch durch zwei
Einschrankungen begrenzt: i) eine aufwendige genetische Transformation und ii) ein
begrenztes genetisches Werkzeugset fiir verbesserte Modifikationen. Diese Arbeit
identifiziert und Uberwindet Hindernisse fiir die genetische Transformation durch die
Entwicklung einer direkten Klonierungsmethode. Diese Methode dient dazu, die zweite
Beschrankung zu bewaltigen, indem sie die Suche nach genetischen Bausteinen und
deren Leistungsfahigkeit zur Erweiterung des genetischen Werkzeugsets von L.
plantarum ermdoglicht. In dieser Arbeit werden wertvolle Bausteine entdeckt und
kombiniert, um eine verbesserte konstitutive und induzierbare Genexpression,
Proteinsekretion und Plasmidretention zu erreichen. Das Potenzial der gentechnisch
veranderten Bakterien fir die gezielte Wirkstofffreisetzung wird im Kontext von
Engineered Living Materials (ELMs) evaluiert. Diese Arbeit beschreibt die Entwicklung von
Werkzeugen, die zu Laktobazillen-basierten ELMs mit schaltbarer Proteinfreisetzung
fihren. Uber die Anwendung als lebende Therapeutika hinaus kénnten die Ergebnisse
dieser Arbeit dazu beitragen, das Engineering von L. plantarum im Hinblick auf
Fortschritte in der Stoffwechselforschung und biotechnologischen Anwendungen

auszuweiten.
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Motivation

Lactiplantibacillus plantarum are probiotic bacteria that play a significant role in human
health, food fermentation, enhancing food safety, as well as in other biotechnology and
biomedical applications. These properties and benefits are mainly attributed to a wide
range of metabolites that these bacteria naturally produce. The natural properties of
these bacteria can be complemented with novel functions and capabilities with the use
of synthetic biology, leading to the development of next-generation probiotics.
Nevertheless, even plasmid transformation in these bacteria, which is the first step to
genetically transform them, remains tedious and time-consuming to date. Thus, this
thesis first focuses on identifying the barriers limiting the genetic transformation in L.
plantarum and using this knowledge to develop an alternative strategy to overcome them.
That led to the development of a novel direct transformation method that facilitates and

accelerates the genetic programmability of L. plantarum.

The next barrier to genetically programming L. plantarum is the lack of genetic tools for
strong protein production, efficient secretion, and control over gene expression. To
expand this toolbox, it is necessary to screen, test, and establish various genetic parts. A
major question in this pursuit is which biological source is best adapted to offer high-
performance genetic parts for L. plantarum. That can be addressed by investigating
promising sources of genetic parts that are relevant to different molecular processes by
adopting the widely used design-build-test framework in synthetic biology. These parts
include promoters, repressors, and signal peptides, which can be screened from multiple
sources, such as the genome of L. plantarum, other bacteria, and bacteriophages. Apart
from expanding the toolbox, this strategy would also lead to a deeper understanding of
the activity of genetic parts in L. plantarum, thereby enabling further optimization of

genetic circuits for enhanced performance.

The discovery of novel, powerful genetic parts allows the programmability of bacteria

with more complex capabilities, such as their use as living therapeutics through

Page| 10



therapeutically relevant protein release, as well as the assessment of these bacteria in
different environments. Recombinant lactobacilli have barely been explored when
encapsulated in a material. In the field of Engineered Living Materials (ELMs), living cells
genetically programmed to perform specific functions are physically trapped within a
material that securely contains them while providing a favorable environment for them to
perform dynamic, adaptive, and responsive functions. However, little is known about the
performance of the genetic parts when lactobacilli are mechanically restricted in
materials as ELMs. Thus, this thesis explores the functioning of high-performance
genetic parts in L. plantarum encapsulated within hydrogel materials, and the release of

therapeutic proteins from lactobacilli-based ELMs.
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State of the art

1. Lactobacilli bacteria

Lactobacilli are Gram-positive, acid-tolerant bacteria that form part of the lactic acid
bacteria (LAB) group. This group of bacteria is extensively used in the food industry for
fermentative processes and is associated with health benefits [1]. Lactobacilli are well-
adapted to live symbiotically with higher-order organisms and are commonly isolated
from a variety of plants, animals, and food products [2]. Due to the discovery of several
new species, the Lactobacillus genus became very large (>260 species) and was
reclassified into 25 separate genera in 2020 [3]. This new classification is based on the
metabolic capabilities and ecological roles of each species instead of fermentation
characteristics. Nevertheless, the generic term ‘lactobacilli’ remains valid for referring to
all bacteria classified under the Lactobacillaceae family until 2020, and is used in this way

throughout this thesis.

The fermentation capabilities of lactobacilli have made them valuable for the food
industry [4]. These bacteria metabolize glucose through a fermentative process. The
fermentation results in the final production of lactic acid and the subsequent acidification
of their environment. This generates desirable alterations in the food (e.g., curdling of
milk) and helps prevent food spoilage and improve shelf-life [5]. Lactobacilli are
recognized as probiotics since they confer health benefits through various metabolites
they produce, including the aforementioned lactic acid, phenyllactic acid, or short fatty
acids [6]. The therapeutic effectiveness of these bacteria has been demonstrated by
modulation of the immune system, antimicrobial activity against pathogens, or

anticancer activity [7-9].

Apart from being probiotic, several lactobacilli species are human commensals. That
means that their natural habitat is in the human body. Multiple lactobacilli species live in
human saliva, respiratory tract, gut, vagina, or skin (Figure 1) [10, 11]. Among these

commensal lactobacilli, Lactiplantibacillus plantarum is one of the most widely distributed
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species in the human body, which is particularly relevant for healthcare or therapeutic

applications.

respiratory tract

saliva
L. plantarum
L. paracasei \ L. gasseri

L. reuteri L. plantarum
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Figure 1. lllustration of a human body showing the natural habitats of multiple lactobacilli species. L.

plantarum is the lactobacilli species that has colonized more different niches in the human body.

This trait has gained significant scientific interest in L. plantarum. Figure 2 shows the
number of publications based on the best-known lactobacilli species. Among these, L.
plantarum is the species with the largest number of publications, which has been on the
rise since 2010. That indicates growing interest in both L. plantarum fundamental and

applied research.
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Figure 2. Plots showing the number of publications for L. plantarum, L. rhamnosus, L. acidophilus, L.

casei, L. reuteri, and L. paracasei over the past 30 years. The data was collected from the Web of Science

in May 2025. The species name before and after reclassification as search terms for the entire publication

was used in the search.
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2. Lactiplantibacillus plantarum

L. plantarum is an essential bacterium for the food industry (Figure 3i). This species has
been isolated from a broad range of food products. For example, it has been naturally
found in fermented olives, meat products, pickles, cabbage, kimchi, and tofu [12]. The
metabolism of L. plantarum has been considerably investigated. It is well known that L.
plantarum produces valuable metabolites as byproducts of its metabolism. Lactic acid is
the best-known, and it has been commonly used as a natural food preservative given its
ability to maintain acidic conditions and prevent food spoilage [13, 14]. Other metabolites
produced by L. plantarum include short-chain fatty acids (SCFAs), mainly acetate,
butyrate, and propionate [15]. These SCFAs provide health benefits and contribute to the
probiotic properties of these bacteria (Figure 3ii). Multiple reports have shown that these

acids exhibit both antioxidant activity and promising anti-tumor effects [15, 16].

In addition, L. plantarum is capable of producing extracellular polysaccharides (EPSs).
These EPSs contain portions of mannose, fructose, galactose, and glucose, and have
been used in the industry as gelling agents, emulsifiers, or stabilizers for food products
[17]. The nature of these EPSs is also responsible for the probiotic properties of these
LAB species, with studies showing that EPSs have antioxidant, antibiofilm, and antitumor
activities [18, 19].

The production of antimicrobial peptides (e.g., plantaricin) is another factor that
contributes to the natural probiotic properties of L. plantarum and lactobacilli bacteria
[20]. For instance, L. plantarum has shown antimicrobial activity against food-borne

pathogens such as Listeria innocua and Listeria monocytogenes [21, 22].

L. plantarum has also been subjected to genetic modifications to broaden its applications.
These include the transformation of L. plantarum into probiotic cell factories for
recombinant protein production (Figure 3iii). For example, L. plantarum has been
programmed to produce industrially relevant enzymes such as lipases, cellulases, and
xylanases [23, 24]. Yet, in more recent times, L. plantarum has been genetically modified

to perform more complex functionalities such as delivery of therapeutically relevant
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proteins in the body (Figure 3iv) or display of antigens on its cell walls to act as oral

vaccines (Figure 3v) [25-29].

Concerning drug delivery, Ramirez et al. engineered L. plantarum to produce and secrete
a phenylalanine hydroxylase, thus generating a bacterial probiotic system as a new
therapeutic alternative for treating phenylketonuria [25]. More recently, Shen et al.
demonstrated the use of L. plantarum engineered to produce anticancer prodrugs for
inhibiting tumor growth in mice [26]. A year later, the same authors developed L. plantarum
WCFS1 as an intranasal delivery vehicle to secrete hormones that regulate appetite,

which significantly alleviated obesity-related symptoms in mice [27].

As for L. plantarum-based vaccines, Wang et al. surface-displayed the spike protein of the
severe acute respiratory syndrome coronavirus 2, resulting in a potential food-grade oral
candidate vaccine against this virus [28]. Rigaux et al. engineered L. plantarum to
recombinantly produce Der p1, a cysteine proteinase derived from the house dust mite
Dermatophagoides pteronyssinus, and used as a live vehicle against house dust mite

atopic allergy [29].
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Figure 3. lllustration showing the five main applications of L. plantarum. Applications based on wild-type
(non-modified) bacteria — depicted in a red background - include their use as probiotics and in the food

industry. In parallel, L. plantarum has been genetically modified — depicted in a blue background - for

recombinant
protein

Lactiplantibacillus
plantarum

(4
therapeutic
protein

g!antigen \"}
“ % display

recombinant protein production, as drug delivery vectors, and as vaccines as well.

All the previous studies illustrate the potential of leveraging a beneficial bacterial chassis
and enhancing its capabilities through genetic modifications. More research groups have
started investigating the genetic programming of L. plantarum. Nevertheless, the scope

of these attempts is limited by two main challenges: the genetic engineering of L.

plantarum and the genetic parts necessary for advanced programmability.
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3. Genetic transformation of L. plantarum

The genetic programmability of any organism begins with the transfer of the desired
genetic parts into the cell. For bacteria, there are three methods of deoxyribonucleic acid
(DNA) transfer: transformation, transduction, and conjugation. Transduction and
conjugation require additional viral or structural components apart from the vector DNA,
which limits the applicability of these procedures to specific bacteria or strains [30].
Bacterial transformation is the most widely used method of DNA transfer. In this method,
bacteria acquire exogenous extrachromosomal DNA, hereafter referred to as plasmids,
from the surrounding medium and maintain it as self-replicating units independent of the
genomic DNA, thus gaining novel genetic traits [31]. For a successful transformation, the
most critical step is the uptake of the DNA by the bacteria. Naturally competent bacteria
are capable of acquiring exogenous DNA themselves. However, most bacteria are not
naturally competent, typically requiring a pre-treatment to weaken their membrane,
followed by either a heat or electric shock (electroporation) to create pores in it, which
enables the entry of DNA [32, 33].

Lactobacilli are commonly transformed via electroporation due to the thickness of their
cell walls [34]. In this process, competent cells are incubated with plasmid DNA in a
cuvette and subjected to a high-voltage electric pulse, causing a reversible
disorganization in the membrane and making it more permeable to molecules and
macromolecules [35]. Moreover, a higher concentration of exogenous plasmid DNA is
required for successful DNA transformation in lactobacilli compared to E. coli [34]. For
example, for L. plantarum, >500 nanograms (ng) of plasmid is generally used for

transformation, in contrast with <100 ng required for E. coli [36, 37].
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4. Genetic toolbox of L. plantarum

The genetic toolbox of one organism is a collection of parts (e.g., origins of replication,
plasmid retention cassettes, promoters, ribosome-binding sites, transcriptional

repressors and activators, signal peptides, etc.) that enable its precise and versatile

genetic programming " [38, 39].

In this section, the genetic parts comprising the genetic toolbox of L. plantarum have been
broadly divided into two sub-sections that represent their functionality: (i) plasmid

maintenance and (ii) gene regulation and protein secretion.

4.1 Genetic parts for plasmid maintenance

These are the key genetic parts required for a plasmid to be retained in the bacterium

after genetic transformation.
4.1.1 Origin of replication

The origin of replication (ORI) is essential for autonomous, self-controlled plasmid
replication [40]. Moreover, ORIs determine the number of plasmid copies per cell, serving

as a key part for fine-tuning the genetic programmability of bacteria [41].

ORIs have been widely studied in lactobacilli [42]. The p256 ORI is probably the most used
in L. plantarum engineering. This ORI is derived from the p256 cryptic plasmid of L.
plantarum NC7, and has shown plasmid stability in other species of L. plantarum, such as
WCFS1 [43, 44].

T A collection of the state of the art regarding the genetic programmability of these bacteria, along with
proposed strategies for further expanding their genetic programmability, has been compiled in a peer-
reviewed review. This review is provided in Appendix | at the end of this dissertation.
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4.1.2 Selectable marker: antibiotic resistance gene

Maintaining a plasmid is a metabolic burden for the host cell [45]. Hence, plasmids are
maintained by bacteria only when they provide advantageous traits. Therefore, a
mechanism is required to ensure that bacteria maintain the plasmid and retain the genetic
parts to program them. For that, a selectable marker is introduced into the plasmid, which
is typically a gene that confers resistance to an antibiotic. By adding an antibiotic to the
growth media, only the bacteria that maintain the plasmid and therefore express the

resistance can survive, exerting a selection pressure for retaining the plasmid.

There are two antibiotic resistances that are highly effective in L. plantarum and are
commonly used for plasmid retention purposes. One is chloramphenicol
acetyltransferase, which confers resistance to chloramphenicol. The other is
erythromycin methyltransferase, which provides resistance to erythromycin. Both
antibiotics have a similar mechanism of action, which focuses on the inhibition of protein
synthesis by binding to the 50S ribosomal subunit and blocking the formation of
additional peptide bonds [46, 47]. The chloramphenicol acetyltransferase covalently
attaches an acetyl group to chloramphenicol, preventing its binding to the ribosome [48].
The enzyme erythromycin methyltransferase methylates an adenine residue of the 23S
ribosomal ribonucleic acid (rRNA) subunit and significantly decreases the binding of the

erythromycin to the ribosome [49, 50].

Despite providing efficient plasmid retention, antibiotic markers are not suitable for
human applications since this approach raises concerns about horizontal gene transfer
and requires the administration of antibiotics in the body. Additional genetic parts that
can prove effective as an alternative to antibiotic resistance for plasmid retention are

toxin/antitoxin systems.

4.1.3 Selectable marker: toxin/antitoxin systems

Toxin/antitoxin (TA) systems are genetic modules composed of two elements: a toxin-

encoding gene and its cognate antitoxin-encoding gene [51]. There are eight different

Page | 20



types of TA systems based on molecular targets (either protein or non-coding RNA) and
the mechanism of action. Yet, the most commonly studied is the type Il TA system [52].
Here, both toxin and antitoxin are proteins. The function of the antitoxin is to sequester
the toxin by a protein-protein interaction mechanism, which results in the neutralization

of the toxicity associated with the toxin (Figure 4A) [53].

The systems were first discovered in plasmids, exerting a role in plasmid maintenance
via a mechanism termed post-segregation killing [54]. Given that the stability of toxins
tends to be higher than their cognate antitoxins, if plasmid loss occurs during cell division
and the antitoxin cannot be further produced, non-neutralized toxins might remain in the
cytoplasm of the bacteria, eventually leading to cell death (Figure 4B). Given this natural
function, the possibility of using TA systems instead of antibiotic resistance genes for
plasmid retention has been investigated. For instance, promising plasmid stability was
accomplished both in vivo and in vitro in E. coli Nissle 1917 using the hok/sok and the

axe/txe TA systems [55, 56].
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Figure 4. A) Schematic illustration of type-ll TA systems encoded in a plasmid. First, both genes are
transcribed into messenger RNAs (mRNAs), which are then translated into proteins. At the protein level,
the antitoxin protein interacts with the toxin protein and neutralizes its toxic activity. B) Schematic
illustration showing the post-segregation killing mechanism type-ll TA systems. Without plasmid loss,
both toxin and antitoxin are produced, and bacteria can grow through the neutralization of the toxin by
the antitoxin. If plasmid loss occurs, production of toxins and antitoxins ceases. Due to the higher toxin
stability, once the remaining antitoxin is degraded, the unbound toxin can exert its toxic activity and cause

cell death.

In 2005, Sgrvig et al. identified a TA system encoded in the endogenous p256 plasmid of
L. plantarum NC7 and reported that this system is involved in the plasmid maintenance
[43]. Besides, other TA systems have been identified in the genomes of other L. plantarum

strains and other lactobacilli such as L. rhamnosus, L. casei, and L. paracasei [57-59].

These findings create an opportunity to further explore TA systems as genetic parts to

mediate plasmid retention in lactobacilli.
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All genetic engineering conducted in this thesis relies exclusively on plasmid engineering.
The plasmids harbor the p256 ORI for plasmid replication and the erythromycin
resistance gene. Figure 5 shows the genetic architecture of a typical plasmid built for the
genetic transformation of L. plantarum in this thesis. Beyond the origin of replication and
the resistance, this plasmid harbors a gene of interest (GOI). This is one of the great
benefits of plasmid engineering: the possibility to insert additional functional genetic
parts into the plasmid, thereby equipping the engineered bacteria with advanced
functionalities. Nevertheless, for these genetic parts to be adequately expressed, they
need to be adapted, designed, and assembled for the host in which they are meant to

function.

erythromycin
resistance

GOl

'

/

N p256

origin

Plasmid
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Figure 5. Genetic map of a plasmid vector adapted for L. plantarum engineering. The p256 ORI is
responsible for the autonomous plasmid replication. The erythromycin resistance mediates plasmid
retention when bacteria are grown in medium supplemented with erythromycin. In addition, a GOl can be

cloned into the plasmid and expressed using the appropriate genetic tools.

4.2 Genetic parts for gene regulation and protein secretion

The genetic toolbox for regulating gene expression and protein secretion of model

bacteria such as Escherichia coli is very extensive, with a wide range of well-characterized,
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optimized genetic parts that encode various functions [38]. However, this is not the case

for probiotic lactobacilli, which have a rather limited genetic toolbox.

Some of these genetic parts are DNA sequences that are not translated into proteins but
are crucial for the initiation or regulation of transcription or translation. That includes
promoters, ribosome-binding sites, and operators [38]. Other genetic parts are translated
into proteins and are associated with specific functions, such as directing a protein to the
extracellular environment. Transcriptional repressors, activators, and signal peptides are
common examples of translated genetic parts within a genetic toolbox. Untranslated and
translated genetic parts can be assembled to build genetic circuits that equip bacteria

with advanced genetic programmability [39].

The genetic toolbox for L. plantarum engineering is probably the most expanded across
all lactobacilli species, but remains limited compared to model organisms. Next, the state
of the art of the most relevant genetic parts for L. plantarum genetic programming is

discussed.

4.2.1 Promoters and Ribosome Binding Sites

Bacteria are commonly used as living factories for recombinant protein production
because they can overproduce a protein of interest (POI) when instructed to do so [60,
61]. For such capabilities, the coding sequence of the POl needs to be placed downstream
of a strong promoter. In prokaryotic promoters, there are two crucial regulatory elements,
the -35 and -10 boxes, where the RNA polymerase binds to initiate the transcription
process. To be precise, the sigma factor 70, a component of the RNA polymerase, is the
regulatory protein with affinity towards the regulatory boxes. If the affinity is strong, the
sigma factor 70 will recruit the RNA polymerase to that promoter. The stronger the affinity

is, the higher the transcription rate. That results in higher levels of mMRNA and, potentially,

a larger amount of translated protein (Figure 6) [62, 63].
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Figure 6. An example of engineering a gene encoding for a green fluorescent protein (GFP) under a strong
promoter. The RNA polymerase exerts a strong affinity towards this promoter, leading to high levels of

MRNA after transcription. This results in high-level GFP production after the ribosome-driven translation.

The amount of translated protein depends on another sequence named the ribosome-
binding site (RBS). In bacteria, this sequence is frequently referred to as the Shine-
Dalgarno sequence, named after its discoverers [64]. This sequence is placed
downstream of the regulatory boxes of the promoter, as it operates at the RNA level, and
its transcription is required. When in RNA form, the ribosome can bind to this RNA
sequence and initiate protein translation [64, 65]. Translation efficiency greatly depends
on the nucleotide composition and length of the RBS [66, 67]. As a result, these
sequences are key regulatory elements for fine-tuning gene expression, acting in the

translation process.

All things considered, strong promoters are valuable parts for the genetic
programmability of any organism. For model bacteria such as E. coli, Corynebacterium
glutamicum, Bacillus subtilis, or Streptomyces coelicolor, extensive work has focused on
generating and testing large libraries of natural or synthetic promoters to achieve high

levels of protein production [68-75].

Similar but less exhaustive work has been done on L. plantarum [76]. For example, in 2006,
Rud et al. Created a synthetic promoter library, thus generating a range of promoters
exerting different levels of activity [77]. The strongest promoter of this library, Pss, has
been used in this thesis for protein expression. A recent study by Meng et al. reported

another constitutive promoter used in this thesis, P23, and made variants by introducing
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random mutations adjacent to the RBS [78]. More recently, in 2025, Yu et al. followed up
this work by creating 247 mutants of P2z via error-prone polymerase chain reaction (PCR),

some of which performed better than wild-type P23 [68].

Spangler et al. and Tauer et al. reported more constitutive promoters in L. plantarum and
additionally investigated the importance of the spacer sequence between the RBS and
the start codon [79, 80]. This genetic trait has been considered when designing genes
adapted for L. plantarum for this thesis, despite its moderate strength. In terms of overall
levels of protein production, L. plantarum’s levels remain low compared to those achieved
with model bacteria. That is mainly because strong promoters were unknown in L.
plantarum before the start of this thesis, which provided opportunities for further work in
this direction by experimentally testing unexplored promoters from different biological

sources.

Apart from the —35 and -10 boxes and the RBS, promoters can additionally include
regulatory sequences such as operators. These operators are relevant for the
functionality of other genetic parts commonly used in synthetic biology for programming

organismes: the transcriptional repressors.

4.2.2 Transcriptional repressors

Transcriptional repressors are proteins that bind to a specific DNA sequence termed an
operator, which is commonly placed within the promoter region, close to the regulatory
boxes. This binding repression of gene expression [81]. In bacteria, typical repressors are
composed of two protein domains: the DNA-binding domain, normally based on helix-
turn-helix motifs, is responsible for binding tightly to the operator, and a dimerization
domain, which allows monomers to form a dimer and favor a tight interaction with the
DNA [82]. Tight binding of the repressor to the operator sequence obstructs the RNA
polymerase from interacting with the regulatory sequences of the promoter, resulting in

reduced mRNA synthesis from the gene under that promoter (Figure 7).
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Figure 7. Repression of GFP expression (transcription) by placing an operator sequence within a

promoter sequence and expressing the cognate repressor in parallel.

Repressors are common parts of genetic circuits since they allow temporal regulation of
gene expression [83, 84]. For instance, Riglar et al. built a genetic circuit in E. coli to detect
tetrathionate, produced during inflammation, and developed an inflammation-living
diagnostic [85]. Two transcriptional repressors, cro and cl, were part of that genetic
circuit. These repressors are naturally encoded in the E. coli lambda phage genome [86,
871].

In nature, numerous transcriptional repressors can modulate their activity in response to
external stimuli and are therefore referred to as switchable repressors [88]. The lacl
repressor was one of the first repressors to be thoroughly characterized. When the
repressor is exposed to the effector molecule or inducer, in this case, allolactose, it
undergoes a conformational change that decreases its binding affinity with the operator

sequence (Figure 8) [89].
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Figure 8. Switchable repression of GFP expression (transcription) by the addition of the effector

molecule, which triggers a conformational change to the repressor and impairs gene repression.

In the past two decades, advances in structural and computational biology have
permitted the development of repressor engineering strategies and the modification of
non-responsive repressors into switchable repressors that respond to sugars or physical

stimuli such as heat or light [90-92].

Switchable repressors have been extensively used in genetic circuits to regulate gene
expression on demand [93]. That is especially relevant for recombinant protein
production, where high levels of expression might impose a metabolic burden that can
be overcome by making such production inducible [94, 95]. These switchable repressors

are also integral parts of living biosensors or used for therapeutic applications [96, 97].

All the previously mentioned examples are based on E. coli. However, limited knowledge
exists concerning repressors in L. plantarum. Attempts to adapt well-functioning genetic

switches from other bacteria have resulted in poorly performing switches in lactobacilli.

In 2016, Heiss et al. tested genetic switches responsive to Isopropyl B-d-1-
thiogalactopyranoside and xylose in L. plantarum. Despite being well-established genetic
switches in other bacteria, they exhibited leaky expression and poor induction (below 10-
fold change) [98]. In another study, Zhang et al. built genetic switches based on

endogenous inducible promoters from L. plantarum WCFS1 responsive to lactose and
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galactose [99]. The switches achieved fold changes of 10-12, but the performance was
low compared to model bacteria. For instance, the pBAD system in E. coli achieves fold-
changes greater than 1000 upon induction with L-arabinose [100, 101]. These differences

are due to the existence of strong promoters and repressors in the E. coli genetic toolbox.

Nevertheless, these studies shed light on promoter/repressor designs in L. plantarum.
They also indicate that additional effort is required to build or identify reliable
promoter/repressor systems that can be engineered into genetic switches in L.

plantarum.

In addition to the transcriptional repression, gene expression can be regulated through
genetic parts that exert the opposite effect: transcriptional activation. These are called

activators and are introduced in the next section.

4.2.3 Transcriptional activators

Transcriptional activators are proteins that positively regulate gene expression.
Activators can operate via two mechanisms: by direct protein—protein interaction with the
RNA polymerase, or by introducing a conformational change in the promoter region,

making it more accessible to the RNA polymerase [102, 103].

Common activators in bacteria are the response regulators from two-component signal
transduction systems [104]. These systems are composed of a histidine kinase receptor
and a response regulator. In canonical systems, the histidine kinase acts as a sensor that
perceives the input signal and autophosphorylates on a conserved histidine residue. Next,
the phosphate group is transferred to the response regulator, which subsequently
becomes activated. Once activated, the response regulators assist in enhancing

transcription from a cognate inducible promoter [105, 106].

The most reliable and widely used genetic switch in lactobacilli is based on a two-
component regulatory system originally from a L. sakei operon. This switch, termed the
pSIP system, consists of the genes sppK and sppR, encoding for a histidine kinase

receptor and its cognate response regulator, respectively. Induction takes place upon the
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presence of an autoinducer peptide, which results in the phosphorylated activation of the
response regulator and initiation of gene expression from the inducible spp/P promoter
(Figure 9) [107].

Histidine kinase

Q Response
_~ regulator

> >

Figure 9. pSIP system in lactobacilli. Only in the presence of the autoinducer peptide does the histidine
kinase become phosphorylated and initiate a cascade that results in the activation of the response
regulator sppR. The activated sppR response regulator positively regulates the transcription of the GFP-

encoding gene from the inducible promoter spplIP.

The pSIP switch has proven functional at activating gene expression in multiple
lactobacilli species, including L. sakei, L. plantarum, L. curvatus, L. brevis, L. rhamnosus, L.

gasseri, L. acidophilus, L. casei, and L. reuteri [108-110].

In the past decades, this switch has been employed to regulate gene expression in L.
plantarum. For instance, the pSIP system has enabled the production of enzymes like f-
galactosidases or nucleases and antigens like the oncofetal antigen or an antigen from

the porcine transmissible gastroenteritis virus [108, 111-115].

Nonetheless, the pSIP system i) is composed of two components adapted to the
transcription machinery in lactobacilli, which restricts its portability and adaptability, ii)

relies on a peptide as an inducer, making it relatively cost-intensive as an inducible
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system, and iii) only supports a moderate level of protein production after induction.

Altogether, there is still a critical need for a genetic switch offering better functionality.

The pSIP-based genetic switch shown in Figure 9 regulates the intracellular production
of GFP. However, intracellular protein production is not always the desired output. In some
cases, recombinant proteins are meant to perform their activity in the extracellular space.
For example, when probiotic bacteria are engineered to continuously secrete therapeutic
proteins that interact with host-cell receptors to modulate specific pathways. To mediate
the transport of the translated protein into the extracellular space, the GOl must be

equipped with another genetic part: a signal peptide (SP).

4.2.4 Signal peptides for protein secretion

Gram-positive bacteria such as B. subtilis, Bacillus licheniformis, or C. glutamicum are
attractive hosts for industrial processes due to their naturally high protein secretion
capacity [116-119]. The mechanism underlying protein secretion in Gram-positive
bacteria has been thoroughly investigated and is well-understood [120]. There is a major

route that most proteins take [121].

During translation, the polypeptide chain emerging from the ribosome initially remains in
an unfolded state, a condition that must be preserved for proteins destined for secretion
via the Sec pathway. Recognition of these proteins by the host secretory machinery is
mediated through a cleavable N-terminal SP. A chaperone identifies the SP and assists in
maintaining the protein in an unfolded state, which is then transferred to SecA, the motor
domain of the Sec translocase. Following that, this protein is translocated across the
membrane through the SecYEG channel. SecDF subsequently pulls the protein through
the channel to the periplasmic space, where a signal peptidase cleaves the SP. Finally,
secreted proteins interact with the bacterial cell wall and pass through it into the external
environment (Figure 10) [122-124].
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Figure 10. The Sec pathway in Gram-positive bacteria. Unfolded SP-tagged proteins are recognized by a
chaperone and translocated through SecYEG with the assistance of SecA and SecDF. In the periplasmic space,
a signal peptidase cleaves the SR and the protein is free to be folded and pass through the cell wall into the

extracellular space.

Secretion efficiency is strongly influenced by the SP sequence [125]. Beyond elucidating
the core components of the Sec pathway machinery, researchers have focused on
identifying SPs capable of driving high levels of protein secretion. These SPs are
incorporated into the recombinant proteins of interest intended to be secreted. For
example, in the Gram-positive model bacterium B. subtilis, large libraries based on natural
and engineered SPs have been generated. Fu et al. tested up to 173 SPs in a single study
and identified 15 SPs that led to promising levels of protein secretion [126]. From LAB,
the best secreter species is Lactococcus lactis, which is considered to be an efficient cell
factory for protein secretion [127]. In L. lactis, there is a gold-standard signal for protein
secretion, the Usp45sp [128, 129]. Ng et al. generated a mutant library of the Usp45sp,

resulting in enhanced secretion levels [130].
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Related work has been carried out in L. plantarum. In 2008, Mathiesen et al. tested seven
endogenous SPin L. plantarum WCFS1. They assessed the secretion of two proteins. The
first one was an a-amylase, an enzyme with industrial relevance for starch hydrolysis. The
second one was a nuclease A (NucA) from Staphylococcus aureus, which has been
commonly used as a secretion reporter in LAB [131]. From these SPs, Lp_0373 and
Lp_0600 showed promising results for directing protein secretion in L. plantarum WCFS1
[132]. One year later, the same authors developed a library composed of 76 endogenous
SPs mined from the genome of L. plantarum WCFS1, as well. These SPs were
computationally predicted to be cleaved by the signal peptidase | and follow the Sec
secretion pathway. From this library, Lp_3050 was the most efficient SP [133]. This SP is
regarded as the current gold-standard SP for protein secretion in L. plantarum, and is

commonly used in L. plantarum-based secretion studies as a reference [134].

The overall protein secretion levels reported for L. plantarum and lactobacilli are low
compared to the best-secreting Gram-positive bacteria, such as B. subtilis or C.
glutamicum. Even if L. plantarum’s endogenous secretory machinery does not naturally
secrete as much protein as the best secreters, there are still opportunities for

improvement.

So far, the most relevant genetic parts for the genetic programmability of bacteria,
including L. plantarum, have been listed and discussed. All these parts are newly
presented in more detail in the following chapters with the intention of exploring,
discovering, and optimizing novel parts to expand the genetic programmability of L.

plantarum.

5. Bacterial encapsulation within materials

The intersection of synthetic biology involving living cells and materials sciences is
commonly referred to as engineered living materials (ELMs). In ELMs, a living component
(e.g., bacteria, fungi, mammalian cells) is embedded within a material component,

thereby mechanically restraining growth and, therefore, their escape, while maintaining
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their genetically programmed functionality [135, 136]. This field has gained considerable
attention in the past decade, targeting a wide range of applications, including
biotherapeutics and other biomedical applications such as biosensors, environmental
remediation, eco-friendly architecture, or sustainable energy generation [137-139]. An
example based on a living biosensor is illustrated in Figure 11. In this setup, living
bacterial cells are physically constrained within material matrices and can sense an

extracellular molecule and produce a red fluorescent intracellular reporter in response.

Figure 11. Living biosensor. Encapsulated bacteria sense the molecule and respond accordingly by

expressing a fluorescent reporter gene, serving as a biosensor for that molecule.

Bacterial encapsulation within hydrogels is a widely employed ELM format, as their high
water content enables great tunability [140]. These materials can be fabricated with
various functionalities to generate chemical gradients while offering a mechanical
confinement for the encapsulated living cells. That has broadened the applicability of
hydrogels in fields ranging from biosensors to delivery of therapeutics [141, 142]. The
works by Liu et al. are representative examples of hydrogel-based ELMs. These authors
created 3D-printed living tattoos and wearable devices such as gloves for chemical
detection on human skin [143, 144].

Hydrogels can be synthesized by crosslinking various polymer precursors, including
poly(N-isopropyl acrylamide), poly(N, N-dimethyl acrylamide), alginate, hyaluronic acid,

gelatin, agarose, among others [145]. Among these, alginate is low-cost, easy to handle,
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and biocompatible [146, 147]. One example of an alginate-based ELM is reported by Li et
al. These authors engineered bacteria to sense an autoinducer molecule secreted by the
opportunistic pathogen P, aeruginosa and encapsulated them in alginate microgels. The
presence of the autoinducer in the environment could activate the encapsulated bacteria,

showcasing the promise of this ELM format for bacterial detection [148].

Most hydrogel-based ELM studies to date rely on the encapsulation of E. coli, the most
frequently employed bacterial chassis for living materials. This prevalence is due to the

wide array of capabilities these bacteria can be genetically programmed to perform.

From LAB, L. lactis-based ELMs are the most reported in the literature. For instance, in
2020, Yang et al. engineered L. lactis to secrete interferon-y in response to light exposure
and encapsulated these bacteria within alginate beads. This ELM slowed down tumor
progression in mice [149]. Two years later, Pan et al. developed light-responsive L. [actis-
containing alginate microspheres that secreted granulocyte-colony-stimulating factors
produced by the bacteria. This system relieved Parkinson’s disease symptoms in mice
[150]. Both studies showcase the potential of combining genetically enhanced probiotic

bacteria with a biomaterial-based containment to create smart, responsive materials.

Wild-type lactobacilli, including L. plantarum, have also been encapsulated within various
materials in recent decades. However, given that the activity of these bacteria is required
in the gastrointestinal tract, the primary objective of such encapsulation has been to
preserve the cell viability during the harsh conditions encountered before reaching the
gastrointestinal tract. For example, alginate and other polymers have shown potential to
promote bacterial survival when exposing living materials to acidic conditions and bile
salts [151, 152].

More advanced functionalities within ELMs can be realized by expanding the L. plantarum
genetic toolbox, along with a reliable biocompatible containment to create ELMs with
non-model probiotic bacteria. However, to achieve this, it is first necessary to discover
high-performance genetic parts, followed by implementing an encapsulation strategy

that preserves both functional integrity and performance of the genetic parts.
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Aims and Outline of the Thesis

The following four aims have been pursued in this thesis to i) achieve simpler, more
reliable genetic transformation and ii) enhance the genetic programmability of L.

plantarum for therapeutic and biotechnology applications.

1. ldentify the barriers limiting genetic transformation in L. plantarum and develop

strategies to overcome them.

2. Identify promising sources of high-performance genetic parts for strong protein
expression and secretion, and evaluate their performance by applying a design-

build-test framework.

3. Demonstrate the applicability of novel genetic parts by using them to efficiently
produce and secrete therapeutically relevant proteins, and to mediate antibiotic-

free plasmid retention.

4. Assess the performance of these genetic parts when L. plantarum bacteria are

encapsulated within alginate hydrogel beads as an ELM.

The aims have been addressed in the following six chapters of this thesis.

Chapter 1 is about making the genetic transformation of L. plantarum more
straightforward, less time-consuming, and suitable for toxic genes to intermediate hosts.
Toward that end, the barriers limiting the drawbacks of the conventional method for
transforming these bacteria were identified, and strategies to overcome them were
proposed. The result was a novel, flexible, direct cloning method, supposing a time-saver
and intermediate-free alternative to the conventional cloning method for L. plantarum
WCFST.

Chapter 2 is based on identifying promoter/repressor systems as components of a

protein production module. Here, the source of genetic parts is first discussed, and the
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rationale behind the selection is justified. Next, genetic parts, namely transcriptional
repressors, from lactobacilli-infecting bacteriophages were investigated to shut down the
gene expression in L. plantarum. A design-build-test approach is employed to generate
genetic variants and improve their performance, resulting in the discovery of an

outstanding promoter/repressor system.

Chapter 3 embarks on protein secretion by using the newly discovered promoter for
driving the expression of genetic secretion modules. This chapter investigates whether
the novel promoter can be used as a key component of a secretion module to achieve
higher levels of protein secretion. The other components of the secretion modules (SPs)
are mined from the endogenous gene machinery of L. plantarum. The performance of
secretion modules is assessed from both bacterial cultures and, for the first time, in L.
plantarum-based ELMs. Engineered L. plantarum bacteria are effectively and functionally
encapsulated within alginate beads, giving rise to the PEARL format: “Protein Eluting
Alginate with Recombinant Lactobacilli”, and secretion of therapeutically relevant

proteins is accomplished.

Chapter 4 focuses on engineering the novel strong constitutive promoter into an inducible
one, thus generating an inducible module adapted for L. plantarum. This chapter further
investigates the question related to the performance of the genetic parts in material-
encapsulated bacteria. Switchable protein production and secretion are studied for the
first time in L. plantarum-containing ELMs, and an enhancement effect driven by the

material encapsulation is described.

Chapter 5 is about the development of a plasmid retention module that does not require
antibiotics. In this chapter, a strong promoter discovered by us is used to evaluate the
performance of other genetic tools mediating plasmid retention. Here, multiple TA
systems never tested in L. plantarum were cloned, and their effect on mediating antibiotic-

free plasmid retention was evaluated.

Chapter 6 further examines the applicability of the novel genetic parts for the production
and secretion of valuable proteins. In this final chapter, relevant recombinant L. plantarum

strains are generated. First, the strong constitutive promoter is engineered to drive
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expression of not one but three reporters simultaneously by employing a polycistronic
approach. One of the reporters is a luciferase capable of generating high levels of
bioluminescent light, the performance of which is being evaluated through in vivo studies
in mice. Second, a strain that continuously secretes a nerve growth factor into the

environment is described.
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Plasmid map showing the genetic modules built and explored in the upcoming chapters of this thesis. The
genetic parts relevant for each module are shown in the legend. All these parts play central roles in the
chapters that follow. In brief, the production module (explored in Chapters 2 and 5) features a strong
constitutive promoter able to very strongly drive the expression of a fluorescent protein. The secretion module
(Chapter 3) builds on this and showcases the secretion of proteins by efficient SPs. Downstream is the
inducible module (Chapter 4), which adds a switchable repressor to achieve inducible gene expression. Finally,
the retention module (explored in Chapter 5) incorporates a TA system to mediate retention of the whole

plasmid in an antibiotic-free manner.
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Chapter 1.

Ease the genetic transformation of L.
plantarum

This chapter identifies the limitations of the genetic transformation of L. plantarum and
explores a strategy to overcome them. The major barrier to successful genetic
transformation of L. plantarum is the large amount of DNA required. For plasmid DNA,
this is around 500-1000 ng as opposed to <100 ng in the case of E. coli. Common methods
of assembling DNA into a plasmid, including Gibson Assembly, Golden Gate Assembly, or
Restriction Digestion and Ligation, typically yield <50 ng of correctly assembled plasmid.
To obtain sufficient amounts of such plasmid DNA for successful transformation of L.
plantarum, the standard method relies on employing intermediate hosts such as E. coli
that can replicate the plasmid while dividing [36]. However, involving an intermediate host
has certain disadvantages. First, additional genetic parts needed for plasmid replication
and maintenance in the intermediate host must be integrated into the plasmid. That
makes the plasmid size bigger, more tedious to engineer, and more challenging to
transform into the final host. Also, these additional parts are present but have no
functionality in the final host, which increases the risk of horizontal gene transfer. Second,
the genetic parts meant to function in L. plantarum are generally adapted for it. For
example, the DNA sequences are codon-optimized based on the codon usage of
lactobacilli, which varies from that of E. coli. In addition, due to the phylogenetic distance
between E. coli and L. plantarum, other genetic traits such as guanine-cytosine content
and distinct methylation patterns can also represent genetic incompatibilities [153].
Finally, certain DNA sequences, including SPs for protein secretion or constitutive
promoters for intracellular recombinant protein production, can function distinctively

(e.g., stronger expression in E. coli) in each species, which might lead to unwanted
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mutations in the L. plantarum-adapted genetic parts. Therefore, using E. coli as an
intermediate host for plasmid DNA amplification can result in unusable plasmid DNA and
limit the genetic sequences that can be transformed into L. plantarum. These hurdles

have been reported by others and faced by me at the start of this doctoral thesis work.

One simple alternative to avoid all these incompatibilities is to use a phylogenetically
closer, easy-to-transform intermediate host. The widely used probiotic bacteria L. lactis
are sometimes selected for this approach. However, this alternative is more time-
consuming, as it additionally requires the preparation of L. lactis competent cells and
electroporation of such [154]. As another option, in 2012, Spath et al. reported a cloning
approach for direct transformation in L. plantarum CD033. This direct cloning relied on
restriction enzymes, where high concentrations of PCR-amplified DNA fragments were
digested with restriction enzymes before being ligated to obtain sufficient circular DNA
[153]. Despite working well, this method requires the presence of multiple restriction sites
across DNA fragments, limiting the versatility of the DNA assembly process and
potentially requiring placement in key sequences of the gene (e.g., promoter region),
which can interfere with the gene’s overall expression performance. Hence, no current
method allows both DNA assembly versatility and direct transformation of the

lactobacilli-adapted genetic parts into L. plantarum WCFS1.

To ease the genetic programmability of L. plantarum WCFS1, a novel direct cloning
method was developed. This method allows both assembly versatility and direct
transformation. For versatility, the method first relies on Gibson assembly to join the DNA
fragments into circular DNA. Next, a PCR-based in vitro DNA amplification of the
assembled product is performed, followed by subsequent phosphorylation and ligation
reactions leading to sufficient plasmid DNA amounts for successful L. plantarum
transformation. The transformation efficiency of this direct cloning drops by roughly 61%
compared to E. coli-derived plasmid DNA transformation, but transformants were
obtained even with 300 ng of the ligated plasmid. This method saves 2 days compared
to the conventional method involving an intermediate host, as it allows the transformation

of high concentrations of the final plasmid DNA after 2 (vs. 4) days. This method proved
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effective at delivering a mutation-free plasmid DNA into L. plantarum that could not be
cloned when E. coli was used as an intermediate host. The plasmid encoded a human
elastase inhibitor, elafin, which was toxic for E. coli, resulting in DNA mutations in crucial
parts of the gene because of selective pressure. That served as a key example of when

the direct cloning approach provided a major advantage.

Overall, the direct cloning method may be an attractive alternative for the transformation
of not only L. plantarum but also any other challenging-to-transform bacteria, as it allows
scale-up of the assembled circular final product by increasing the volumes of PCR,
phosphorylation, and ligation reactions. The only limiting factor is the host's acceptance
of unmethylated circular DNA, which is not an issue in the case of L. plantarum. This direct
cloning has been used for the transformation of multiple genetic parts described in the

following chapters.

Graphical Abstract

Direct Cloning in L. plantarum

Gibson Assembly whole-
lasmid PCR
+ - 5%,
- vector > ‘ ) —> —>
insert circularization &

Gibson assembly is used to join together the insert and vector DNA fragments with compatible
ends. Following that, a PCR is performed to amplify the whole assembled plasmid in vitro.
Circularization of the amplified linear DNA is performed following phosphorylation and ligation
reactions, which ultimately leads to sufficient circular DNA amounts for successful transformation
of L. plantarum WCFST.
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Abstract

Lactobacilli are gram-positive bacteria that are growing in importance for the healthcare
industry and genetically engineering them as living therapeutics is highly sought after. How-
ever, progress in this field is hindered since most strains are difficult to genetically manipu-
late, partly due to their complex and thick cell walls limiting our capability to transform them
with exogenous DNA. To overcome this, large amounts of DNA (>1 pg) are normally
required to successfully transform these bacteria. An intermediate host, like E. coli, is often
used to amplify recombinant DNA to such amounts although this approach poses unwanted
drawbacks such as an increase in plasmid size, different methylation patterns and the limita-
tion of introducing only genes compatible with the intermediate host. In this work, we have
developed a direct cloning method based on in-vitro assembly and PCR amplification to
yield recombinant DNA in significant quantities for successful transformation in L. plantarum
WCFS1. The advantage of this method is demonstrated in terms of shorter experimental
duration and the possibility to introduce a gene incompatible with E. coliinto L. plantarum
WCFS1.

Introduction

Lactobacilli are a group of Gram-positive bacteria of great importance to the food and health-
care industries with numerous strains identified as being beneficial for humans, and used as
probiotics [1-3]. Furthermore, since they naturally colonize almost every site of the human
body that hosts a healthy microbiome, e.g. the gastrointestinal tract [4,5], urogenital tracts [6],
oral cavity [7] and nasal cavity [8], lactobacilli are an excellent foundational candidate for the
development of live biotherapeutic products (LBPs) [9]. Beyond their natural health benefits,
there is considerable interest in engineering them with heterologous genes for therapeutic
applications like drug delivery [10,11] and mucosal vaccinations [12,13]. However, one of the
crucial factors slowing down progress in lactobacilli engineering is difficulties in transforming
them with exogenous DNA [14]. This is largely due to their thick and complex cell wall struc-
tures, which prevent successful bacterial transformation if the concentration of plasmid DNA
is less than >1 pg [15]. To obtain such high plasmid DNA quantities, shuttle vectors are often
used that can be amplified in intermediate hosts, predominantly E. coli [16]. To facilitate the
construction of recombinant plasmids, several shuttle vectors have been identified, which can
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undergo stable replication in both the cloning host, E. coli and the relevant Lactobacilli strains
[17-19]. Nevertheless, since E. coli is a Gram-negative bacterium that is phylogenetically dis-
tant from Lactobacillus genera, this strategy can lead to genetic sequence incompatibilities due
to GC-content differences [20], DNA methylation [21], repetitive sequence insertions [22]
and toxic protein buildup in the E. coli cloning host [23]. Alternatively, the Gram-positive
lactic acid bacterium, Lactococcus lactis, can also be used as an intermediate host for recom-
binant plasmid construction [24]. However, the availability of functional replication origins
in L. lactis is limited [25] and inclusion of additional broad-range replicons significantly
increases the size of the plasmid. The excessive increase in the size of the plasmid might lead
to segregational instability [26] and thereby limit the size of the heterologous genes that can
be included in it. Hence, it is desirable to be able to directly transform circular plasmid
dsDNA into the lactobacilli strains without relying on intermediate bacterial hosts like E.
coliand L. lactis. To avoid the need for an intermediate host, Spath et al. developed a direct
cloning approach based on the assembly of PCR-amplified DNA fragments by restriction
digestion and ligation to obtain optimal quantities of circular dsDNA for transformation in
Lactiplantibacillus plantarum CD033 [27]. They further show that the unmethylated plas-
mid DNA allowed for transformation in a strain (L. plantarum DSM20174) that could not
be transformed using methylated DNA, possibly due to native restriction-modification sys-
tems. However, the method still requires the presence of restriction sites within the DNA
sequences, which can limit the versatility of combining heterologous genes in the plasmid
and needs to be accounted for when dealing with strains that may harbor unknown restric-
tion-modification systems.

In this work, we report a direct cloning method that leverages the Gibson assembly strategy
and takes advantage of recent advances in cost-effective oligonucleotide synthesis. By doing so,
we avoid the need for restriction sites and improve the feasibility of combining diverse DNA
sequences to construct versatile recombinant plasmids. We demonstrate this direct cloning
method in Lactiplantibacillus plantarum WCFS1, one of the commonly engineered probiotic
Lactobacillus strains for which improved engineering methods are highly sought [28,29]. Fur-
thermore, this direct cloning method is considerably quicker in comparison to indirect cloning
methods requiring an intermediate host. We have characterized the efficiency and accuracy of
this approach and have demonstrated the successful cloning of a gene expressing the medically
relevant protein, Elafin which showed a high failure rate when being cloned through the inter-
mediate host, E. coli. Thus, this direct cloning method will be instrumental in enabling the
cloning of Lactobacilli with a wider variety of heterologous genes and with greater versatility
than previously possible.

Materials and methods
Bacterial strains and growth conditions

L. plantarum WCEFS1 was used as the parent strain in this study. The strain was grown in the
De Man, Rogosa and Sharpe (MRS) media (Carl Roth GmbH, Germany, Art. No. X924.1).
Recombinant L. plantarum WCFSI strains were grown in MRS media supplemented with

10 pug/mL of erythromycin (Carl Roth GmbH, Art. No. 4166.2) at 37°C and 250 rpm shaking
for 16 h. For the indirect cloning experiments, NEB 5-alpha Competent E. coli cells were used
(New England Biolabs GmbH, Germany,Art. No. C2987). This strain was grown in Luria-Ber-
tani (LB) medium (Carl Roth GmbH, Art. No. X968.1). Recombinant E. coli DH50. strains
were grown in LB media supplemented with 200 ug/mL of erythromycin at 37°C, 250 rpm
shaking conditions for 16 h.
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Molecular biology

Q5 High Fidelity 2X Master Mix (New England Biolabs GmbH [NEB], Germany, No.
M0492S) was used to perform DNA amplification. Amplified DNA products were purified
using the Wizard® SV Gel and PCR Clean-Up System (Promega GmbH, Germany, Art. No.
A9282). Foragarose gels, 1 kb Plus DNA Ladder(Catalog Number 10787018) and Generuler
100 bp Plus DNA Ladder (Catalog Number (SM0321) was procured from ThermoFisher
Scientific™, Germany and used for reference. Primers were synthesized by Integrated DNA
Technologies (IDT) (Louvain, Belgium) and the elafin gene fragment was ordered as eBlock
from IDT (Coralville, USA). All primers used in this work are shown in S1 Table in S2 File.
The mCherry gene fragment was amplified by PCR from a plasmid previously generated in
our lab. The genetic sequences of mCherry and elafin genes are shown in S2 Table in S2 File.
The plasmid pLp3050sNuc (Addgene plasmid # 122030) [30] was used as the vector backbone
in this study. The schematic for the recombinant plasmids, pLp_mCherry and pLp_elafin con-
structed in this study have been highlighted in S1 Fig in S2 File. The Codon Optimization tool
from IDT (Choice Host Organism-L. acidophilus) was used to optimize the codon bias for
mCherry coding segment. The Java Codon Adaptation Tool (JCat) [31] was used to codon-
optimize the gene encoding for the human peptidase inhibitor 3, elafin (GenBank ID:
AAX36874.1) using the codon optimization database for L. plantarum WCEFS1. DNA assembly
was performed using the HiFi Assembly Master Mix (NEB GmbH, Germany, Art. No.
E55208). For plasmid circularization, the Quick Blunting Kit (NEB GmbH, Germany, Art. No.
E1201S) and the T4 DNA Ligase enzyme (NEB GmbH, Germany, Art. No. M0318S) were
used.

L. plantarum WCFS1 electrocompetent cell preparation

Wild-type L. plantarum WCEFS1 was cultured overnight in 5 mL of MRS media and at 37°C
with shaking (250 rpm). After 16h, 1 mL of the culture (ODgg = 2) was added to 20 mL of
MRS media and 5 mL of 1% (w/v) glycine. This secondary culture was incubated at 37°C and
250 rpm until the ODg, reached 0.8. The cells were then harvested by centrifugation at 4000
rpm (3363 X g) for 12 min at 4°C. After discarding the supernatant, the pellet was washed
twice with 5 mL of ice-cold 10 mM MgCl,. The pellet was then washed twice with ice-cold
Suc/Gly solution (1 M sucrose and 10% (v/v) glycerol mixed in a 1:1 (v/v) ratio), first with 5
mL and second with 1 mL. Next, the supernatant was discarded, and the bacterial pellet was
resuspended in 450 uL of ice-cold Suc/Gly solution. Finally, 60 uL aliquots were prepared and
immediately used for DNA electroporation or stored at -80°C for future use.

Electroporation based transformation in L. plantarum WCEFS1

For electroporation transformation, plasmids were first mixed with 60 pl of electrocompetent
cells at quantities (300-1200 ng) specified in the Results section. After a short incubation on
ice, the mixture was transferred to ice-cold electroporation cuvettes with a 2 mm gap (Bio-Rad
Laboratories GmbH, Germany, #1652086). Electroporation was performed using the Micro-
Pulser Electroporator (Bio-Rad Laboratories GmbH, Germany), with a single pulse (5 ms) at
1.8 kV. Immediately after the pulse, 1 mL of MRS media was added to the bacterial mixture
and then transferred to a 1.5 mL Eppendorf tube for further incubation at 37°C, 250 rpm for 3
h. Following this incubation, cells were pelleted down at 4000 rpm (3363 X g) for 5 min.

800 pL of the supernatant was discarded, and the remaining 200 uL was used for cell resuspen-
sion by slow pipetting. Finally, the resuspended pellet was plated on MRS Agar plates supple-
mented with 10 pg/mL of Erythromycin, and plates were incubated at 37°C for 48 h for
colonies to grow.
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Direct cloning method in L. plantarum WCFS1

This study created and optimized a novel direct cloning method based on amplifying and cir-
cularizing in vitro-assembled gene fragments to be directly transformed in L. plantarum
WCEFSI (Fig 1). For the Gibson HiFi Assembly reaction, complementary overhangs were
included by PCR using a set of primers that contained the corresponding overhangs at the 5’
ends. In the Gibson HiFi assembly reaction mixture, 50 ng of the PCR-amplified linear vector
with overlapping DNA fragments and 10 ng of the corresponding eBlock were mixed along
with 10 ul of the HiFi DNA Assembly Master Mix (Mili-Q water was added up to 20 pl). The
reaction was incubated at 50°C for 30 minutes. After that, 5 pL of the assembled product was
used as template for an additional round of PCR, using a set of primers that annealed specifi-
cally to the insert region. The final volume of this PCR was 120 pl, and the amplification cycle
threshold was set at 22. 5 pl of this reaction was run on an agarose gel to confirm amplification
(S2 Fig in S2 File). After purifying the linear PCR product, 3500 ng of DNA were phosphory-
lated using the Quick Blunting Kit. This reaction was performed as suggested in the standard
reaction protocol. 2.5 pl of the 10X Quick Blunting buffer and 1 pl of the Enzyme Mix were
mixed with the purified DNA (3500 ng). Milli-Q water was added up to 25 pl. The reaction
was incubated for 30 minutes at 25°C to allow the blunting reaction and then kept at 70°C for
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Fig 1. Scheme of the PCR-based plasmid amplification in the direct cloning method. The scheme was generated using BioRender.
https://doi.org/10.1371/journal.pone.0281625.g001
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10 minutes to inactivate the enzyme. In the next steps, phosphorylated DNA was ligated using
the T4 ligase enzyme. This reaction was slightly modified from the standard protocol because a
higher amount of DNA was added to the reaction. Per ligation, 500 ng of phosphorylated
DNA (3.6 pl of the Quick Blunting reaction) were mixed with 1.5 pl of T4 Ligase enzyme and
2.5 pl of 10X T4 Ligase Buffer. Milli-Q water was added up to 25 pl. The number of ligation
reactions depended on the amount of DNA intended to be circularized. The ligation reactions
were incubated for 2.5 hours at 25°C and then 10 minutes at 70°C to inactivate the enzyme.
Following the incubation, the ligation mixtures were combined, and the ligated dsDNA was
purified using the Promega kit. In this purification, DNA was eluted 3 times with 9 pl of Milli-
Q water each time to obtain the highest DNA concentration. The DNA concentration of the
ligated mixture was measured (absorbance at 260 nm) using a NanoDrop Microvolume
UV-Vis Spectrophotometer (ThermoFisher Scientific GmbH, Germany). The purified ligated
products were then transformed into L. plantarum WCEFS1 electrocompetent cells.

The protocol described in this peer-reviewed article is published on protocols.io, https://dx.
doi.org/10.17504/protocols.io.ewovlo82olr2/v1 and is included for printing as S1 File with
this article.

Sequence verification was performed by PCR amplification of the target gene conducted
directly from the bacterial pellet. To do so, the selected bacteria were inoculated in MRS media
supplemented with 10 ug/mL of erythromycin and incubated overnight at 37°C and 250 rpm.
The following day, 1 mL of the bacterial culture was collected in a 1.5 mL Eppendorf tube and
centrifuged at 4°C for 3 min at 8400 X g. The supernatant was discarded, the residual pellet
fraction was scratched off with a sterile pipette tip and used as a template for the PCR (100 ul
as final reaction volume, 28 cycles). Alternatively, a colony grown on the MRS plate can also
be used to for PCR amplification of the target gene segment. The PCR settings involved an
additional initial denaturation step for 10 minutes at 98°C to ensure maximum bacterial lysis.
After the PCR, 5 pl of the PCR products were assessed by agarose gel electrophoresis to con-
firm amplification at the expected size. Next, the PCR product was purified, and the DNA con-
centration was measured using the Nanodrop. Finally, 2000 ng of the purified PCR product
was sent for sequencing to Eurofins Genomics GmbH (Ebersberg, Germany). An additional
DNA purification step before Sanger sequencing was employed for obtaining efficient results
(Additional Service: PCR Purification).

Indirect cloning via the intermediate host strain E. coli

For the indirect cloning, an additional Gibson HiFi reaction was performed (identical to the
Gibson HiFi reaction set for the direct protocol). However, an additional step was done before
setting this reaction, which involved the restriction enzyme digestion with DpnI (NEB GmbH,
Germany, Art. No. R0176S). In this reaction, 500 ng of the purified PCR product were mixed
with 1 pl of Dpnl enzyme and 1 pul of rCutSmart buffer (Milli-Q water was added up to 10 pl).
Incubation was performed for 30 minutes at 37°C followed by 10 minutes at 70°C. The
digested product was used for the Gibson HiFi Assembly reaction. Once the reaction was
done, it was transformed into NEB 5-alpha Competent cells (50 pl). In this transformation,
NEB 5-alpha Competent cells were first thawed on ice for 10 minutes. After that, 8 ul of the
reaction were properly mixed with the competent cells by pipetting and incubated on ice for
20 minutes Following the incubation, a 60-second heat shock was performed by placing the
cells at a 42°C water bath. Next, cells were again incubated on ice for 5 minutes. After that,
950 pl of SOC media was added to the cell mixture and kept for incubation for 1 hour at 37°C.
Finally, 150 pl of the culture was plated on an LB agar plate supplemented with 200 pg/mL of
erythromycin and incubated at 37°C overnight.
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For the pLp_mCherry cloning, the screening of positive clones was done using the Gel Doc-
umentation System Fluorchem Q (Alpha Innotech Biozym Gmbh, Germany). Bacterial colo-
nies expressing mCherry were imaged in the Cy3 channel (ExA/EmA = 554 nm/568 nm) and
the corresponding brightfield image was taken using the ethidium bromide channel (ExA/EmA
=300 nm/600 nm). One red colony was inoculated in LB media supplemented with 200 pg/
mL of erythromycin and incubated at 37°C overnight. The following day, plasmid extraction
was performed using the Plasmid extraction miniprep kit (Qiagen GmbH Germany, Art. No.
27104). The plasmid DNA concentration was measured using the 260 nm absorbance setting
on the NanoDrop Microvolume UV-Vis Spectrophotometer. The recombinant plasmid was
then transformed into L. plantarum WCFS] electrocompetent cells.

For the pLp_elafin cloning, 20 colonies were streaked on a fresh LB agar plate supple-
mented with 200 pg/mL of erythromycin and incubated at 37°C overnight. The following day,
positive clones were screened by PCR using a forward primer that annealed to the vector and a
reverse primer that annealed to the elafin gene (100 pl as final reaction volume, 28 cycles). In
the PCR, 10 minutes at 98°C were set for the initial denaturation of the samples. Three positive
clones confirmed by colony PCR were inoculated in LB media supplemented with 200 pg/mL
of erythromycin and incubated at 37°C overnight. The following day, the respective plasmids
were extracted and sent for sequencing to Eurofins Genomics GmbH (Ebersberg, Germany).

Results and discussion

The Gibson assembly approach to combining DNA fragments requires the fragments to con-
tain terminal overhangs that complementarily overlap by ~20 bases. The method was origi-
nally developed to stitch together the first artificial genome due to the high level of flexibility it
provided compared to restriction digestion-based methods [32]. It is a single reaction assembly
method that can be performed without thermal cycling and within an hour. In this work, we
employ Gibson reaction to conduct in-vitro assembly of circular dsDNA constructs for direct
cloning in L. plantarum WCEFS1. As shown in Fig 1, our method involves PCR amplification of
a vector and an insert with overlapping arms, followed by their Gibson reaction-based assem-
bly that yields a low quantity (50-80 ng) of the assembled dsDNA. To obtain optimal concen-
tration of dsDNA for transformation in Lactobacilli, a second amplification and
recircularization step was performed, yielding >1 pg of the desired construct. This method
was characterized and optimized in terms of transformation efficiency, accuracy, and capabil-
ity for cloning challenging genes in Lactiplantibacillus plantarum WCFS1. Different plasmid
constructs were assembled and compared with indirect cloning using E. coli as an intermediate
host.

Transformation efficiency and accuracy of the direct cloning method

Transformation efficiency (TE) indicates the extent to which cells can take up DNA from the
extracellular space and express the genes encoded by it [33]. While it is possible to transform
L. plantarum WCES1 with extracellular DNA, TE is typically poor [27]. To demonstrate this, a
simple plasmid construct, pLp_mCherry, with gene sequences ideal for indirect cloning
through E. coli was used. This plasmid consisted of a p256 replicon, an erythromycin resistance
cassette and the mCherry gene driven by a strong constitutive promoter P4, [34] all of which
are compatible in both E. coli and L. plantarum WCEFS1. The plasmid was constructed through
Gibson reaction-based assembly of the pLp-3050sNuc plasmid backbone and Py, ,-mCherry
insert and transformed in E. coli. One correctly sequenced plasmid, extracted from an E. coli
DHb50 clone, was transformed in L. plantarum WCFS1 at different concentrations (300, 600,
900 and 1200 ng), yielding low TE values that increased with higher DNA concentrations (20—
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Fig 2. (A) Transformation Efficiency comparison against the total concentration of DNA transformed for the indirect and direct cloning protocol in L.
plantarum WCES1 (The standard deviations correspond to three independent biological replicates) (B) Percentage accuracy of correct recombinant clones
against the total concentration of DNA transformed in L. plantarum WCESI1 using the direct cloning protocol (The whiskers correspond to values from three
independent biological replicates). (C) Agarose gel showing the colony PCR product (1140 bp) corresponding to the mCherry gene of interest (GOI). A red L.
plantarum colony obtained after direct cloning was used as the template DNA for the PCR reaction. Generuler 100 bp Plus DNA Ladder (ThermoFisher
Scientific'™) was used for the reference.

https://doi.org/10.1371/journal.pone.0281625.9002

500 cfu/pg) (Fig 2A). In the direct cloning method, the Gibson reaction based assembled
dsDNA was PCR amplified using complementary primers within the insert region and the
resulting linear fragments were circularized by phosphorylation and ligation to yield high
amounts of plasmid DNA suitable for transformation in L. plantarum WCEFS1 (> 3pg). Fol-
lowing the transformation of the circularized plasmid mix in L. plantarum WCFSI at different
DNA concentrations as mentioned above, TE values were found to be lower than that of the
indirect method. However, despite being lower the overall TE values were within the same
order of magnitude and increased drastically when the net DNA concentration used for trans-
formation was above 1 ug (Fig 2A). The lower TE values could be due to incomplete circulari-
zation of the PCR-amplified plasmid fragments, due to which the final quantity of the
circularized constructs might have been lower than the total DNA that was quantified [35].
The accuracy of clones generated from the direct cloning method, determined by their ability
to express mCherry, was estimated after checking the fluorescence of 418 colonies that grew
across all the DNA quantities tested. Colonies were streaked on fresh plates and the following
day they were examined for the presence of fluorescent protein. Overall, 347 out of 418 colo-
nies were red, giving an accuracy of 83% (Fig 2B). The accuracy in the indirect cloning method
with the correctly sequenced recombinant plasmid isolated from E. coli DH5¢ was found to be
above 99%, as expected.

Furthermore, we wanted to prove that a Dpnl digestion prior to the Gibson HiFi Assembly
reaction would not have an impact on the number of positive clones obtained through the
direct cloning method since we assumed that the backbone vectors used as template for the
PCR would be extremely diluted during the multiple purification steps involved in the proto-
col. Therefore, we repeated the pLp_mCherry direct cloning with and without a Dpnl diges-
tion of the insert and vector PCR products prior to the Gibson HiFi Assembly reaction. We
screened 10 red colonies for both experimental conditions by PCR amplification of a partial
gene segment within the mCherry reporter. The proportion of red colonies obtained was
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similar in both conditions and colony PCR amplification of a part of the mCherry gene (10 red
colonies from each) yielded PCR products of the same expected size from all clones. This con-
firmed that a DpnlI digestion prior to the HiFi Assembly reaction is not necessary (S3 Fig in

S2 File).

Notably, since L. plantarum WCFS1 contains 3 endogenous plasmids [36], sequencing-
based verification of desired regions in the recombinant plasmid was done by PCR amplifica-
tion of the entire mCherry gene of 1140 base pairs (bp) (Fig 2C). The gene segments were
directly amplified from bacterial cell pellets, and the amplicon sequencing was outsourced to
an external service provider, Eurofins Genomics GmbH, where their additional DNA purifica-
tion option was employed. An initial purification of the PCR amplified product by us seemed
to improve the quality of the sequencing chromatograms but was not absolutely necessary to
get the correct results (S5A and S5B Fig in S2 File). As expected, all clones expressing mCherry
yielded the correct sequences without any mutations or deletions. The whole mCherry gene
was also amplified from 10 non-red colonies using the same set of primers and PCR conditions
as in Fig 2C. We obtained amplification for 7 out of 10, nevertheless, the PCR product was
either bigger or smaller than expected (S4 Fig in S2 File). These results suggest that mutations
might have occurred during the PCR amplification steps or a minor proportion of wrongly
assembled products were formed during Gibson assembly which can result in recombinant
clones with the mutated gene of interest (GOI).

Time requirement for the direct and indirect cloning methods

The direct cloning method is considerably quicker and less labor-intensive than the indirect
cloning method. All steps in the direct cloning method can be completed in 4 days after which
PCR-amplified sequences can be sent for sequencing. In contrast, the indirect cloning method
requires 5 to 6 days, depending on the time allocated for growth of bacteria on the master plate
(Fig 3). Note that a master plate is needed to be made from transformed E. coli colonies in our
case due to the use of erythromycin as the antibiotic resistance marker. E. coli has natural resis-
tance to this antibiotic at low dosages which can be surpassed by supplementing the growth
media with higher concentration of erythromycin. On one hand, this will prevent the growth
of non-transformed cells but on the other hand it will also lead the transformed colonies to
grow slowly making the colonies too small for reliable use in colony PCR analysis. In the case
of L. plantarum WCFS1, a master plate was not required since colonies grown for 48 hours
were large enough to handle both colony PCR analysis and inoculation in liquid cultures.

Direct cloning of a gene incompatible with E. coli

The main advantage of the direct cloning method is demonstrated in the ability to transform
genes in lactobacilli that are challenging using the indirect method. Genes encoding proteins
that are toxic to E. coli, for example, often result in mutations or complete deletions of the GOI
in the plasmid when transformed into E. coli [37]. We therefore tested the cloning of a plasmid
containing the human peptidase inhibitor 3 gene, known as elafin, encoded downstream of a
strong constitutive promoter (Pyj4). This protease has been reported to exert anti-microbial
activity with E. coli, so its constitutive expression is expected to be toxic [38,39]. Transforma-
tion of the assembled plasmid containing the constitutively expressed elafin in E. coli yielded
very few colonies. The screening of positive clones were done by PCR amplification using a
primer set, where one specifically annealed to the vector and the other one was complementary
to the insert region. Only 3 clones showed amplification, but the amplified product was shorter
than expected (524 bp) (Fig 4A). Sequencing of plasmids extracted from these clones revealed
several mutations and deletions. The whole P4 was deleted from all three plasmids, and two
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Fig 3. Schematic representation of the steps and temporal requirements for the direct and indirect cloning
methods used for L. plantarum WCEFS1. The scheme was generated using BioRender.

https://doi.org/10.1371/journal.pone.0281625.9003

clones had the elafin coding sequence truncated (Fig 4B, S6 Fig in S2 File). On the other hand,
the direct cloning method yielded over 124 colonies after transformation with 1000 ng of phos-
phorylated and ligated dsDNA. 10 colonies were screened by PCR, and all of them showed
amplification at the expected size of 524 bp (Fig 4A). Sequencing of the gene amplified from
randomly selected 3 clones revealed no mutations or deletions (Fig 4B).
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https://doi.org/10.1371/journal.pone.0281625.9004

Conclusions

The direct cloning method developed in this paper has proved effective in transforming circu-
lar dsDNA (plasmid) DNA into L. plantarum WCFS1 without any intermediate host require-
ment for plasmid amplification. We demonstrate that this method provides two major benefits
for lactobacillus engineering—(i) it saves time of at least 2 days compared to commonly used
indirect cloning methods involving intermediate hosts and (ii) enables the cloning of genetic
constructs that might be toxic or incompatible with the intermediate host. Since this method
relies on PCR-amplification based in vitro assembly of DNA fragments, it must be noted that
the accuracy can be affected by mutations that occur during PCR amplification and the possi-
ble formation of unspecific assembly fragments. To minimize the risk of mutations, a high-
fidelity polymerase (Q5 DNA polymerase) was used in this study [40]. To accelerate the identi-
fication of positive colonies, a visible reporter like mCherry can be included or colony PCR
can be performed. Using these methods, we confirmed that the accuracy of the transformed
clones was above 80%. While we have tested this direct cloning method only in L. plantarum
WCEFSI, we believe this strategy can also be expanded to other hard-to-transform lactobacilli,
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in which similar plasmids have been previously transformed using the indirect method [41].
When testing the direct cloning method on different strains, it is important to note that success
will depend on whether they accept unmethylated DNA. Furthermore, if transformation is
hindered by restriction-modification systems in these strains, DNA design strategies can be
employed to overcome this challenge [42]. Finally, while we have used modest-sized plasmid
(<4 kb) with a low copy number replicon (P256 replicon, copy number 3-5). Based on previ-
ous studies [43], it is expected that bigger plasmids with higher copy number replicons can be
transformed using the direct cloning method although further investigations are definitely
needed to test the effect of plasmid size on transformation efficiency and accuracy of the trans-
formed clones.

Supporting information

S1 File. Supporting information file containing the step-by-step protocol generated in this
study.
(PDF)

S2 File. Supporting information file containing all supporting information tables and fig-
ures.
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Chapter 2.

A strong promoter/repressor system
for L. plantarum genetic engineering

Strong promoter/repressor systems are essential for fine-tuning the gene expression of
any organism. Nonetheless, strong promoters and repressors remain unknown in L.
plantarum. That supposes a bottleneck for achieving high levels of recombinant protein

production or shutting down the gene expression of any GOI fully.

As a mining source of genetic parts, phages have proven to be an invaluable source of
useful genetic parts for the genetic programmability of other bacteria. Their genetic parts
are naturally adapted to their bacterial hosts as a result of an evolutionary arms race
between bacteria and phages [155]. The best example is the T7 RNA polymerase from
the lambda phage, which drives extremely high levels of gene expression from the T7
promoter in E. coli [156]. Other examples include transcriptional repressors that are part
of genetic switches that control the lysogenic and lytic cycles of phages [157].
Nonetheless, phage-derived parts remain largely unexplored in L. plantarum, offering an
attractive opportunity for discovering genetic parts of interest. This chapter explores the
question of whether bacteriophages specific to LAB are a promising source of genetic
parts for regulating gene expression in L. plantarum. Specifically, promoter/repressor
systems from multiple bacteriophages were investigated to expand the genetic toolbox

of L. plantarum.

In this work, six transcriptional repressors encoded in the genome of lactobacilli
prophages (bacteriophages integrated into the genome of bacteria) were tested in L.
plantarum WCFS1. To evaluate the performance of the repressors, a standardized genetic

architecture was designed for all, with the corresponding cognate operator sequences
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placed downstream of the strong promoter recently discovered by our group, Pupa. Hence,
strong repressor binding would result in decreased levels of Pypa-driven reporter gene
expression. Following rounds of screening and optimization, one repressor, Rep from the
mv4 prophage in L. delbrueckii, exhibited outstanding levels of Pupa repression,
postulating itself as a useful part for L. plantarum engineering. Given these results, the
endogenous promoter from the mv4 prophage naturally regulated by Rep, namely Prec,
was also tested in L. plantarum WCFS1. Not surprisingly, the rep repressor can fully
repress Prec's driven expression. However, a highly interesting finding was observed upon
the release of Prc from Rep-mediated repression: Pc exhibited extraordinarily high levels

of fluorescent protein production.

All in all, a strong promoter/repressor system has been discovered, which can greatly
enhance L. plantarum engineering, provided that P proves effective at expressing genes

other than fluorescent reporters.

Graphical Abstract
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Transcriptional repressors were mined from the genomes of lactobacilli prophages. The
performance of six repressors (at repressing a fluorescent reporter gene) was assessed by
designing, building, and testing genetic circuits. The rep repressor showed strong repression
levels. On the other hand, the natural cognate promoter of rep showed outstanding gene
expression levels when released from rep-mediated repression.
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Abstract

Background The Lactobacillaceae family comprises many species of great importance for the food and healthcare
industries, with numerous strains identified as beneficial for humans and used as probiotics. Hence, there is a growing
interest in engineering these probiotic bacteria as live biotherapeutics for animals and humans. However, the genetic
parts needed to regulate gene expression in these bacteria remain limited compared to model bacteria like £. coli or 8.
subtilis. To address this deficit, in this study, we selected and tested several bacteriophage-derived genetic parts with

the potential to regulate transcription in lactobacilli.

Results We screened genetic parts from 6 different lactobacilli-infecting phages and identified one promoter/
repressor system with unprecedented functionality in Lactiplantibacillus plantarum WCFS1. The phage-derived
promoter was found to achieve expression levels nearly 9-fold higher than the previously reported strongest
promoter in this strain and the repressor was able to almost completely repress this expression by reducing it nearly

500-fold.

Conclusions The new parts and insights gained from their engineering will enhance the genetic programmability of

lactobacilli for healthcare and industrial applications.

Keywords Lactobacilli, L. Plantarum, Probiotic bacteria, Bacteriophage, Promoter, Repressor.

Background

Lactobacilli are ubiquitous in and around humans, pro-
viding numerous health benefits. They are commensals
in multiple organs (gut, skin, urinary tract, vagina, lungs,
etc.), and are one of the largest families of probiotics [1].
Several probiotic strains are being clinically tested as Live
Biotherapeutic Products to treat diseases like ulcerative
colitis [2], mastitis [3], atopic dermatitis [4], bacterial
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vaginosis [5], and periodontitis [6]. Apart from this, lac-
tobacilli are also vital in the food industry for producing
fermented products like yogurt [7], cheese [8], beer [9],
wine [10]. etc. Due to this close association with our lives,
there is considerable interest to genetically enhance and
expand their capabilities for both medical [11] and indus-
trial applications [12]. In the medical sphere, lactobacilli
are being engineered as drug delivery vehicles to treat
diseases like ulcerative colitis [13], HIV infection [14],
respiratory infections [15], etc. or as oral vaccine candi-
dates that display antigens on their cell surface [16]. In
the industrial sphere, lactobacilli are being considered as
alternative recombinant expression hosts to E. coli since
(i) they don’t produce endotoxins and many strains have
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Generally Recognized as Safe (GRAS) status, minimizing
the toxicity risks for pharmaceutical protein production
[17], (ii) infrastructure for their culture is well established
in the food industry, and (iii) they are good at secreting
proteins that can be purified from culture supernatants
[18].

To realize such applications, considerable progress
has been made in identifying a handful of genetic parts
including constitutive promoters [19], peptide-inducible
promoters [20], ribosome binding sites (RBS) [21], signal
peptides for protein secretion [18], origins of replication
[22], and food-grade plasmid retention systems [23, 24].
However, the programmability of lactobacilli is severely
limited by the scarcity of genetic parts that allow control
over gene expression, especially strong promoters and
effective repressors that are needed to realize important
functions like inducible expression.

Synthetic biology tools enable us to genetically pro-
gram microorganisms with functions analogous to elec-
tronic circuits [25, 26]. The most basic element for such
programming is a switch that can regulate the expres-
sion of genes between ON and OFF states depending on
the presence and absence of a trigger. These switches are
typically inducible gene expression systems, with which
the production of recombinant proteins can be activated
by an inducer molecule (e.g., IPTG) [27] or stimulus (e.g.,
light) [28]. These switches most often involve repressors,
whose function is to block gene expression driven by a
promoter [29]. While such screening and identification of
repressors has been extensively done in model organisms
like Escherichia coli [30, 31], lactobacilli severely lack reli-
able repressors.

Heiss and colleagues performed a study in L. planta-
rum in which they tested several promoter/repressor
systems either derived from Bacillus megaterium, E. coli
or other lactic acid bacteria (LAB) but were found to be
considerably leaky and the promoters associated with
them were weak [32]. For example, an endogenous pro-
moter/repressor (Pj,.4/lacR) system showed a~8-fold
induction capability in response to 2% (w/v) lactose in L.
plantarum 3NSH. The system was completely repressed
in the presence of monomeric sugars (glucose and galac-
tose). In the same study, the orthogonal xylose inducible
promoter/repressor system (P,,;,xyIR), derived from B.
megaterium, was responsive to xylosesupplementation
but showed significant leaky expression in the absence of
the inducer. This study also tested the promoter/repres-
sor system Py, /lacl from E. coli in combination with T7
RNA DPolymerase system. Post induction, the dynamic
range of the system accounted for a~6-fold higher
reporter expression. However, the reporter expression
levels were low compared to a moderately strong consti-
tute promoter. Overall, these results highlight the need
for identifying promoter/repression systems that work
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reliably in L. plantarum (e.g., a strong repressor able to
fully repress a strong promoter). In this study, we looked
for repressors in another promising source for genetic
parts — bacteriophages that infect LABs. By screening
through multiple phage-derived repressors that con-
trol their lytic and lysogenic cycles in LABs, for the first
time, we identified one candidate that efficiently and reli-
ably represses gene expression in L. plantarum WCES1.
Interestingly, the native promoter associated with the
repressor was found to drive the highest reported levels
of gene expression in L. plantarum WCESL. The discov-
ery of this promoter and repressor combination lays the
foundation for creating inducible gene expression sys-
tems and achieving advanced programming capabilities
in lactobacilli.

Materials and methods

Strain, media and plasmids

L. plantarum WCFS1 was used as the parent strain in
this study. The strain was maintained in the De Man,
Rogosa and Sharpe (MRS) media (Carl Roth GmbH,
Germany, Art. No. X924.1). Genetically engineered L.
plantarum WCEFS1 strains were grown in MRS media
supplemented with 10 pg/mL of erythromycin (Carl Roth
GmbH, Art. No. 4166.2) at 37 °C and 250 revolutions
per minute (rpm) for approximately 16 h. NEB 5-alpha
Competent E. coli cells were used (New England Bio-
labs GmbH, Germany, Art. No. C2987) for the cloning
of certain plasmids. This strain was maintained in Luria-
Bertani (LB) media (Carl Roth GmbH, Art. No. X968.1).
Genetically engineered E. coli DH5a strains were grown
in LB media supplemented with 200 pg/mL of erythro-
mycin at 37 °C, 250 rpm shaking conditions for approxi-
mately 16 h. The pLp_3050sNuc plasmid, which was used
as the backbone vector in this study, was a kind gift from
Prof. Geir Mathiesen (Addgene plasmid # 122,030). E.
coli Nissle was a kind gift from Prof. Rolf Miiller. L. plan-
tarum ¢pgle was a kind gift from Dr. Makiko Kakikawa.

Molecular biology

Polymerase Chain Reaction (PCR) was performed using
Q5 High Fidelity 2X Master Mix (NEB) with prim-
ers synthesized by Integrated DNA Technologies (IDT)
(Leuven, Belgium) or Eurofins Genomics GmbH (Koéln,
Germany). Primers are listed in Table S2. Synthetic genes
were purchased as eBlocks from IDT (Coralville, USA).
The eBlocks were codon optimized using the IDT Codon
Optimization Tool (Coralville, USA). NEBuilder® HiFi
DNA Assembly Cloning Kit, Quick Blunting Kit and the
T4 DNA Ligase enzyme were purchased from New Eng-
land BioLabs (NEB, Germany). The plasmid extraction
kit was purchased from Qiagen GmbH (Hilden, Ger-
many). The DNA purification kit was purchased from
Promega GmbH (Walldorf, Germany). Generuler 1 Kb
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DNA Ladder (Thermo Fisher Scientific) was used as a
reference for the agarose gels.

L. plantarum WCFS1 competent cell preparation and DNA
transformation

L. plantarum WCFS1 was inoculated in 5 mL of MRS
media without any antibiotic and grown overnight at
37 °C with shaking (250 rpm). The next day, 1 mL of the
bacterial culture was transferred into a secondary culture
based on 20 mL of MRS and 5 mL of 1% (w/v) glycine.
The secondary culture was incubated at 37 °C, 250 rpm
until the optical density of the sample measured at a
wavelength of 600 nm (ODg,) reached approximately 1.
The cells were pelleted down by centrifuging at 4000 rpm
for 12 min at 4 °C. Next, the bacterial pellet was washed
several times, in each, bacteria were centrifugated for
8 min at 4000 rpm. The first two washes were done with
5 mL of ice-cold 10 mM MgCl,. The next two washes
were performed with 5 mL of ice-cold Sac/Gly solution
[10% (v/v) glycerol and 1 M sucrose mixed in a 1:1 (v/v)
ratio]. Lastly, after discarding the supernatant, the pel-
let was resuspended in 500 pL of Sac/Gly solution, and
the competent cells were distributed in 60 pL aliquots for
DNA transformation. For transformation, 1 ug of dsDNA
was added to the competent cells and incubated on ice
for 10 min. The mixture was transferred to an ice-cold
2 mm gap electroporation cuvette (Bio-Rad Laborato-
ries GmbH, Germany), and cells were electroporated
with a single pulse at 1.8 kV, after which 1 mL of MRS
medium was immediately added. The mixture was then
incubated at 37 °C, 250 rpm for a recovery period of 3 h.
After the recovery, the cells were centrifuged at 4000 rpm
for 5 min, and 800 pL of the supernatant was discarded.
The remaining 200 puL were used to resuspend the pellet,
and the entire 200 pL were plated on MRS Agar supple-
mented with 10 pg/mL of erythromycin. The plates were
incubated at 37 °C for 1-3 days to allow the growth of
bacterial colonies.

Direct cloning in L. plantarum WCFS1

Plasmid engineering of L. plantarum WCEFS1 was done
using the direct cloning method previously developed by
us [33], which involved PCR-based amplification and cir-
cularization of recombinant plasmids, which were then
transformed in the bacteria by electroporation. In brief,
complementary overhangs for HiFi Assembly were either
synthesized as custom-designed eBlocks or generated by
PCR. The HiFi DNA Assembly reaction was performed
following the manufacturer’s protocol. Then, 5 pL of the
assembled HiFi product was used as a DNA template in
the PCR reaction (100 pL final volume). After purifying
the PCR product, 1000 to 2000 ng of linear DNA was
phosphorylated using the Quick Blunting Kit and follow-
ing the manufacturer’s protocol. Next, phosphorylated
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products were ligated using the T4 ligase enzyme. Two
ligation reactions were set per cloning, each based on 500
ng of phosphorylated DNA, 2.5 ul of 10X T4 Ligase Buf-
fer and 1.5 pl of T4 Ligase enzyme (autoclaved Milli-Q
water was added to make the reaction volume to 25 pl).
The ligations were incubated at 25 °C for 3 to 5 h and then
at 70 °C for 30 min for enzyme inactivation. After the
incubation, the ligations were mixed and purified, per-
forming three rounds of elution to concentrate the DNA
(each with 10 pl of autoclaved Milli-Q water). The entire
eluted mix (approximately 1000 ng) was transformed into
L. plantarum WCEFS1 electrocompetent cells.

The same strategy was used to achieve site-directed
mutagenesis, where specific DNA sequences were
removed from the plasmid by PCR using the bacterial
pellet as a template for the PCR and primers covering
the whole region but the targeted sequence. The linear
PCR product was circularized as described before using
the Quick Blunting Kit and the T4 Ligase. For sequence
verification, DNA sequences of interest were amplified
(100 pL final volume) using a bacterial pellet as a tem-
plate. The PCR product was purified and sent for Sanger
sequencing to Eurofins Genomics GmbH (Kéln, Ger-
many) by selecting the additional DNA purification step
prior to sequencing.

E. coli Nissle 1917 competent cell preparation

Wild-type E. coli Nissle 1917 bacteria was grown over-
night in in LB media at 37 °C, 250 rpm. The next day,
bacteria were subcultured in 100 mL of fresh LB media
and incubated at 37 °C and 250 rpm until the ODg,
reached 0.4. Bacteria were pelleted down by centrifuga-
tion at 4000 rpm for 5 min. After discarding the superna-
tant, the pellet was washed twice with 10 mL of ice-cold
CaCl2 (200 mM) and once with a 10 mL of 1:1 combina-
tion of CaCl2 (200 mM) and glycerol (10% w/v). Follow-
ing the final wash, the pellet was resuspended in 1 mL of
CaCl2+glycerol mixture and 100 pL aliquots were pre-
pared and stored at -80 °C unless used immediately.

E. coli DH5a and E. coli Nissle 1917 DNA transformation

E. coli DH5a DNA transformation was performed fol-
lowing the manufacturer’s protocol for the NEBuilder®
HiFi DNA Assembly Cloning Kit.

For E. coli Nissle 1917 DNA transformation, 200 ng of
plasmid DNA were mixed well with the competent cells
by pipetting gently and incubated on ice for 30 min. Fol-
lowing the incubation, a 45-second heat shock was per-
formed by placing the cells at a 42 °C water bath. Next,
cells were again incubated on ice for 5 min. After that,
900 ul of SOC media was added to the cell mixture
and kept for incubation for 1 h at 37 °C. Next, the mix-
ture was pelleted down by centrifugation at 4000 rpm
for 5 min. 600 pl were immediately discarded, and the
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remaining 300 pl were used to resuspend the mixture.
Finally, 150 pl were plated on an LB agar plate supple-
mented with 200 pg/mL of erythromycin and incubated
at 37 °C overnight.

Flow cytometry analysis

Engineered strains were grown in 5 mL of MRS media
supplemented with 10 pg/mL erythromycin at 37 °C with
shaking, 250 rpm. The next day, bacteria were subcul-
tured to an ODgy, of 0.01 in 5 mL of MRS media (sup-
plemented with 10 pg/mL erythromycin) and grown
at 37 °C with shaking (250 rpm) for 16 h. The following
day, 1 mL of the bacterial suspensions were harvested by
centrifugation at 10,000 rpm. After discarding the super-
natant carefully, the pellet was resuspended in 1 mL of
sterile Dulbecco’s 1X PBS. The mixtures were then seri-
ally diluted by a 10* Dilution Factor, and 5,000 bacteria
events were recorded for analysis using Guava easyCyte
BG flow-cytometer (Luminex, USA). A predesigned gate
based on forward side scatter and side scatter threshold-
ing was employed to get rid of debris and doublets dur-
ing the collection of events. The fluorescence intensity
of mCherry was measured using excitation by a green
laser at 532 nm (100 mW) and the Orange-G detection
channel 620/52 nm filter was used for signal analysis. The
gain settings used for the data recording were as follows:
Forward Scatter (FSC) — 11.8, Side Scatter (SSC) —4, and
Orange-G Fluorescence — 1.68. The compensation con-
trol for fluorescence recording was set at 0.01, with an
acquisition rate of 5 decades. The Luminex GuavaSoft 4.0
software for EasyCyte was used for the analysis and rep-
resentation of data.

Microplate reader setup for reporter gene expression
quantification

L. plantarum WCSF1 engineered strains were grown in
the same manner as described for the Flow Cytometry
Analysis. 200 pL of the 1000-pL resuspended mixture
(PBS containing engineered bacteria) was added to a
UV STAR Flat Bottom 96 well microtiter plate (Greiner
BioOne GmbH, Germany). Next, the samples were ana-
lyzed in the Microplate Reader Infinite 200 Pro (Tecan
Deutschland GmbH, Germany) and both the absor-
bance (600 nm wavelength), and mCherry fluorescence
intensity (Ex, / Em, = 587 nm/625 nm) were measured.
The Z-position and gain settings were set to 19,000 um
and 100, respectively. The readings were taken using the
top read setting. The fluorescence values were normal-
ized with the optical density of the bacterial cells to cal-
culate the Relative Fluorescence Units (RFU) (formula
RFU=Fluorescence/ODgy,). The same procedure was
followed for E. coli Nissle engineered strains, but those
were grown in LB media supplemented with 200 pg/
mL of erythromycin at 37 °C with shaking (250 rpm).

Page | 63

Page 4 of 13

Experiments were performed in triplicates on three dif-
ferent days.

Growth rate measurements and biomass calculation

To measure the growth curves of the engineered strains,
they were cultivated overnight in antibiotic supple-
mented MRS media at 37 °C with shaking (250 rpm). The
following day, the bacterial cultures were subcultured in
3-mL secondary cultures at an initial ODg,,=0.01 and
incubated at 30 °C with shaking (250 rpm) until reaching
an ODyg, of 0.4-0.5. Then, 200 pL of the cultures were
distributed in a UV STAR Flat Bottom 96 well microti-
ter plate. The plate was placed in the Microplate Reader
with constant shaking conditions at an incubation tem-
perature of 37 °C. The kinetic assay was set to record
the absorbance (600 nm) of the bacterial cultures with
an interval of 15 min for 16 h. The experiment was con-
ducted twice on two independent days, keeping two tech-
nical duplicates per experiment.

To estimate the bacterial media-free wet biomass of
the engineered strains, they were cultivated overnight
in antibiotic supplemented MRS media at 37 °C with
shaking (250 rpm). The following day, the bacterial cul-
tures were subcultured in 5-mL secondary cultures at an
initial ODg,,=0.01 and incubated at 37 °C with shaking
(250 rpm) for 16 h. The following day, all 5-mL cultures
were pelleted down in several rounds of centrifugation
(10,000 rpm), and the biomass of the bacterial pellets was
measured using an analytical balance (Denver Instru-
ment). Experiments were performed in triplicates on
three different days.

Fluorescence microscopy analysis

Engineered strains were grown in the same manner as
described for the Flow Cytometry Analysis. 10 pL of the
1000-uL resuspended mixture (PBS containing engi-
neered bacteria) was placed on glass slides of 1.5 mm
thickness (Paul Marienfeld GmbH, Germany) and 1.5 H
glass coverslips (Carl Roth GmbH, Germany) were placed
on top of it. The samples were then observed under the
Plan Apochromat 100x oil immersion lens (BZ-PA100,
NA 1.45, WD 0.13 mm) of the Fluorescence Microscope
BZ-X800 (Keyence Corporation, Illinois, USA). The
mCherry signal was captured in the BZ-X TRITC filter
(model OP-87,764) at an excitation wavelength of 545/25
nm and an emission wavelength of 605/70 nm with a
dichroic mirror wavelength of 565 nm. The images were
adjusted for identical brightness and contrast settings.
Image]2 software was used to process the images.

Statistical and bioinformatics analysis

Statistical analysis was performed using GraphPad Prism
7.0 software. Student’s T-tests were used to determine if
there were significant differences between the means of
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the groups. InterPro was used to identify the DBD of rep.
AlphaFold was used to predict the 3D structures of the
rep repressor.

Results

Strategy to identify reliable promoter/repressor systems

A strategy to find and optimize reliable promoter/repres-
sor systems in L. plantarum WCFS1 was developed as
shown in Fig. 1. The search for potential transcriptional
repressors was limited to repressors encoded in the
genetic switches that regulate lytic and lysogenic cycles
in bacteriophages. The strategy involved (1) identifying
bacteriophages that infect lactobacilli with characterized
genetic switches, (2) selecting 6 repressors with known
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operator sequences, (3) designing all the genetic parts
required for (4) building a genetic platform, (5) testing
the repression mediated by each repressor, and finally (6)
improving such repression by introducing certain modifi-
cations to the operator/promoter regions.

Screening of six bacteriophage repressors

The six different phage-derived repressors that we
tested in this study are: cng and cpg repressors from the
¢gle phage infecting L. plantarum [34, 35], tec and rep
repressors from the mv4 phage infecting Lactobacillus
delbrueckii [36], and cI and cro repressors from the A2
phage infecting Lacticaseibacillus casei (formerly Lac-
tobacillus casei) [37, 38] (Table S2). A standard, simple
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genetic module was designed and built to test the repres-
sion mediated by each repressor. The module was based
on our previously reported strongest constitutive pro-
moter in L. plantarum WCFS1 (Pt,pA) [39], which enabled
reliable characterization of repressor activity. Notably,
previous studies attempting to identify efficient repres-
sors in lactobacilli were limited by promoters driving
moderate levels of expression [32]. Our repressor-testing
module included (i) Py,, driving the expression of the
reporter gene mCherry, (ii) repressor-specific operators

A
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inserted between the —10 box and the RBS (Figure S1)
and (iii) repressors constitutively expressed by a moder-
ately strong promoter (Py). The module was constructed
through two rounds of cloning to encode both the opera-
tor and repressor in the plasmid. In the first round, the
operator was inserted within the promoter, and in the
second round, each repressor was cloned in the plas-
mid containing the corresponding operator (Fig. 2A).
Repression of mCherry production was first assessed
by quantifying the drop in fluorescence intensity using
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Fig. 2 (A) Cloning workflow design. In the first round of cloning, the operators were inserted within the promoter Py,.. In the second round, the repres-
sors were cloned in the corresponding plasmid. All genetic fragments were based on IDT synthetic eBlocks. (B) Flow cytometry data showing the effect
on mCherry expression of cloning each operator (O) and each operator plus repressor (O +R) in the plasmid
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flow cytometry (Fig. 2C). This analysis first revealed
that insertion of the operator sequences weakened the
strength of Py, in all cases between ~1.3 and 4.3-fold
(Figure S2), although fluorescence intensities remained
high enough to assess repressor activity. When the
repressors were encoded in the plasmids containing the
operator sequences, drop in fluorescence was observed
only with the repressors cng, rep and cI (Fig. 2C). Nota-
bly, rep was found to be the strongest repressor among
the three with fluorescence intensity values comparable
to the wild-type strain that was not modified to produce
mCherry (Figure S3).

Quantification of repression levels
Next, we proceeded to quantify the repression levels
and the effect on cell growth imposed by cng, rep and cl.

Page 7 of 13

We set a couple of requirements that potential repres-
sors should meet in order to proceed with the next step
of optimizing repression. Repressors (i) should be able
to repress at least up to 70% mCherry expression and (ii)
do not considerably impair bacterial growth. Concerning
repression, only rep showed levels of repression above
70%, precisely, rep-driven repression was found to be up
to 92% (Fig. 3A and B). As for the effect on cell growth,
we measured the growth curves of bacteria encoded with
all three repressors when bacteria were in the log phase.
We used a microplate reader and compared the curves
to wild-type bacteria. (Fig. 3C). Only the growth curve
of the cI repressor was noticeably lower than the oth-
ers. Nevertheless, differences in the ODy, after 16 h of
growth in the micro plate reader were found to be non-
significant (Figure S4). It is also worth noting that the lag
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Fig. 3 (A) Expression levels of mCherry in relative fluorescence units (RFU) for all three operators (O cng, O rep and O cl) and all three operators plus
repressors (cng, rep and cl). (B) Percentage of repression mediated by each repressor. (C) Growth curves of all three repressors and wild-type bacteria
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as experimental duplicates, each with two technical replicates (N =2, n=2). Column heights and error bars represent the means and standard deviations

(SD). ns=not significant, * p<0.05, ** p<0.01, *** p<0.001
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phase of bacteria encoding the cI repressor was longer
than that of the other bacteria.

The operator is essential for repression

We proceeded to confirm that rep repression was depen-
dent on the presence of the operator sequence. This
sequence is generally required for the DNA-binding
domain (DBD) of the repressors to bind and favor repres-
sion. For that, we removed the operator from the plas-
mid by site-directed mutagenesis PCR using the bacterial
pellet as a template for the amplification (Fig. 4A). The
PCR product was then cloned through direct cloning
into L. plantarum WCFS1 (Figure S5). After removing
the operator, mCherry expression increased drastically
owing to both the inability of rep to bind to the opera-
tor and thus repress, and the excision of the operator
from P, (Fig. 4B), which was known to have a negative
impact on the expression (Figure S2). We also employed
Interpro to confirm the presence of a DBD based on a
helix-turn-helix domain at the N-terminal of the pro-
tein. In addition, AlphaFold predicted the 3D structure
of rep, which showed to have the typical structure of a
repressor, a DBD at the N-terminal and a dimerization
domain at the C-terminal (Fig. 4C). AlphaFold also pre-
dicted the protein-protein interaction of rep monomers
forming a dimer with the dimerization domains and
DBDs from one monomer associated with those from the
other monomer, which is typically needed for repression
(Fig. 4D).
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Optimization of rep-based repression

Next, we attempted to increase the levels of repression
by introducing certain modifications to the promoter
region. The first approach involved Py, engineering by
introducing modifications in the placement of the opera-
tor. Thus, three new variants were cloned: (i) remov-
ing 14-bp between the operator and the RBS (O1), (ii)
placing the operator within Py,,, between the —35 and
—10 boxes (02), and (iii) adding an additional operator
upstream of Py, (O3) (Fig. 5A). Removing part of the
spacer between the operator and the RBS and placing the
operator within Py, considerably decreased the expres-
sion of mCherry, even in the absence of the rep (Fig. 5B).
On the other hand, adding an extra operator sequence
upstream of Py, only mildly affected mCherry expres-
sion but significantly improved repression, from 92% (ini-
tial clone, Fig. 3B) to above 99% (Fig. 5C). We tested this
double-operator approach for the cng repressor by add-
ing an extra operator (O cng) by PCR upstream the Pypy
promoter(Figure S6A) However, surprisingly no repres-
sion could be detected after the addition of an extra oper-
ator in this repression module (Figure S6B). This suggests
that even though this double-operator approach is a valid
strategy to improve repressor performance, it is not gen-
erally applicable to all repressors.

The second approach attempted to improve repression
by replacing P, with the native promoter (P,) associ-
ated with rep (Fig. 5D). This promoter is encoded in the
lysogeny region of the L. delbrueckii bacteriophage mv4,
and it drives the expression of the tec repressor. The rep
operator is placed between the —10 and —35 regions of

Fig. 4 (A) Scheme of the site-directed mutagenesis done to remove the operator from the plasmid. (B) Expression levels of mCherry in terms of RFU
for Py (unmodified), Py,._rep (only repressor), Py,,_op (only rep operator) and Py,,_op_rep (operator plus rep). All the experiments were performed as
experimental triplicates (N = 3). Column heights and error bars represent the means and SD. ns = not significant, ***p <0.001. (C) AlphaFold 3D structure
prediction of the rep as a monomer. (D) AlphaFold 3D structure prediction of the rep as a dimer
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the promoter [36]. In this cloning, we first replaced the
rep-operated Py,, with P,  in the plasmid encoding
for rep and repression was almost complete. Surpris-
ingly, when the repressor was removed from the plas-
mid by site-directed mutagenesis (Figure S7), the level
of mCherry expression was extremely high, due to which
the repression efficiency was determined as >99.7%
(Fig. 5F and E).

We also evaluated the effect of these new clones
(Pyya_O3_rep and P, _rep) on cell growth. It was
observed that growth was only slightly decreased

+ new operator
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Fig. 5 (A) Scheme of the genetic modifications that introduced the op-
erator of rep at different locations in and around the promoter P, ;.. (B) Ex-
pression levels of mCherry for all three operator variants (with and without
the rep repressor in the plasmid). (C) Percentage of repression mediated
by each operator variant (O1, 02 and 03). (D) Scheme of the substitu-
tion of Py, by Py (E) Expression levels of mCherry for £,,._mCherry and
P.._rep_mCherry bacteria. (F) Percentage of repression and fold-changes
for Py,sO_rep (OR_rep), Py,s_O3_rep (O3_rep) and Py, _rep. All the ex-
periments were performed as experimental triplicates (N=3). Column
heights and error bars represent the means and SD. * p<0.05, ** p<0.01,
¥ p<0.001, ¥** p<0.0001
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compared to wild-type bacteria (Figure S8), similar to
that of rep with a single operator and the cng repressor,
and better than that of the cl repressor (Fig. 3C).

These results proved that repression can be enhanced
by either engineering the operator placement within
Py, or by introducing the endogenous P, promoter.
Whereas the original clone showed a fold-change of
~15 (Py,4_O_rep), the optimized clones showed a fold-
change of ~117 (Py,, O3 rep_mCherry) and ~475
(Py,_rep) (Fig. 5G).

Characterization of a strong constitutive promoter

Next, owing to the surprisingly high expression levels
of P, we further characterized it and compared it to
Py, After overnight growth at 37 °C, we could observe
a change in the MRS media color due to high levels of
mCherry production. This color change was more pro-
nounced when growing these bacteria in LB media
supplemented with glucose to favor bacterial growth
in this non-optimal media. Such visible color change of
the medium due to the expression of a fluorescent pro-
tein is regularly observed when expressing these pro-
teins in E. coli but has not been reported in lactobacilli.
Also, when spinning these bacteria down, the pellet was
bright red, similar to what is observed in E. coli (Fig. 6A).
As expected, such a strong constitutive promoter had
an effect on cell growth compared to wild-type bacteria.
This effect was evident when bacteria were grown over-
night in the incubator with shaking and not in the plate
reader (Figure S9). However, biomass was higher than
bacteria carrying Py, mCherry, cng repressor and rep
repressor.

In comparison with Py,,, P, drove a considerably
higher level of gene expression, which was visible by eye
(Fig. 6B) and microscopy, (Fig. 6C) and was confirmed
by flow cytometry (Fig. 6D). Fluorescence spectroscopy
using a plate reader revealed that P,,, was ~9 times stron-
ger than Py, (Fig. 6E), confirming it to be the strongest
constitutive promoter discovered for heterologous gene
expression in L. plantarum WCFS1. Since the visible
color changes of the liquid culture and bacterial pellets
were comparable to expression in E. coli, we compared
P, -driven mCherry expression levels in L. plantarum
WCFS1 with the expression in probiotic E. coli Nissle
1917 driven by the strong Py, promoter. After quantify-
ing the expression levels of mCherry with the microplate
reader, we observed that while Py, , in E. coli 1917 was
17-fold stronger than in L. plantarum, Py,, in E. coli was
only 2-fold stronger than P,,, in L. plantarum (Fig. 6E).

In light of this finding, we attempted to test the strength
of the promoter, P,,,, associated with the 2nd best repres-
sor (cng) identified in this study. Yet, this promoter was
only of moderate strength comparable to constitutive
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Fig. 6 (A) Left: 5-m| MRS cultures based on P,,._rep and P, bacteria. Cells were pelleted down, and pellets are shown at the bottom. Right: 95-ml LB
(supplemented with 5 ml 1 M glucose) cultures based on P,.._rep and P,,. bacteria. Cells were pelleted down, and the corresponding pellets are shown
at the bottom. (B) Pellets of bacteria encoded to express mCherry driven by Py,._rep, Py, and Py, after overnight growth. (C) Fluorescence microscopy
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promoters like P in this strain as it was ~6 fold weaker
than Py, and ~ 55 fold weaker than P,,, (Figure S10).

Discussion

Bacteriophages have proven to be an extensive and
diverse source of genetic parts to expand the synthetic
biology toolbox of bacteria [40], including transcrip-
tional systems [41], integrases [42], anti-CRISPR pro-
teins [43], endolysins [44], and repressors [45]. Such
parts are naturally adapted to their bacterial hosts due
to the coevolution and the arms race between bacterio-
phages and bacteria for millions of years [46]. However,
bacteriophage parts remain largely unexplored for build-
ing genetic circuits in lactobacilli. In this study, we have
established a genetic platform for testing transcriptional
repressors from lactobacilli-infecting bacteriophages.
Relying on operating the strong constitutive Py,s pro-
moter proved to be a prudent strategy since the strength
and compatibility of the natural phage promoters are
unpredictable. For example, P,,,, the natural promoter
associated with the partially effective cng repressor, only
showed a moderate expression in L. plantarum WCEFS1,
which might not have been enough to assess repres-
sion. Out of six different repressors encoded in genetic
switches in lactobacilli prophages, only the rep repressor
showed promising results in terms of efficient and reli-
able repression of the reporter gene without impacting
bacterial growth. These results highlight that lactobacilli
prophages can be a promising yet challenging source of
genetic parts to expand the genetic toolbox. Further-
more, the endogenous promoter associated with rep
exhibited unprecedented levels of gene expression, sig-
nificantly narrowing the gap in terms of expression lev-
els between model (E. coli Nissle 1917) and non-model
probiotic bacteria engineered for therapeutic applica-
tions. P,,, could also be operated and used as a genetic
platform to identify more repressors in this strain since
even low repression could be more readily assessed than
with Py,,. The highly efficient P,,./rep promoter/repres-
sor system could now be applied in combination with
other genetic parts for building genetic circuits. One lim-
itation of the system is that it is currently not inducible.
However, this provides the opportunity for future work
to employ repressor engineering strategies and modify
rep into a switchable repressor that responds to sugars
[47] or physical stimuli such as light [48] or heat [49].
Such switchable repressors will enable inducible gene
expression, which would be desirable to circumvent the
notable metabolic burden and stress that P, might be
causing to the cells due to its transcriptional expression
strength. Also, the unmodified repressor can be com-
bined with other inducible gene expression systems to
invert the induction system as a NOT logic gate [50, 51].
In combination with the P, promoter, such induction or
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inversion functions can be achieved at a remarkably high
level of performance.

Conclusions

We identified a novel, strong and efficient promoter/
repressor system in the probiotic bacterium L. plan-
tarum WCESL by screening for such genetic parts in
lactobacilli-infecting bacteriophages. After improving
the system, we achieved repression levels of >99% and
fold-changes of >100. Moreover, we discovered a super
strong constitutive promoter, P, which can drive lev-
els of expression never achieved before in this strain,
precisely~9 times higher than the previously reported
strongest promoter, Py,.. These novel genetic parts will
be instrumental in expanding the capabilities to engineer
gene expression regulation in L. plantarum.
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Chapter 3.

High levels of protein secretion from
lactobacilli-based ELMs

The previous publication reported an engineered L. plantarum strain that was highly
fluorescent due to remarkable levels of mCherry intracellular protein production, which
accumulates in the cytoplasm of the bacteria. However, in certain cases, the produced
proteins are intended to be secreted into the external environment, and for that, SPs come

into play.

In L. plantarum, the Sec pathway is the most well-characterized route for protein
secretion. Proteins can be secreted through this pathway when carrying one SP in the N-
terminal domain. A SP of great value should meet two criteria: i) drive significant levels
of protein secretion, and ii) function effectively for potentially any protein, regardless of
the origin, structure, and, ideally, size. Nevertheless, SPs that meet both criteria in L.
plantarum remain unknown to date, supposing an important bottleneck for the use of L.

plantarum in biotechnological and biomedical applications.

This chapter investigates the questions of whether the newly discovered promoter can
be applied to efficiently enhance protein secretion, and also to assess the performance
of this genetic part when bacteria are encapsulated within alginate beads. In the first part
of the following work, protein secretion is addressed by testing five novel SPs in L.
plantarum. For that, the commonly used secreted reporter protein NucA from
Staphylococcus aureus is used [133]. As a result, an efficient SP is discovered, capable of
driving more NucA levels than the most widely used SP in L. plantarum. Next, an attempt
to further increase protein secretion by involving the newly discovered strong constitutive

promoter is performed. Interestingly, the use of the Pw.c gene expression led to
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significantly higher secretion levels. These results highlighted another important

application of this promoter: to allow enhanced protein secretion.

However, the secretion of reporter proteins is not meaningful from an application
perspective. Therefore, in the second part of the work, the compatibility of this novel
secretion platform to secrete valuable proteins other than a reporter protein was
evaluated. For that, L. plantarum was engineered to secrete two therapeutically relevant
proteins independently, elafin and a-melanocyte-stimulating hormone (a-MSH). Secretion
of both proteins was detected, thus confirming the development of two potentially

relevant engineered L. plantarum strains for biomedical applications.

Despite the potential of these strains, their direct use in human-based applications is not
realistic as they are non-contained genetically modified organisms (GMOs). To bring
these strains closer to more clinically feasible scenarios, the encapsulation of L.
plantarum within biocompatible materials as an ELM format was explored in the third part
of the publication. Engineered L. plantarum bacteria were successfully encapsulated
within manually fabricated alginate core-shell beads. Encapsulation kept L. plantarum
contained while allowing bacterial growth and activity. For example, the production of the
fluorescent protein mScarlet3 was observed by the eye in the core of the alginate bead
after 24 hours of growth in growth media. Additionally, protein release from the beads
was confirmed for all engineered L. plantarum strains and detected even after 14 days of
incubation. This promising combination of alginate beads and engineered L. plantarum
gave rise to the PEARL format, named after Protein Eluting Alginate with Recombinant

Lactobacilli.

Finally, in the last part of the publication, the biocompatibility and toxicity of PEARLs were
assessed in co-culturing experiments with human fibroblasts and zebrafish embryos,
respectively. The results showed that encapsulation effectively reduced the toxicity
induced by the metabolites produced by the bacteria, further highlighting the benefits and

importance of using materials for bacterial containment.

Overall, the identification of a novel SP and the implementation of the Pic promoter to

drive gene expression resulted in increased protein secretion in L. plantarum. These parts
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can potentially be used to attempt the secretion of any POI. Furthermore, high, sustained
protein release was detected over time when engineered L. plantarum was successfully
encapsulated in an ELM format for the first time. Based on these findings, PEARL marks

the beginning of the next generation of lactobacilli-based ELMs.

Graphical Abstract
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PEARL is a biocompatible ELM format based on recombinant L. plantarum bacteria that allows
bacterial growth in a structurally contained manner. Furthermore, PEARL enables protein release
when L. plantarum bacteria are genetically programmed to continuously secrete reporter or
therapeutic proteins.
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PEARL: Protein Eluting Alginate with Recombinant

Lactobacilli

Varun Sai Tadimarri, Marc Blanch-Asensio, Ketaki Deshpande, Jonas Baumann,

Carole Baumann, Rolf Miiller, Sara Trujillo, and Shrikrishnan Sankaran*

Engineered living materials (ELMs) made of bacteria in hydrogels have shown
considerable promise for therapeutic applications through controlled and
sustained release of complex biopharmaceuticals at low costs and with
reduced wastage. While most therapeutic ELMs use E. coli due to its large
genetic toolbox, most live biotherapeutic bacteria in development are lactic
acid bacteria due to native health benefits they offer. Among these, lactobacilli
form the largest family of probiotics with therapeutic potential in almost all
sites of the body with a microbiome. A major factor limiting the use of
lactobacilli in ELMs is their limited genetic toolbox. This study expands on
recent work to expand the genetic programmability of probiotic
Lactiplantibacillus plantarum WCFS1 for protein secretion and encapsulate it
in a simple, cost-effective, and biocompatible core-shell alginate bead to
develop an ELM. The controlled release of recombinant proteins is
demonstrated, even up to 14 days from this ELM, thereby terming it PEARL —
Protein Eluting Alginate with Recombinant Lactobacilli. Notably, lactobacillus
encapsulation offered benefits like bacterial containment, protein release
profile stabilization, and metabolite-induced cytotoxicity prevention. These
findings demonstrate the mutual benefits of combining recombinant
lactobacilli with alginate for the controlled and sustained release of proteins.

1. Introduction

Engineered living materials (ELMs) are
composites made of living entities inte-
grated with materials.*?] The living enti-
ties in ELMs enable them to be designed
with life-like abilities of adaptation, regen-
eration, biosynthesis, growth, etc. Addition-
ally, the possibility to genetically reprogram
these abilities to optimally suit a desired
application has propelled the rapid devel-
opment of ELMs in various domains rang-
ing from architecture to medicine. ELMs
have advanced in the medical field, es-
pecially due to the benefits they offer
to deliver therapeutics.*”! Since the hu-
man body naturally supports microbial sur-
vival, ELM activities can potentially be sus-
tained in the long term. The microbes can
be engineered to produce high-value bio-
pharmaceutical drugs (proteins, peptides,
biomacromolecules) for delivery at the dis-
ease site. In most studies conducted to
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date, E. coli has been the predominant
organism encapsulated within ELMs. For
example, an ELM, termed PATCH, en-
capsulated lysostaphin-secreting E. coli to
inhibit the growth of Staphylococcus aureus, including a
methicillin-resistant S. aureus (MRSA) strain.l®) In another
study, an E. coli strain engineered to light-responsively produce
an anti-bacterial compound, deoxyviolacein. After encapsula-
tion, the strain demonstrated drug release over 40 days.!”) This
approach avoids the need to externally produce, purify, encap-
sulate, and store these often fragile biopharmaceuticals, thereby
reducing the costs and waste associated with these processes.
To achieve these benefits, therapeutic ELMs primarily use bac-
teria as their living entity, since they grow fast, have simple nu-
trient requirements, can be encapsulated at high densities, and
are often naturally beneficial to the host in the form of probi-
otics. In fact, bacteria have been developed for over two decades
as engineered live biotherapeutics that can be administered di-
rectly within the body to produce and deliver drugs on-site.l®!
While clinical trials have shown that the engineered bacteria are
safe for use in humans, proving their efficacy has been a ma-
jor hurdle blocking their approval as therapeutic products.l”) A
fundamental challenge in achieving therapeutic efficacy is ensur-
ing that the right density of the engineered bacteria is viable and
active when they reach the target site. Furthermore, this must

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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be balanced with the need for biocontainment of the bacteria,
preventing them from invading unwanted sites in the body or
environmental niches where they can potentially disturb the lo-
cal ecology. ELMs satisfy these needs since they can provide a
conducive and protected environment for the bacteria to grow to
large population sizes while physically confining them within the
material.''3] Most therapeutic ELMs are based on probiotic E.
coli and only a few studies cover other probiotic or GRAS (gen-
erally recognized as safe) strains like Lactococcus lactis,!'*! Bacil-
lus subtilisl’®! and Corynebacterium glutamicum.'®! Interestingly,
most engineered live biotherapeutic candidates currently in clin-
ical trials are lactic acid bacteria. This is because lactic acid bac-
teria are the largest group of commensals and probiotics, bene-
ficial not only for the gut but also for other organs hosting a mi-
crobiome. In particular, the Lactobacillus family has the largest
number of probiotic strains, many of which are being explored
for therapeutic applications.!'”] Among these, Lactiplantibacillus
plantarum has been well investigated and is the most studied
strain to date.!'®! Several L. plantarum strains have GRAS status
and none are reported as pathogenic to date, whereas only E. coli
Nissle 1917 is probiotic with GRAS status and almost all other
strains are pathogenic or endotoxic. Because of this, beneficial
effects of L. plantarum strains have been demonstrated in multi-
ple sites of the body beyond the gut, like the oral cavity, female
reproductive organs, bladder, skin, etc., whereas the applicabil-
ity of E. coli is largely limited to the gastrointestinal tract. Even
there, L. plantarum’s thick cell wall and metabolic robustness en-
able it to survive harsh conditions like low pH, lytic enzymes, and
bile salts, better than E. coli. Overall L. plantarum for ELMs offers
significant advantages in terms of safety, health benefits, biocom-
patibility, and robustness. However, ELMs containing lactobacilli
have not yet been reported despite these benefits, possibly due to
their limited genetic programmability.

Recently, a few research groups, including ours, have made
major strides in expanding the genetic programmability of L.
plantarum WCFS1.'81 We developed a direct cloning method-
ology to speed up the plasmid-based engineering of this strain
by circumventing the need for an intermediate host.!'”! Using
this strategy, we have identified the strongest constitutive pro-
moter and repressor reported to date and characterized several
toxin-antitoxin systems for antibiotic-free plasmid retention./20:2!]
Other groups have reported using sakacin-inducible, xylose-
inducible, and lactose-inducible systems to express heterolo-
gous proteins in L. plantarum WCFS1.2?l To facilitate the se-
cretion of these proteins, various endogenous and exogenous
signal peptides have been explored.”?’! In addition to secretion,
the anchoring of these secreted proteins has garnered signif-
icant interest in recent years, particularly in the development
of bacterial vaccines. In this context, antigens have been se-
creted and anchored to various components of the bacterial
cell surface using endogenous LysM and LPXTG moieties, en-
hancing their potential as vaccine candidates.[*! Nevertheless,
the performance and containment of these engineered bacte-
ria within biocompatible materials under physiologically rele-
vant conditions is yet to be shown. Encapsulation of L. plan-
tarum in hydrogels and food-based materials has been done for
their delivery as probiotics.[®?*] These materials were not de-
signed to contain the bacteria but rather to deliver them in the

gut.
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In this study, we have investigated how L. plantarum WCFS1
can be securely contained within a hydrogel. To do this, core-
shell alginate beads were fabricated using a simple manual strat-
egy that can be easily adapted by other labs even without experi-
ence in hydrogel fabrication. Interestingly, we observed that algi-
nate in this format is particularly well suited to contain L. plan-
tarum while maintaining its viability for at least 14 days, while
E. coli was found to leak out within a day. We further expanded
the genetic programmability of this bacterium by optimizing the
genetic parts needed to drive high-level secretion of a nuclease
protein. This optimization involved identifying and testing mul-
tiple signal peptides to determine which ones most compatibly
function with our recently discovered strong constitutive promot-
ers. Encapsulation of the engineered lactobacilli in alginate beads
helped to stabilize the release profiles of the secreted protein and
sustained this activity over at least 14 days. Due to this prolonged
protein elution capability, we hereafter term this ELM as PEARL
— Protein Eluting Alginate with Recombinant Lactobacilli. With
these PEARLSs, we also demonstrate the secretion of two thera-
peutically relevant proteins, a-Melanocyte-stimulating hormone
(a-MSH) and elafin, a neutrophil elastase inhibitor. Finally, en-
capsulation additionally aids in preventing cytotoxicity that can
potentially be caused by metabolites of L. plantarum as con-
firmed by biocompatibility tests performed using mammalian
cells and highly sensitive Zebrafish embryos. These results set
the stage for the development of PEARLs toward therapeutic
applications.

2. Results and Discussion

2.1. PEARL Fabrication and Characterization of Encapsulated L.
plantarum

To study the behavior, secretory performance, and biocompatibil-
ity of encapsulated probiotic lactobacilli, we developed the PEARL
format, which is an easy-to-fabricate alginate core-shell macro-
bead ELM as shown in Figure 1a. L. plantarum WCFS1 was en-
capsulated in an alginate bead by manually dropping a viscous
alginate-bacteria mix into a calcium chloride bath to form the core
gel as previously described.!'*] A polysaccharide-staining dye, Al-
cian Blue, was added to this mix to improve the visibility of the
core gel for the next step. These beads were then submerged in
a viscous alginate solution. The core bead surrounded by the al-
ginate solution was then dropped into the calcium chloride bath
to form a thick shell layer (Figure 1a).

To study the growth and containment of probiotic lactobacilli
within PEARLs, L. plantarum WCFS1 was engineered to consti-
tutively express mScarlet3, a highly bright and stable fluorescent
protein.[?%] For that, we exchanged mCherry for the mScarlet3
gene (Figure S3a, Supporting Information), and we could visu-
ally confirm an increase in the pellet brightness intensity by eye
(Figure S3b, Supporting Information) and flow cytometry (Figure
S3c, Supporting Information).

After the fabrication of PEARLs with roughly 10° cells (equiv-
alent to OD, of 0.01) per bead, they were incubated in MRS,
the optimal media, or LB media at 37 °C. We assess the perfor-
mance of the PEARLs in LB since it is a non-optimal and mini-
mal nutrient media for these bacteria. Ideally, this ELM format is
meant to be performed in environments where nutrients might

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. Lactobacilli-based alginate macro beads design and fabrication: a) Schematic representation of manual fabrication of alginate-based PEARL.
It depicts the step-by-step making of PEARL. b) 4x overlay microscopic image of the PEARL with a core comprising mScarlet3 expressing L. plantarum
and a shell surrounding the core. ¢) Macroscopic images of PEARLs after 24 h of incubation in MRS media; To the left is the brightfield image depicting
the bacterial core and shell, and to the right is the CH3 fluorescent image showing the strong fluorescence of mScarlet3 in the core. The circular field of
view is 215 mm. d) Macroscopic images of PEARLs after 24 h of incubation in LB media; To the left is the brightfield image depicting the bacterial core
and shell, and to the right is the CH3 fluorescent image showing the fluorescence of mScarlet3 in the core. The circular field of view is 15 mm. e) 24-h
kinetic measurements of fluorescence intensity and ODgq values of encapsulated L. plantarum expressing mScarlet3 in PEARLs grown in MRS media
(n = 4, mean + SD). f) 24-h kinetic measurements of fluorescence intensity and ODgqq values of encapsulated L. plantarum expressing mScarlet3 in

PEARLs grown in LB media (n = 4, mean + SD).

be scarce. Therefore, we wanted to confirm the activity of bacte-
ria within PEARLs incubated in LB media. By fluorescence mi-
croscopy, we observed that mScarlet3 fluorescence was only de-
tected in the core of the PEARL (Figure 1b) indicating the secure
containment of bacteria within the core. Furthermore, we could
also see differences when PEARLs were incubated in either MRS
or LB media. Only in MRS the core was visually colorful due to
prominent levels of mScarlet3 production (Figure 1c). However,
when the PEARLs were incubated in LB media, mScarlet3 fluo-
rescence could be confirmed by the BioRad Gel Documentation
System (Figure 1d).

To quantify bacterial growth and mScarlet3 expression in
PEARLs incubated in both MRS and LB media, optical den-
sity at 600 nm and fluorescence intensity were measured.
A slight increase in optical density at 600 nm (ODgy) and
a significant increase in fluorescence intensity (Ex/Em -
569/600 nm) were measured over 24 h in a microplate reader
(Figure 1le,f), indicating that bacteria are active but stay con-
tained within the core as outgrowth into the media was not
observed.
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In contrast, this ELM format was unable to contain E. coli
Nissle 1917, neither in LB agar plates (Figure S4a, Supporting In-
formation) nor in culture (Figure S4b, Supporting Information)
beyond 8 h, as observed by bacterial growth around the beads and
the rapid increase in ODy, values. This indicates that alginate is
particularly suited to contain L. plantarum when fabricated in a
core-shell format.

Apart from ensuring containment, supporting biomass
growth, and enabling protein expression, the PEARLSs also help
prevent the pH of the media from dropping below 6, which
occurs when the bacteria are cultured without encapsulation
(Figure S4c, Supporting Information). While the specific causes
for this surprising outcome are unknown, possible reasons could
include restricted diffusion of acidic byproducts through the
calcium alginate matrix,'*’” or potential alterations in bacterial
metabolism due to the encapsulated environment./*]

These promising results showed that L. plantarum could grow
and produce a heterologous protein in a contained manner
within the PEARLs. For application as a therapeutic ELM, it is
desirable that the bacteria secrete proteins, and these proteins

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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diffuse out of the material. In the next sections, we engineer ro-
bust protein secretion from L. plantarum using strong promoters
recently discovered by our group and demonstrate their function-
ality in PEARLS.1?"]

2.2. Enhancing Protein Secretion in L. plantarum

2.2.1. Identification and Selection of Endogenous Signal Peptides
(SPs)

Protein secretion in bacteria is enabled by SPs at the N-terminal
of peptides that are recognized by the cellular secretion machin-
ery, which transports the proteins across the cell membrane.
While several SPs have been identified in L. plantarum, it was
necessary to identify optimal candidates compatible with our pre-
viously discovered promoters and drive higher secretion of pro-
tein of interest compared to the reported signal peptides. For this,
we screened the protein sequences encoded by more than 200 en-
dogenous genes via InterProScan until we identified 40 SPs. As a
reporter protein, we chose a nuclease (NucA) from Staphylococcus
aureus, which can be easily detected in the media using a simple
DNA degradation assay and has been extensively used to charac-
terize secretion in gram-positive bacteria.l?*?#2%] SignalP6.0 was
used to predict NucA secretion mediated by all SPs.1*%! The pre-
dictions of 5 SPs with varying secretion levels, henceforth termed
SP1-5 (SP1: 1p_2175, SP2: Ip_2959, SP3: Ip_1132, SP4: Ip_0819,
SP5: 1p_3151) were experimentally verified. We additionally in-
cluded one of the most efficient and used SPs from the litera-
ture, Lp_3050 in the testing for comparison.*!] NucA secretion
was assessed using DNase agar and media assays (Figure 2a).

2.2.2. Characterization of Novel Endogenous SPs Using NucA Assay

The promoters for L. plantarum recently discovered in our lab are
Py, and P, (5x and 40x stronger than previously reported).*!%]
To avoid the risk of saturating the secretion machinery in L. plan-
tarum, we initially tested the ability of the weaker promoter out of
the two, P, ,, to drive the production and secretion of NucA fused
to each of the SP (SP1-5 and Lp_3050) (Figure 2b). Secretion was
semi-quantitatively characterized using a DNase agar plate assay
in which active extracellular NucA creates a dark halo around se-
creting colonies by degrading fluorescently labeled DNA in the
agar. Only three SPs: Lp_3050, SP3, and SP5 were found to se-
crete detectable amounts of active NucA after 24 h of growth
on DNase agar plates. Two parameters were measured to com-
pare the performance of each SP in the DNase agar plates — the
area of the halo and the decrease in fluorescence intensity within
this halo. Based on this analysis, SP3 was found to generate the
biggest halo (x4 cm?) and the largest drop in fluorescence (Figure
S5a, Supporting Information), followed by Lp_3050. Next, we
tested the possibility of increasing SP3 and Lp_3050-driven se-
cretion using the P, promoter (Figure 2c). We observed that
both SP3 and Lp_3050_NucA-driven secretion could be increased
when P, was the promoter driving the gene expression since
bigger and darker halos (Figure S5b, Supporting Information)
were detected for P,,. compared to P,,,. These results proved that
NucA secretion can be increased by replacing the Lp_3050 sig-
nal peptide for SP3 under Py, or swapping P,,, by P, for both
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Lp_3050 and SP3. Yet, the best promoter-SP combination was
found to be P,,._Lp_3050.

To quantify the amount of NucA secreted by these promoter-SP
combinations, we used liquid DNase media instead of the agar,
in which the bacteria were allowed to grow for 24 h at 37 °C
with shaking (Figure 3d). This enabled us to accurately mea-
sure the drop in fluorescence intensity in the media and inter-
polate the values in a NucA standard curve (Figure S6a, Support-
ing Information). Once again, NucA secretion was observed only
with SP3, SP5, and Lp_3050, validating the results obtained with
the agar plates (Figure 2b). SP3 mediated better secretion than
Lp_3050 when driven by Py,, (~20 and ~15 nM, respectively).
However, both SP3 and Lp_3050-driven secretion levels could
significantly increase when P, was swapped by P, (~¥24 nM
and ~55 nM, respectively) (Figure 3e). Interestingly, with P,
Lp_3050 performed better than SP3, indicating that SPs may per-
form differently when the expression is driven by different pro-
moters.

Based on the growth curve of L. plantarum WCFS1 in LB me-
dia (Figure 1g), it is evident that the bacteria grow exponentially
for about 6 h beyond which they reach their saturation phase due
to limitation of nutrients. This change in growth phase can in-
fluence protein production and secretion, so we quantified NucA
secretion at mid (3 h) and late log phase (6 h) in addition to the late
saturation phase (24 h). We observed that for all the promoter/SP
combinations, most of the protein (>60% approximately) is se-
creted within first 6 h, suggesting that the promoters are most
active in the log phase of growth (Figure 2a). Furthermore, most
of the secretion from the P,,, constructs occurs over the first
6 h, whereas from the P, constructs, most secretion occurs in
the first 3 h (Figure S6b, Supporting Information). We examined
both the promoter’s activity using another reporter, mCherry, in
the different growth phases, and we observed that P, is much
more active in the early and mid-log phase, which supports our
results obtained with the NucA where most of the protein is pro-
duced (Figure S6c, Supporting Information). Such high levels of
production and secretion in the hour’s timescale are well-suited
for short-term protein delivery within the body.

23.A from PEARLs

ing Protein Rel

NucA release from PEARLs was assessed by two different meth-
ods: 1) by placing the PEARLS in the center of a DNase agar plate
and imaging the agar plate at regular time intervals, and 2) by
placing the PEARLs in a well containing DNase media followed
by fluorescence measurements (Figure 3a). In DNase agar plates,
we observed halo formation at 24 h after placing the bead in the
center of the plate for all the NucA-secreting clones based on the
Py,4/P,, promoters and SP3/Lp_3050 SPs (Figure 3b). The ha-
los kept increasing over the next 14 days, suggesting continuous
NucA secretion from the bead. We observed the same secretion
trend for the different promoter/SP combinations as observed
in culture (Figure 3b), with the P,,_3050 strain producing the
biggest and darkest halos. We also noticed that the bacteria re-
mained contained in the bead and secretion was sustained for at
least 14 days (Figure 3c). However, it is to be noted that since the
PEARLSs in this study are manually fabricated, if the core is mis-
aligned in the shell leading to a thin shell on one edge, outgrowth
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Figure 2. Workflow depicting quantification of recombinant protein secretion in DNase agar and DNase media: a) Flow scheme representing the screen-
ing of endogenous signal peptides followed by gene design and molecular cloning in L. plantarum WCFS1 to validate the secretion of staphylococcal
NucA (17 kDa), a reporter protein commonly used for secretion studies. b) Schematic of genetic constructs of Py, promoter driving the expression of
NucA, each tagged with one of six different signal peptides and EV bacteria (as negative control); to the right is the image of DNase agar plate illustrating
the secretion of NucA from 10 uL of bacterial spots. c) Schematic of genetic constructs of Py, and Py, promoters driving the expression of NucA, each
tagged with two best SPs (Lp_3050 and SP3) from this study; to the right is the image of DNase agar plate illustrating the secretion of NucA from 10 uL
bacterial spots of these genetic constructs. d) Graphical representation of liquid culture-based assay to quantify the NucA secretion from engineered
bacterial strains: NucA secreted from bacteria depolymerizes the DNA, thereby breaking down the methyl green-DNA complex in media resulting in loss
of green coloration. e) Quantification of secreted NucA in DNase media after 24 h of incubation for all the secretion-based genetic constructs screened
in this study (n = 3, mean + SD). f) Timepoint-based quantification (n = 3, mean + SD) (3, 6, 24 h) of secreted NucA (in nanomolar, nM) in DNase
media for two best constructs of each promoter (P, 3050, Py, _SP3, Pyjy4_3050, Pys_SP3).

Small 2025, 2408316 2408316 (5 of 17) © 2025 The Author(s). Small published by Wiley-VCH GmbH

Page | 81



ADVANCED. Sl

www.advancedsciencenews.com

www.small-journal.com

ENENEEEEEEEN

§RagEasEss 2
“« & > el ‘i
SENEEEEEEEE
SEEEEEEREEE ’.
PEARL EEEEEEEE

d e f
In culture Within beads
1500 3 70+
~ 604
g 1250 E
< 1000 b
o 2 40-
c -
g 750+ °
g § %
5001
s § w3
c T T T T T ] T 0 T T T T Ll Ll T c T 4 . 4
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 7 1 2 3
Hours Hours Days
—— EV o P,,,,A_SPS —o— P,,M_SOSO Piec_3050 —o— P SP3  ~+~ Pure NucA

Figure 3. Characterization of PEARL’s release profile in DNase agar and DNase media: a) Graphical representation of assays done to validate and
quantify the secreted NucA from alginate beads using DNase agar plate and by fluorescence kinetics in culture. b) DNase agar plate-based qualitative
assay to track the NucA secretion and bacterial containment within PEARLs on Day 1 and Day 7. c) NucA secretion from PEARL embedded in DNase
agar plate captured on Day 1, 7, 10, 14 indicating the bacterial viability up to 14 days d) Quantification of NucA secretion with reference to the drop in
fluorescence in wells with culture for 72 h (3 days) (n = 5, mean =+ SD). e) Quantification of NucA secretion with reference to the drop in fluorescence
in wells with alginate beads for 72 h (3 days) (n = 5, mean + SD). f) Plot showing the comparison of secreted NucA in nanomolar (n = 5, mean + SD)
on Day 1,2 & 3 from PEARLs for P;,,_3050, P,,,_SP3, P,,_3050 and Py,s_SP3.
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of the bacteria, indicated by colonies outside the bead, is observed
within 1-2 days. This occurred in ~#10% of the PEARLSs that were
fabricated, and these constructs were not included in any of the
analyses.

To quantify NucA secretion from the PEARLs, DNA degra-
dation in liquid DNAse media was measured over 3 days un-
der static incubation conditions. Non-encapsulated bacterial cul-
tures with the same number of cells as in the alginate core of
the PEARLs (10°) were included in the experiment for compar-
ison. Interestingly, NucA secretion from non-encapsulated bac-
teria was distinctly non-monotonic, with a rapid increase within
the first 8 h and then a much slower increase over the next 72 h
(Figure 3d). In the case of P,,. 3050, another increase in secretion
rate was observed around 24 h, and the final plateauing around
45 h is attributed to the complete degradation of the probe DNA
in the DNase media. It is suspected that these different secre-
tion profiles are related to the different growth phases that these
bacteria go through during this period associated with metabolic
changes and possible biofilm formation (Figure S6¢, Support-
ing Information).”! In contrast, NucA release profiles from the
PEARLs were found to be much more stable with a largely mono-
tonic rate observed till at least 24 h followed by a gradual plateau-
ing most likely caused by the decrease in DNA substrate availabil-
ity (Figures 3e and7a—d,). Even the differences in protein secre-
tion rates observed between the different promoter-signal peptide
combinations seem to have considerably reduced during the first
24 h.

Furthermore, we wanted to study whether bacteria actively sus-
tained NucA secretion for days when encapsulated in PEARLs
or if most of the secretion takes place within the first day after
encapsulation and the secreted NucA remains active for several
days. For that, we incubated the PEARLs in DNase media, col-
lected the media after 24 h, measured the levels of NucA, per-
formed several washes with PBS, added fresh DNase media, and
recorded the data upto 3 days. We observed that the PEARLS se-
crete very similar levels of NucA day after day (Figure 3f). On the
other hand, pure NucA encapsulated in core-shell alginate beads
did not exert NucA activity outside the bead beyond the first day.
This confirmed that pure NucA diffused quickly from the beads
and is then washed away, whereas PEARLSs keep secreting NucA
(Figure 3f).

Considering our previous results indicating that the P, and
Py, are most active in the early- to mid-log phases (Figure 2f),
the results with the PEARLs suggest that the bacteria remain
in a state equivalent to these growth phases within the alginate.
This is possible since bacterial growth is restricted by mechan-
ical forces imposed by the hydrogel matrix rather than nutrient
unavailability.'*! Thus, while the population size is not neces-
sarily increasing, the bacteria probably have access to nutrient
levels similar to what they would have in liquid culture at the
early- or mid-log phase. Thus, in the PEARL format, the most
productive phase of the engineered bacteria is prolonged.

2.4. Assessing the Compatibility of PEARLs for Therapeutically
Relevant Proteins
To test the compatibility of the PEARL platform to secrete thera-

peutically relevant bioactive proteins, we engineered L. plantarum
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to secrete elafin (also known as Trappin-2) and a-melanocyte
stimulating hormone (a-MSH) as two independent secretory
strains. Elafin, an 11 kDa protein, inhibits serine proteases such
as neutrophil elastase and proteinase-3. By inhibiting these pro-
teases, elafin protects tissues from protease-mediated damage in
inflammatory conditions and plays a protective role in different
parts of the human body, including the skin, lungs, and gastroin-
testinal tract. Previous studies have demonstrated the secretion
of elafin from engineered Lactococcus lactis and Lactobacillus casei
to explore its potential in treating inflammatory bowel disease.(3]

To identify the genetic construct capable of secreting a com-
plex protein like elafin (with 4 disulfide bonds) in L. plantarum
WCFS1, we tested the same circuit combinations as previously
tested for NucA. Using the P, promoter, we could not ob-
tain a mutation-free construct of elafin, likely due to the high
strength of the promoter causing metabolic stress in bacteria
to produce such complex protein. However, with the P, pro-
moter, the cloning was possible without mutations and we de-
tected the secretion of elafin in combination with the SP3 but
not with Lp_3050 (Western blot, Figure S9b, Supporting Infor-
mation). Therefore, we used the L. plantarum strain harboring
Py, SP3_elafin construct for further experiments to demon-
strate the functionality of the PEARL system.

Western blot analysis of denatured culture supernatants
demonstrated successful secretion of elafin in DMEM media,
which is more relevant for mammalian cells and tissues (Figure
S9b, Supporting Information). To quantify the amount of se-
creted protein in DMEM, we optimized a split NanoLuc Lu-
ciferase assay based on the interaction of two complementary
subunits, LgBiT (large bit) and SmBiT (small bit).*}! The 11-
amino-acid SmBIT tag was fused at the C-terminal of elafin,
which can bind to the IgBiT fragment added in the culture su-
pernatant to generate a luminescent signal in the presence of fu-
rimazine (Figure 4b). Based on the luminescence values obtained
in this analysis (Figure 4c), we correlated the values to a standard
curve (Figure S8a, Supporting Information) and quantified that
~30 nM of the elafin_SmBIT fusion protein was detected from
culture and PEARL supernatants (Figure S8b, Supporting Infor-
mation, Figure 4e). To assess the bioactivity of the secreted elafin
in both DMEM culture and PEARLs incubated in DMEM, we per-
formed an in-house optimized neutrophil elastase inhibitory as-
say (Figure 4f, described in materials & methods). The results
confirmed that elafin secreted from PEARLs was functional and
effectively inhibited neutrophil elastase (NE) (Figure 4g).

To demonstrate the functionality of the P, promoter in se-
creting a therapeutic protein, we tested two combinations of a-
MSH (tagged with Lp_3050 and SP3). @-MSH is an endogenous
peptide hormone expressed by keratinocytes in the human body,
that stimulates melanogenesis in melanocytes providing photo-
protective effects against ultraviolet (UV) radiation among other
health benefits.**! We could not obtain a mutation-free construct
for P,, 3050_a-MSH_SmBiT but could do so for P, SP3_a-
MSH_SmBIT. Based on quantification from the split Nano Lu-
ciferase assay, 10 nM of a-MSH was secreted by P, SP3_a-
MSH_SmBIT construct in DMEM media after 24 h, and 2.5 nM
of a-MSH was detected in the PEARL supernatant.

Depending on the genetic compatibility resulting from the
promoter’s strength, the signal peptide’s efficiency, and the
protein’s nature, some genetic combinations work efficiently,

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. Genetic constructs were designed, and assays were performed in DMEM media to assess the secretion of therapeutically relevant recombinant
proteins. a) Schematic of genetic constructs of Py, and P, promoters driving the expression of elafin and a-MSH, each tagged with either 3050 or
SP3 signal peptide and SmBIT fragment. b) Graphical illustration of Nano Luciferase assay wherein when LgBiT (large bit) comes in close proximity to
elafin_SmBIT or a-MSH_SmBIT, reassembles into a functional luciferase enzyme that produces a luminescent signal upon the addition of a substrate. ¢) A
plot representing luminescence values was obtained from a Nano Luciferase assay performed with supernatants of elafin-secreting PEARLs incubated in
DMEM media for 24 h. (n= 10, mean + SD) d) Plot representing luminescence values obtained from Nano Luciferase assay performed with supernatants
of a-MSH-secreting PEARLs incubated in DMEM media for 24 h. (n = 7, mean + SD) e) Quantification of elafin and a-MSH secreted into PEARL
supernatants after 24 h. f) Graphical representation of Neutrophil elastase inhibition assay optimized to detect the bioactivity of elafin; Presence of
elafin results in decreased fluorescence. g) Plot comparing the fluorescence values at 10 min-time point showing the decreased fluorescence in elafin-
PEARL supernatant indicating the NE inhibition by elafin. (n = 5, mean + SD).
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leading to the secretion of significant amounts of recombinant
proteins, while others do not. This highlights the importance of
having and testing multiple options of promoters and signal pep-
tides for the production and secretion of different proteins. In
all cases where successful protein secretion could be encoded
in L. plantarum, the PEARL format supports this functionality
and release of these differently sized proteins into the surround-
ing media (a-MSH_SmBIT: 5 kDa, elafin_SmBiT: 11 kDa, NucA:
17 kDa).

2.5. Polycistronic Gene Expression from PEARLs

Since our strongest promoter, P, was capable of driving high
levels of NucA secretion and fluorescent protein expression, we
tested its ability to do both simultaneously. Being able to encode
strong production of two proteins at once would improve the ver-
satility of programming L. plantarum. This would be better than
encoding separate copies of the promoter for each gene since i) it
reduces the overall size of the genetic module and the resulting
plasmid, which is an important parameter affecting transforma-
tion efficiency in L. plantarum, plasmid retention, and metabolic
burden during replication, ii) eases further genetic manipula-
tion within the plasmid by avoiding the inclusion of repetitive
sequences, and iii) simplifies the regulatory control of both genes
at once since only a single promoter needs to be modified to alter
their expression levels. For this, we inserted the mScarlet3 gene
downstream of the NucA gene, separated by a ribosome bind-
ing site (Figure 5a). With non-encapsulated bacteria, we observed
that the expression of mScalet3 dropped to roughly half when
compared to the strain encoding only mScarlet3 production. In
contrast, NucA secretion did not significantly decrease compared
to the strain only encoding NucA secretion (Figure 5b). Both re-
porters could also be detected well in a DNAse agar plate when
grown in static (Figure 5c). In the PEARL format, mScarlet3
could be detected inside the bead and continuous secretion over
7 days was also detected using DNAse agar plates (Figure 5d).
Furthermore, we assessed the detection of both proteins from
the PEARLs by tracking the fluorescence with the microplate
reader. We could detecta drop in fluorescence due to NucA secre-
tion (Figure 5e) or an increase in mScarlet3-driven fluorescence
(Figure 5f) only when bacteria encode for NucA or mScarlet3 as
a single gene or policystronically. In PEARLs, the differences in
protein production after 20 h of growth were only significant for
the NucA (Figure 5g). Overall, these experiments confirmed that
the P,,. promoter can be used to drive strong expression of two
independent genes in parallel, secretion is minimally compro-
mised by doing this, and this functionality is maintained in the
PEARLSs. Given the lack of incredibly strong constitutive promot-
ersin L. plantarum WCFS1, this polycistronic approach supposes
an attractive alternative to express two genes of interest highly.

2.6. Cytocompatibility Investigation of Bacterial Alginate Gels
Secreting NucA
L. plantarum is known to produce lactic acid and other metabo-

lites that can be cytotoxic to eukaryotic cells.*’ Several reports
suggest that such cytotoxicity can be selective for cancer cells but
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we found it important to test if encapsulation of these bacteria
in the PEARLs would alter this cytotoxicity. To evaluate this, we
co-cultured the PEARLs along with human fibroblasts in a me-
dia optimized to support the growth of L. plantarum and human
cells. Thus, during the 24-h period of this experiment, the bac-
teria proliferate within the PEARLSs and secrete NucA. These co-
cultures were used to assess the impact of PEARLS on the viability
and metabolic activity of human fibroblasts (Figure 6a). We com-
pared conditions containing the P,,._3050 (a high NucA producer,
>25 nM, Figure 3f) and P,,,_3050 (a low NucA producer, <5 nM,
Figure 3f) strains. We used empty alginate macro beads, wild-type
lactobacilli entrapped in the alginate macro beads, NucA-laden
alginate macro beads (50 nM), and media containing 0.5, 5, and
50 nM of NucA as controls. First, we quantified the percentage of
cell death by measuring the number of cells with damaged cell
membranes using the lactate dehydrogenase assay (Figure 6b).
A lysis condition where all cells were damaged with Triton X-
100 was used as a positive control. All conditions investigated
presented similar values of cell death around 10%, which were
comparable to the negative control, untreated cells. Cell viability
was also quantified as the number of metabolically active cells
using the alamar Blue assay (Figure 6¢). Results show similar
values of viability to the negative control. The metabolic activity
of fibroblasts decreased slightly for P;,,_3050, but this was not
statistically significant compared to the negative control. Some
conditions presented slightly higher metabolic activity than the
negative control, which was observed for conditions containing
bacteria and without bacteria (i.e., Nuc control 5 nM). This points
to a different proliferation rate unrelated to the presence of bac-
teria in the co-cultures. All measurements were within a similar
range.

LDH assay and alamar blue assay were performed with PEARL
supernatants as well and the results show similar values as neg-
ative control (Figure S10a,b Supporting Information). We also
stained the actin cytoskeleton of the fibroblasts with supernatants
of PEARLS (Figure 6d) to assess cell morphology (Figure 6e).
From the staining, we observed similar morphologies across con-
ditions, with spread cells and mature actin fibers developed. Nu-
clei staining was quantified to obtain values of cell densities for
the conditions evaluated. Cell densities were similar across con-
ditions (1600 cells mm~2) indicating comparable cell confluency
after treatment to the negative control (Figure S11, Supporting
Information).

2.7. Zebrafish Embryo Toxicity Test

Zebrafish (ZF) embryos <5 days post fertilization (dpf) were used
as a highly sensitive in vivo acute toxicity invertebrate test model.
Following OECD guideline 236, such tests are usually per-
formed in 24-well plates with one ZF embryo per well in a vol-
ume of 2 mL media. In order to achieve a more robust exposure
scenario, the test protocols were adapted in the following ways to
be better suited for PEARLs:

Usually, the zebrafish embryos are exposed to test compounds
while they remain inside the egg from which they hatch later dur-
ing the test. However, the chorion can prevent substances from
accessing the embryo.*”] To ensure that the embryos came into
direct contact with any bacterial products released in the media,
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wild-type L. plantarum), beads + P,,,_3050 (secreting the highest level of NucA), beads + P,,,_3050 (96 h) (pre-incubated for 96 h before adding ZF

embryos) and the negative control (n = 24 /treatment group).

they were released from the chorion before the start of the test.
The de-chorionation took place at 1 dpf since this is the earliest
time at which this treatment can be carried out reliably without
harming the embryos, and this is also a common practice in drug
screening./*®]

The ZF media was adapted to support L. plantarum growth
and metabolism by adding saccharose. Different sugars (Glu-
cose, Galactose, Maltose, Arabinose, Fructose, Sorbitol, Xylose,
Mannose, and Saccharose) were added to the L. plantarum culture
at 1% v/v concentration and after 24 h, OD,, and pH of the cul-
tures were measured. Saccharose supplementation was the only
condition in which significant bacterial growth (up to OD, of 2)
was seen along with the least drop in pH to 6. In all the remaining
conditions with other sugars, either bacterial growth was com-
promised, or the pH decreased below 6, even down to 3.

The potential toxicity of non-encapsulated L. plantarum on ZF
embryos was investigated using a cell-free supernatant contain-
ing the complete bacterial secretome. To decrease the produc-
tion volumes needed, the test was performed in a 96-well plate,
thereby decreasing the test volume from 2 to 0.3 mL per replicate.
We observed that the pure supernatant instantly killed all ZF em-
bryos within the first 24 h (Figure 7b). On dilution to 50% of the
culture supernatant, 45% of the ZF embryos died within the first
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24 h. After 48 h all embryos were dead. On dilution to 25% of
the culture supernatant, 75% survived after 24 h, 55% after 48 h,
and 50% after 72 and 96 h. The results indicate that metabolic
byproducts of L. plantarum are toxic to ZF embryos, similar to
their reported effect on cancer cells.[**] Notably, the supernatant
decreased the pH from 8 to values around 6, possibly due to lac-
tic acid production by the bacteria. This low pH was measured in
the 50% diluted samples but in 25% dilution, the pH was closer
to neutral (Table S2, Supporting Information). However, ZF em-
bryos have a relatively high pH tolerance and should tolerate the
observed pH changes.!*] Therefore, the observed mortality in-
duced by the supernatant is considered to be induced rather by
substances produced by L. plantarum than by decreased pH.
The effect of the PEARLs on ZF embryos was tested in 48-well
plates to reduce the volume and increase the concentration of
potentially released bacterial metabolic byproducts. The size of
a well was small enough to establish direct contact between em-
bryos and beads, but still big enough to prevent mechanical in-
terferences such as squeezing of the embryos. 8 PEARLs were
tested for each condition with 3 embryos in the same well as one
PEARL. The scheme of the experiment is shown in Figure 7a.
Survival of the ZF embryos in the presence of the PEARLs was
tested over 96 h and compared to a negative control group that did
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not contain any PEARLS or alginate. In the first test group, empty
alginate beads without bacteria were tested. In the s group, core—
shell alginate beads contained wild-type L. plantarum. The next
group included PEARLs containing the P, 3050 strain, which
secretes the highest level of NucA. In all these groups, all em-
bryos survived the 96-h incubation period (Figure 7b). In an ad-
ditional treatment group, the PEARLs containing the P, 3050
strain were incubated for 96 h without ZF before the start of the
test to increase the concentration of secretion products in the sur-
rounding media. In this treatment, one embryo died between test
days 3 and 4 resulting in a survival rate of 95.8% (Figure 7b). Such
effects with a value lower than 10% are usually considered natu-
ral variation and are not related to toxicity.*”] Even though a toxic
effect cannot be completely ruled out, the death of a single em-
bryo is attributed to natural variance rather than a toxic effect,
supported by the absence of any other adverse effects. Thus, no
significant reduction of survival due to the presence of PEARLs
was observed during the 96 h test duration. This was quite a sur-
prising result considering the toxicity of the non-encapsulated
bacteria. Itis to be noted that the PEARLSs did not considerably re-
duce the pH of the media as it remained ~7.5 in all cases (Table
S2, Supporting Information). This indicated that encapsulation
of the bacteria lowered its lactic acid production rate. While it is
possible that alginate encapsulation slowed down metabolite dif-
fusion into the media, the results from Figure 3d indicate that
diffusion of a secreted protein occurs within a matter of hours,
so the 4-8 day periods of the last two test groups should have
been sufficient for metabolite accumulation in the media. Fur-
thermore, we were able to clearly detect NucA secretion into the
ZF media after 24 h (Figure S12a, Supporting Information).

In parallel, the PEARLSs incubated in ZF media for 14 days
were dissolved using EDTA to recover the viable bacteria and
plated on an MRS-agar plate. The number of colony-forming
units (CFU) was found to be around 10° CFU/mL (Figure S12c,
Supporting Information). Though this is lower than the initial
number of cells that were encapsulated in the PEARLs (~10°),
it is to be noted that EDTA treatment could have killed some
of the bacteria.*!l We confirmed this by dissolving PEARLs 1 h
after their fabrication and determining the bacterial counts us-
ing the same method, which was in the same order of magni-
tude (<4 X 10° CFU/mL). However, this was still higher than the
14-day-old PEARLSs, so it is possible that bacterial viability or ro-
bustness dropped over this time period. Additionally, six random
colonies from the MRS agar plate were spotted on the DNase-
agar plate, and secretion was observed from all colonies after 24
h (Figure S12d, Supporting Information). These results indicated
that PEARLs could maintain the viability and activity of a bacterial
population over 14 days and that encapsulation of L. plantarum in
alginate possibly reduces or prevents the production of metabo-
lites that can be cytotoxic to the zebrafish. Extensive analysis of
the secretome from non-encapsulated bacteria and the PEARLs
using metabolomic and proteomic methods could shed light on
this mechanism.

3. Conclusion

To our knowledge, this is the first study that comprises an ELM
based on probiotic lactobacilli. We have developed a rapid, cost-
effective, and safe encapsulation method that keeps probiotic bac-
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teria viable and active while containing them. On top of that, the
manual approach of fabricating PEARLs is cost-effective and easy
to implement for small-batch production at the lab scale. Charac-
terization of these PEARLS has revealed interesting insights con-
cerning protein secretion and cytotoxicity. For example, the exact
amount of secreted protein from both non-encapsulated and en-
capsulated bacteria was measured in the range of 5-50 nM and, a
majority of this was secreted within the first 6 h. Encapsulation as
PEARLSs offered multiple benefits like supporting long-term pro-
tein release (at least 14 days), stabilizing the release profiles, and
improving release rates. Additionally, we discovered and charac-
terized new genetic parts that will enhance the programmability
of L. plantarum for protein secretion. Two constitutive promoters,
P, and Py, secreted significant amounts of three different pro-
teins (NucA, elafin, and a-MSH) from PEARLSs. Finally, the cyto-
toxicity results using human cell lines and ZF suggest consider-
able suppression of toxic metabolite release when lactobacilli are
encapsulated in alginate. Altogether, these results indicate that
PEARLs are a promising platform for further development to-
ward therapeutic applications.

4. Experimental Section

Strain, Media, and Plasmids: L. plantarum WCFS1 strain was used in
this study. De Man, Rogosa, and Sharpe (MRS) media (Carl Roth GmbH,
Germany, Art. No. X924.1) was used to grow the strain. Engineered L. plan-
tarum WCFS1 strains were grown in MRS media with 10 ug mL™" of ery-
thromycin (Carl Roth GmbH, Art. No. 4166.2) at 37 °C and 250 revo-
lutions per minute (rpm) for 16 to 20 h. E. coli Nissle 1917 was main-
tained in Luria-Bertani (LB) media (Carl Roth GmbH, Art. No. X968.1).
Engineered E. coli Nissle 1917 was grown in LB media supplemented
with 200 ug mL™" of erythromycin at 37 °C, 250 rpm for 16 to 20h. The
pLp_3050sNuc plasmid was the backbone vector used in this study (Ad-
dgene plasmid # 122 030).

Molecular Cloning Reagents:  The following enzymes and kits were pur-
chased from NEB: Q5 High Fidelity 2X Master Mix for PCRs, NEBuilder
HiFi DNA Assembly Cloning Kit for Gibson Assembly, Quick Blunting Kit
for DNA phosphorylation, and the T4 DNA Ligase enzyme for DNA liga-
tion. DNA oligos were purchased from Eurofins Genomics GmbH (KéIn,
Germany) (Table S1, Supporting Information). Synthetic genes were syn-
thesized as eBlocks from Integrated DNA Technologies (IDT) (Coralville,
USA) and were codon optimized using the IDT Codon Optimization Tool.
Plasmids were extracted using the plasmid extraction kit from Qiagen
GmbH (Hilden, Germany). The DNA purification kit was purchased from
Promega GmbH (Walldorf, Germany). The ladder used for agarose gels
was the Generuler 1 Kb DNA Ladder from Thermo Fisher Scientific.

Plasmid Construction: The direct cloning method for L. plantarum
WCFS1, was performed to assemble and obtain enough plasmid amount
required for a successful transformation.!’] In brief, Gibson Assembly was
used to assemble the synthetic genes into the plasmid backbone. Instead
of transforming the assembled product into an E. coli cloning strain, a PCR-
based plasmid amplification, followed by phosphorylation and ligations of
the PCR products was performed for circularization. Finally, a final purifi-
cation was performed to concentrate the circular DNA before L. plantarum
WCFS1 transformation. For sequence verification, the gene of interest was
amplified by PCR (Q5 high-fidelity polymerase), and the product was sent
for sequencing at Eurofins Genomics GmbH (KéIn, Germany).

L plantarum WCFS1 Transformation: L. plantarum WCFS1 electrocom-
petent cells were prepared as described in.!"®] L. plantarum WCFS1 trans-
formation was done following the protocol described.!'?]

Media Selection: When inoculated from glycerol stock, L. plantarum
was always grown in MRS media. To assess the containment of bacteria
within PEARLs, both MRS and LB media were used for subculturing and
incubation. For all NucA detection studies, bacteria were then subcultured

© 2025 The Author(s). Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

in DNase media. For elafin and a-MSH experiments, DMEM media was
used for subculturing of bacteria and incubation of PEARLs. For fibroblast
experiments, fibroblast growth media was used for subculturing of bac-
teria and incubation of PEARLs. For zebrafish experiments, 0.3x Danieu’s
media was used for subculturing of bacteria and incubation of PEARLs.

NucA Assay (in DNase media with Methyl green) — Qualitative Assay:  To
analyze the secretion of NucA by genetically modified bacteria, the bacteria
were first grown overnight in MRS media supplemented with 10 ug mL~"
erythromycin at 37 °C, 250 rpm, and the ODgoy was measured the follow-
ing day. The samples were subcultured in 4 mL of antibiotic-supplemented
fresh MRS media at an initial ODggg of 0.1 and incubated at 37 °C until
an OD of 1. Then, 10 pL of the undiluted bacterial cultures were spotted
on DNase agar (Altmann Analytik GmbH, Germany) supplemented with
10 pg mL™" of erythromycin and incubated at 37 °C for 24 h. The discol-
oration zone surrounding the spotted area, indicative of NucA activity was
captured and documented using the BioRad Gel Documentation System.

NucA Assay (in DNase media with Methyl green) — Quantitative Assay:
To measure the concentration of the secreted NucA, overnight bacterial
cultures (in MRS broth) were subcultured to an ODgqg of 0.1 in MRS
broth. Once the OD reached 1, bacteria equivalent to OD 0.1 were trans-
ferred to an autoclaved DNase media supplemented with erythromycin
of 1 mL volume and incubated at 37 °C and 250 rpm shaking condi-
tions for 24 h. The DNase media was obtained by agar precipitation of
the commercial DNase Agar and the final formulation comprised Tryptose
(20 g/L), Sodium Chloride (5 g L™1), Calf Thymus DNA (2 g L™'), Methyl
Green (0.05 g L™"). After 24 h, the bacterial cultures were centrifuged at
13 000 rpm (15 700 x g) and 200 pL of the respective supernatants were
added to the clear bottom 96-well microtiter plate (Corning 96 well clear
bottom black plate, USA). The samples were analyzed in the Microplate
Reader Infinite 200 Pro for methyl green-DNA complex-based fluorescent
intensity (Ex4 / EmA = 633/668 nm). The z-position and gain settings for
recording the fluorescence were set to 19 000 pm and 100, respectively.
The raw data obtained was correlated and calculated based on the stan-
dard curve explained below.

NucA Assay (in DNase media with Methyl green) — Standard curve:
Overnight grown culture of WCFS1— Empty vector (EV, bacteria carrying a
plasmid based on the p256 origin of replication and the erythromycin re-
sistance) was diluted to the OD 0.1in DNase agar + methyl green media.
Using the 0.1 OD DNase media prepared in the previous step as the sol-
vent, serial dilutions of NucA protein (Sigma-Aldrich) were made. In the
experiment, the standard curve was plotted in the range of 200-1.56 nM
(200, 100, 50, 25, 12.5, 6.25, 3.12, and 1.56 nM). The final volume of each
concentration was 1 mLand was prepared in 1.5 mL Eppendorftube. Once
the protein dilutions were transferred to the Eppendorf tube, they were
covered with aluminum foil to protect the bleaching of methyl green from
exposure to light. The tubes were stacked in a 37 °Cincubator with 250 rpm
shaking for 24 h.

After 24 h, 200 pL from each Eppendorf/concentration were pipetted in
duplicates into a black 96-well plate with transparent bottom. The fluores-
cence of samples was measured at Ex/Em of 633/668 nm at Z position
of 19 000 um and Gain of 100 in the Microplate Reader Infinite 200 Pro
(Tecan Deutschland GmbH, Germany).

Flow Cytometry: The fluorescence intensity of the reporter proteins
mCherry and mScarlet3 in bacterial cultures was measured using the
Guava easyCyte BG flow-cytometer (Luminex, USA). Samples were pre-
pared as described in.[2%! The Luminex GuavaSoft 4.0 software for Easy-
Cyte was employed for the analysis of the data.

PEARL Fabrication — Encapsulation in Alginate Core-Shell Hydrogels —
Fabrication of Alginate Cores: ~ About 3 wt% alginate solution was prepared
by dissolving sodium alginate (Sigma-Aldrich 71 238) in sterile MilliQ wa-
ter followed by sterilization by autoclaving it at 120 °C for 15 min. A bac-
terial culture (~10% cells in LB media) was mixed with 3 wt% alginate so-
lution in a 1:2 volume ratio to obtain a bacterial-alginate core solution of
2 wt%. The bacterial culture was supplemented with 1% v/v Alcian blue to
enhance the visualization of alginate-bacteria core beads during manual
fabrication. The bacteria-alginate core mixture was vortexed thoroughly to
ensure uniformity. Droplets, each with a volume of 10 uL, were pipetted
and dropped into a 5 wt% CaCl, solution (lonic crosslinker). The droplets
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were left to polymerize and solidify in CaCl, solution for 15 min. Solidi-
fied core beads (roughly 2 mm in diameter) were collected and washed
thrice with sterile Milli-Q water to remove the remnant CaCl, solution and
bacteria on the surface of the beads.

PEARL Fabrication — Encapsulation in Alginate Core—Shell Hydrogels —
Shell Coating: About 1.5 wt% alginate solution for shell coating was pre-
pared by mixing 3 wt% alginate stock solution and Milli-Q water in a 1:1
volume ratio followed by vortexing. Alginate cores from the last step of the
previous section were dipped into the shell solution. Alginate bead sur-
rounded by shell solution (roughly 25 L) was collected with a pipette tip,
whose tip was cut with a sterile blade to increase the size of the opening,
followed by dropping into the cross-linker solution. The core—shell alginate
beads were left to solidify for 15 min. The beads were collected, washed
with sterile Milli-Q water, and transferred to a well plate with a nutrient
media.

Tracking Changes in PEARLs Using Microplate Reader: PEARLs (algi-
nate beads) after fabrication were immediately transferred to a 96-well
plate containing wells filled with 200 uL of respective media (LB me-
dia for ODgy, measurements and DNase media for NucA quantifica-
tion). Growth kinetics along with tracking of fluorescence expression was
done for 72 h using Tecan microplate reader with settings for Excita-
tion/Emission wavelengths [Ex/Em for mCherry (587/625 nm)/mScarlet3
(569/600 nm)/NucA (633/668 nm), Manual gain 80-100 (depending on
the magnitude of signal, a particular gain value has been selected for indi-
vidual assays, between 80 and 100), Z-position 19 000 um and integration
time of 20 ps]. Data was normalized and analyzed using GraphPad prism.

Western Blot:  Sodium dodecyl sulfate-polyacrylamide electrophoresis
(SDS-PAGE) of denatured protein samples (Culture supernatants in the
experiments) were performed. PVDF membrane (Immobilon-P, Merck
Millipore) was cut to the same size as polyacrylamide gel immersed in
99% methanol for 10 s followed by soaking the membrane in sterile MQ
water for 10 s and finally dispersed in 50 mL of cold 1x Transfer buffer
(25 mM Tris Base-pH 8.3, 192 mM Glycine, 200 mL methanol and rest of
MQ water upto 1L) for a few minutes. Parallelly, components needed for
cassette assembly (foam pad, filter paper, polyacrylamide gel) were equili-
brated in cold 1x Transfer buffer for 10 min. The cassette was assembled in
the order of Support grid/Cathode (-) — foam pad — filter paper — poly-
acrylamide gel = PVDF membrane — filter paper — foam pad — Support
grid/anode (+). The cassette was placed in a Bio-Rad buffer tank set on
a magnetic stirrer, filled with 1x Transfer buffer, a magnetic stirring bar
was placed underneath the cassette and the whole setup was connected
to a power unit with the voltage set to 100 V for a duration of 90 min and
the transfer was initiated by switching on the power supply. After 90 min,
the PVDF membrane was peeled out (make sure that protein ladder got
transferred from PAGE gel onto the PVDF membrane, indicating the suc-
cessful transfer of proteins) and placed in a 50 mL amber-colored falcon
by rolling the membrane inward such that the side of the membrane with
transferred proteins was in contact with the blocking buffer (15 mL of 3%
Bovine Serum Albumin in 1x Tris-buffered saline (TBS)) inside. The falcon
was placed in a rotary shaker and incubated at room temperature for 1 h.
The spent blocking buffer was discarded and 10 mL of fluorophore-tagged
antibody (elafin antibody H-2 conjugated to Alexa Fluor 647 from Santa
Cruz Biotechnology, in the ratio of 1:500) in 3% Bovine Serum Albumin
made with 1x TBS was added to the falcon. The falcon was set in a ro-
tary shaker and incubated overnight at 4 °C. Next morning, the membrane
was taken out of the falcon and washed thrice with 1x TBST (TBS supple-
mented with 0.05% Tween-20) followed by capturing the blot in optimized
RGB settings in a Bio-Rad gel doc device.

Neutrophil Elastase Inhibition Assay: Confirmation of elafin’s bioactiv-
ity was performed by measuring the inhibition of Neutrophil elastase (NE)
enzyme. An in-house assay was optimized using human neutrophil elas-
tase (324681-Sigma—Aldrich), neutrophil elastase specific fluorogenic sub-
strate (MeOSuc-AAPV-AFC, from Abcam), and commercial recombinant
human elafin (R&D systems). In the absence of NE inhibitors, NE rec-
ognizes & binds to a specific tetrapeptide sequence (AAPV) and cleaves
the bond between valine and AFC (7-amino-4-trifluoromethylcoumarin), a
fluorescent moiety at the C-terminus of substrate. Upon cleavage, AFC is
released and exhibits strong fluorescence which can be measured using a
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Chapter 4.

Switchable protein release from
lactobacilli-based ELMs

The promoters are the genetic parts that determine gene expression levels by influencing
the affinity with the RNA polymerase. All the promoters mentioned in the previous
chapters were constitutive. These promoters are defined as “unregulated promoters that
allow for continual transcription of their associated genes”. In other words, they remain
active under normal conditions and, in principle, do not respond to inducers. In bacteria,
using promoters that are active full-time can lead to bacterial growth impairment,
undesired mutations, and other disadvantages. In the first part of this thesis, this was
commonly observed in E. coli, which led to the idea of developing the direct cloning
method described in Chapter 2. However, it also started to be the case in L. plantarum
after the discovery of Piwc. For instance, the sequence-verified recombinant strain
encoding the elafin gene under P:c has always failed, possibly due to high levels of elafin

resulting in toxicity for L. plantarum, as shown previously for E. coli [158].

Inducible genetic switches are typically used to circumvent such issues [95, 98]. These
switches are based on inducible promoters that generally become active upon induction,
thus turning on gene expression on demand. There is one widely used inducible switch in
L. plantarum, the pSIP system, which was developed in 2005 [107]. However, this switch
has certain limitations, including i) being a two-component system, ii) requiring a cost-
intensive peptide as an inducer, and iii) not achieving high levels of protein production
after induction. Therefore, there is a need for novel inducible genetic switches and a

plethora of opportunities to explore.
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This chapter further investigates the question of whether the newly discovered genetic
parts are able to perform well when bacteria are encapsulated within alginate beads.
However, the primary objective is not protein secretion but rather the regulation of
inducible gene expression. To achieve this, in the following work, effort is invested in
turning the novel constitutive Prec promoter into an inducible one that responds to food-
grade small molecules. To that end, three genetic switches, so far unexplored in L.
plantarum, were adjusted for optimal expression in these bacteria and designed to
repress Prc-driven expression of the fluorescent protein mCherry. Interestingly, all three
genetic switches showed responsiveness towards the cognate inducer molecule, but only

one, the cumate switch, was further investigated due to its promising results.

The temporal profile of the cumate switch showed growth phase dependency and an
inverse correlation between a drop in the pH of the media, mediated by the metabolic
activity of L. plantarum, and an increase in the leakiness of the switch. Yet, we reported
two strategies to reduce leakiness significantly: i) thermally aiding the switch by growing
the uninduced bacteria at 30°C reduced significantly leakiness (from 2-3x to >200x fold-
changes for the uninduced and induced states of the switch after 10 hours of incubation),
and ii) grow the bacteria in nutrient-limited conditions where their metabolism is

restricted, and pH is more stable.

More interesting results were observed after encapsulation of the cumate-responsive
bacteria within PEARLs. Encapsulation within materials almost completely reduced the
leakiness of the cumate switch while allowing proper induction upon the addition of the
inducer and further diffusion into the cores of the PEARLs. Switchable protein secretion
was reported for the first time in lactobacilli-based ELMs, even after 9 days of incubation.
Furthermore, that was not only proved for the cumate switch but also for another switch
responsive to vanillate, which showed even higher levels of leakiness in the uninduced
state in culture. The co-encapsulation of diverse inducible populations enabled the

development of dual-mode multi-switching and multi-functional ELMs.

In the last part of the publication, the PEARL format is redesigned and fabricated using a

more automated, scaled-up, and microencapsulation approach more suitable for
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biomedical applications. The new format, termed micro-PEARLs, showed prominent
protein release and cumate-specific responsiveness, establishing this new format as an

attractive alternative for next-generation lactobacilli-based ELMs.

Altogether, this study reports a novel genetic switch for highly inducible gene expression
in L. plantarum. It is envisaged that this responsive ELM format is promising for
developing L. plantarum towards advanced applications in biotechnology, pharmaceutics,

and living therapeutics.
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The strong constitutive promoter P:c was engineered to be responsive to the food-grade small
molecule cumate, developing a novel genetic switch in L. plantarum. This switch exerted a
moderate degree of Pc-driven inducibility but strong leakiness in the uninduced state after a given
bacterial growth. However, encapsulation within PEARLs suppressed leaky expression while
allowing induction upon the addition of cumate, pointing towards an encapsulation-enhanced
induction.
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ARTICLE INFO ABSTRACT
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Living microbial therapeutics promise precise, programmable interventions at disease sites, yet most demon-
strations of on demand drug release still rely on Escherichia coli, whose rich genetic toolkit is unmatched among
probiotics. In particular, genetic parts to regulate in situ protein production are severely lacking in non-model
probiotic bacteria like lactobacilli. Here, we equip the probiotic Lactiplantibacillus plantarum with high-
performance genetic switches and show how material encapsulation can further enhance their behavior. By
integrating cumate or vanillate-responsive operators and repressors with the strongest constitutive promoter in
L. plantarum (P.), we generated two switches that support micromolar range induction. In rapidly growing
culture conditions, acidification-associated leakiness of the switch was observed, which could compromise their
applicability for precise on-demand delivery of drugs. Furthermore, such leakiness also limits the duration for
which these engineered probiotics can be reliably used. By restricting growth through mild temperature or
nutrient limitation, acidification and leakiness were suppressed. Strikingly, immobilizing the engineered cells in
core-shell alginate beads (Protein Eluting Alginate with Recombinant Lactobacilli, PEARLs) almost eliminated
leakiness, enabling day-scale, reversible control of intracellular reporters and secreted enzymes. This leakiness
suppression persisted when two strains carrying orthogonal switches were co-encapsulated and even after
miniaturization to submillimeter beads. These results expand the genetic toolbox of probiotic L. plantarum,
demonstrate the synergy between genetic circuit design and material encapsulation, and advance lactobacilli
toward stimuli-responsive therapeutic platforms.

1. Introduction future of this technology, in situ control over release has mainly been

demonstrated with Escherichia coli due to its well-equipped genetic

Engineered living therapeutics are microorganisms that are geneti-
cally programmed to deliver biopharmaceuticals within the body [1].
They are emerging as a powerful complement to small molecules and
biologic medicines due to their ability to self-replicate, navigate com-
plex host environments, and continuously produce macromolecular
cargos or bioactive metabolites to treat chronic pathologies [2-4].
Furthermore, they can be genetically programmed to sense external
triggers or biomarkers, process these inputs, and control the release
profiles of their therapeutic payloads in situ [5]. While several engi-
neered bacteria have made it to clinical trials and show promise for the

toolbox. Extending such capabilities beyond E. coli to probiotic species
that naturally inhabit human mucosa would broaden the applicability of
this technology and improve safety and colonization profiles.

A central barrier to this broader vision is the limited genetic
programmability of non-E. coli probiotics [6]. While E. coli benefits from
decades of synthetic biology tool development with numerous well-
characterized promoters, repressors, and transcription factors, most
other probiotic genera only have access to a handful of basic genetic
parts. Furthermore, in several taxa like Lactobacillus, efforts to port
heterologous parts often falter because of divergent intracellular and
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metabolic environments [7]. Consequently, sophisticated genetic cir-
cuits that enable control over cargo production in response to sensing
and processing external triggers have remained out of reach for most
clinically relevant probiotics.

A second challenge is achieving reliable spatiotemporal control over
the activity of microbial therapeutics once they are released into the
body [8]. Freely administered bacteria experience several impediments
to their function, like immune pressure, microbial competition, phage
infections, and environmental stresses like changes in pH, osmotic
pressure, and nutrient availability [9,10]. To maintain probiotic
viability and functionality, material-assisted strategies like encapsula-
tion in hydrogels, protective coatings, or layer-by-layer approaches have
been employed [11-13]. This strategy aids in physically preventing at-
tacks from immune cells, other microbes, or phages, and buffers envi-
ronmental stresses, while permitting nutrient diffusion to the cells and
release of therapeutic factors [14,15]. The effective application of this
strategy for therapeutically engineered microbes is being extensively
explored in the field of Engineered Living Materials (ELMs) [16,17].

Within this landscape of engineered probiotics for therapeutic ap-
plications, Lactiplantibacillus plantarum stands out as a versatile chassis
candidate [7]. Several strains within this species are GRAS-designated,
intrinsically acid-tolerant, and exert beneficial effects in the oral,
gastrointestinal, urinary, skin, and reproductive niches, like immuno-
modulation and barrier-strengthening [18-20]. Their extensive use in
fermented foods and probiotic supplements further speaks to their safety
profile in humans [21,22]. Despite these advantages, the translation of
L. plantarum into a living therapeutic platform has been hampered by a
shallow genetic toolbox, which our laboratory has recently expanded
[7,23]. For therapeutic applicability, we identified the strongest
constitutive promoter characterized to date in L. plantarum, Py, and
paired it with signal peptides to drive high-level secretion of heterolo-
gous proteins [24,25]. Second, we demonstrated that encapsulating
these engineered lactobacilli inside core-shell alginate beads as “Protein-
Eluting Alginate with Recombinant Lactobacilli (PEARLs)” stabilizes
their metabolism, sustains protein release for weeks, prevents bacterial
escape, and improves their biocompatibility [25]. Encapsulation,
therefore, provides both a containment layer and a physicochemical
micro-environment that may be exploited to adjust gene expression.

Yet, one key piece of the puzzle remains missing — high-performance
genetic switches that can be controlled by clinically compatible triggers/
inducers while exhibiting minimal leaky expression. Genetic switches
are vital for the genetic programmability of an organism since they allow
temporal control over gene expression, which can enhance productivity
and reduce metabolic burden [26,27]. The well-established peptide-
inducible pSIP system affords tight repression but only moderate output
and requires costly synthetic peptides for induction [28,29].
Carbohydrate-responsive promoters like Py, (xylose-inducible), Py
(lactose-inducible), and Pgq (galactose-inducible) are inexpensive yet
display modest dynamic ranges and can be difficult to control in vivo
because of host sugar metabolism [30,31]. Bile-induced promoters have
also been explored in lactobacilli, but their induction relies on intestinal
conditions, which restrict their applicability [32]. Our own efforts to
adapt thermo-responsive genetic switches that function incredibly well
in E. coli completely failed in L. plantarum due to unknown causes.
Consequently, despite considerable efforts to create genetic switches in
L. plantarum, reliable control over strong protein production has
remained elusive, and the underlying causes behind the failures are
poorly understood.

In the present study, we address this unmet need by modifying the
strong P promoter into genetic switches responsive to the food-grade
small molecules, cumate and vanillate. The genetic switches supported
strong protein production but were found to be leaky under conditions
that supported rapid bacterial growth, leading to a drop in the pH. This
leakiness could be greatly reduced using temperature or nutrient con-
ditions that limited growth and pH change, but still facilitated strong
protein production on induction. More interestingly, we show that
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alginate encapsulation in the PEARL format drastically suppresses
leakiness of these switches, yielding fold-changes exceeding ninety-fold
for intracellular reporters and enabling day-scale, reversible control of
secreted enzymes. Furthermore, such encapsulation enabled the co-
encapsulation of strains with orthogonal switches to develop dual-
mode PEARLs capable of independently regulating fluorescent protein
production and enzyme secretion. Finally, we show that the leakiness-
suppressing effect is sustained even when the PEARLs are miniaturized
by an order of magnitude. Together, these advances expand the genetic
toolbox of L. plantarum with parts offering temporal control over protein
production and underscore the synergy between genetic circuit design
and material encapsulation for the next generation of living drug
carriers.

2. Experimental section
2.1. Strains, media, and plasmid vector

L. plantarum WCFS1 was used in this study. The strain was grown in
De Man, Rogosa, and Sharpe (MRS) medium (Carl Roth GmbH, Ger-
many, art. no. X924.1). The strain was incubated at either 30 °C or 37 °C
(indicated in each case), and 250 rpm. The medium of the engineered
strains was supplemented with 10 pg/mL of erythromycin (Carl Roth
GmbH, Germany, art. No. 4166.2). For the cloning of all the plasmids,
NEB DH5-a competent E. coli cells were used (New England Biolabs
GmbH, Germany, art. No. C2987). Engineered E. coli was grown in
Luria-Bertani (LB) medium (Carl Roth GmbH, art. No. X968.1) supple-
mented with 200 pg/mL of erythromycin at 37 °C and 250 rpm. The
pTec_mCherry plasmid (Addgene plasmid #229145) was the backbone
vector for all the plasmids used in this work. The backbone of this
plasmid is derived from the pLp_3050sNuc plasmid (Addgene plasmid #
122030).

2.2. Molecular cloning reagents

Primers were synthesized by Eurofins Genomics GmbH (Koln, Ger-
many). All the primers used in this study are listed in Table S1. Synthetic
gene fragments were ordered as eBlocks from Integrated DNA Tech-
nologies (IDT) (Coralville, USA). The codon optimization tool of IDT was
used to codon-optimize the eBlocks (selecting the option for Lactobacillus
acidophilus). All the eBlocks used in this study are listed in Fig. SO. For
the polymerase chain reaction (PCR), Q5 High Fidelity 2 x Master Mix
(NEB GmbH, Germany, No. M0492S) was used. 1 kb Plus DNA Ladder
(Catalog Number 10787018) was purchased from ThermoFisher Scien-
tific (Germany) and used as a reference in gel electrophoresis. The
Wizard® SV Gel and PCR Clean-Up System (Promega GmbH, Germany,
Art. No. A9282) was used to purify the PCR products. DNA assembly was
performed using the HiFi Assembly Master Mix (NEB GmbH, Germany,
Art. No. E55208). The Qiagen GmbH (Hilden, Germany) plasmid
extraction kit was used to lyse and extract the plasmids from E. coli DH5-
a.

2.3. Plasmid construction

The eBlocks were designed with compatible ends (20 base-pair
overhangs) to the backbone vector. Each eBlock was resuspended with
20 pL of previously autoclaved Milli-Q water and used directly in the
HiFi assembly reaction following the manufacturer’s protocol. Right
after, the assembled products were transformed into NEB DH5-« E. coli
competent cells following the manufacturer’s heat shock protocol except
for the NucA cloning, where bacteria were grown at 28 °C instead of
37 °C. Plasmids were extracted from E. coli DH5-o cells and used for
transforming L. plantarum WCFS1 after sequence verification by Sanger
sequencing (Eurofins Genomics GmbH (Koln, Germany)). All the plas-
mids and the engineered strains generated in this study are listed in
Table S2.
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2.4. L. plantarum WCFS1 competent cell preparation and DNA
transformation

The preparation of L. plantarum WCSF1 electrocompetent cells and
the plasmid DNA transformation were done as described in [33]. In
brief, L. plantarum WCFS1 was inoculated in 5mL of MRS medium and
cultured overnight at 37 °C and 250rpm. After overnight growth, 1 mL
of the culture was mixed with 20 mL of MRS medium and 5 mL of 1 %
(w/v) glycine and incubated at 37 °C and 250 rpm for approximately 4 h
until the ODggonm reached roughly 1. Next, the cells were pelleted down
by centrifuging at 4000 rpm for 10min at 4 °C, followed by two washes
with 5mL of ice-cold 10mM MgCl; and two additional washes with 5SmL
of ice-cold Sac/Gly solution [1 M sucrose mixed with 10 % (v/v) glycerol
ina1:1 (v/v) ratio]. After that, cells were resuspended in 500 L of Sac/
Gly solution, and 60pL aliquots of competent cells were prepared for
DNA transformation. For the electroporation, 1pg of plasmid DNA was
added to a competent cell aliquot prior to transferring the mixture into
an ice-cold 2mm gap electroporation cuvette (Bio-Rad Laboratories
GmbH, Germany). After 10 min of incubation on ice, a single pulse at
1.8kV was applied, followed by the addition of 1 mL of MRS medium.
The mixture was incubated at 37 °C and 250 rpm for 3 h. Finally, all the
cells were plated on MRS Agar supplemented with 10pg/mL erythro-
mycin and incubated at 37 °C for 40-48h.

2.5. Gene expression switches induction

Vanillic acid (vanillate) and 4-isopropylbenzoic acid (cumate) were
purchased at Sigma Aldrich (Catalog number H36001 and 268402,
respectively). Anhydrotetracycline (aTc) was purchased at Cayman
Chemical (Item no. 10009542). All inducers were resuspended in pure
ethanol. The concentrations used for inductions were: 50, 100, or 200
uM of vanillate for the vanillate switch, 0.2, 0.5, 1, or 4 M of aTc for the
aTc switch, and 0.1 to 100 pM of cumate for the cumate switch (indi-
cated in each experiment). The induction time is indicated in each
experiment. The pSIP system induction was done using the IP673 pep-
tide (GeneCust, Boyes, France), to a final concentration of 100 ng/mL.

2.6. Flow cytometry analysis

Engineered L. plantarum WCSF1 was grown in 4 mL of MRS medium
supplemented with 10 pg/mLerythromycin at 37 °C and 250 rpm. The
next day, bacteria were sub-cultured to an ODggony of 0.01 in 2 mL of
MRS medium supplemented with 10 pg/mL erythromycin and grown at
37 °C and 250 rpm for 8 h. For the induced conditions, inducers were
added along with the erythromycin. After that, 1 mL of the bacterial
cultures was pelleted down by centrifugation at 6000 rpm for 2 min. The
supernatant was discarded carefully, and the pellets were resuspended
in 1 mL of sterile Dulbecco’s 1 x PBS (DPBS). Finally, the mixtures were
serially diluted by a 10*-dilution factor, and 5000 bacterial events were
recorded for analysis using the Guava easyCyte BG flow-cytometer
(Luminex, USA). The fluorescence intensity of mCherry was measured
using excitation by a green laser at 532 nm (100 mW) and the Orange-G
detection channel 620/52 nm filter was used for signal analysis. The
Luminex GuavaSoft 4.0 software for EasyCyte was used for the analysis
and representation of data.

2.7. Microplate reader setup for induction levels assessment

Engineered L. plantarum WCSF1 was grown in 4 mL of MRS medium
supplemented with 10 pg/mL erythromycin at 37 °C and 250 rpm. After
overnight growth, bacteria were sub-cultured to low ODg gy, (indicated
in the results section) in MRS medium supplemented with 10 pg/mL
erythromycin. For the induced conditions, the inducers were added
along with the erythromycin, and bacteria were incubated for a period
of 5 to 8 h (the exact time and cumate concentration are indicated in the
results section). After that, bacterial pellets were resuspended in 1 mL of
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DPBS, and 200 pL of the mixture was transferred to a UV STAR Flat
Bottom 96-well microtiter plate (Greiner BioOne GmbH, Germany). The
microplate reader Infinite 200 Pro (Tecan Deutschland GmbH, Ger-
many) was used to quantify the levels of fluorescence. The mCherry
fluorescence intensity was measured using the excitation/emission
values: Ex; / Em; = 587 nm/625 nm. The fluorescence values were
normalized with the ODgoonm of the mixtures (quantified by measuring
the absorbance at 600 nm) to calculate the Relative Fluorescence Units
(RFU) (Fluorescence/ODgoonm). The RFU values for L. plantarum WCFS1
carrying an empty vector (a plasmid based on the origin and the anti-
biotic resistance) were used as blank. The settings for the microplate
reader were as follows: the Z-position was set at 19000 pm, the gain
settings at 80-100 (indicated in the results section), and the readings
were taken from the top.

2.8. Microplate reader kinetics setup for induction assessment

Engineered L. plantarum WCSF1 was grown in 4 mL of MRS medium
supplemented with 10 pg/mL erythromycin at 37 °C and 250 rpm. After
overnight growth, bacteria were sub-cultured to low ODggoy, and
incubated at 37 °C and 250 rpm.

- In MRS medium: after 8 h of growth, bacteria were again diluted to
an ODggonm of 0.01 with MRS supplemented with 10 pg/mL eryth-
romycin. For the induced conditions, 5 pM of cumate, 50 pM of
vanillate, or 100 ng/mL of IP673 peptide was added for induction.
Next, bacteria were transferred to a 96-well plate, and a kinetic cycle
was set at 37 °C or 30 °C for up to 16 h (indicated in the results
section). Fluorescence intensity and ODggopn, Values were taken
every 30 min. RFU values were calculated as described in the pre-
vious section.

In LB or LBG media: when bacteria reached an ODggopyy, of 0.1 or 0.3,
bacteria were transferred into either LB medium or LBG medium (LB
supplemented with 0.1 M of glucose) supplemented with 10 pg/mL
erythromycin. For the induced conditions, 5 pM of cumate was
added. Next, bacteria were transferred to a 96-well plate, and a ki-
netic cycle was set at 37 °C for up to 21 h. Fluorescence intensity and
ODgoonm values were taken every 30 min. RFU values were calcu-
lated as described in the previous section.

2.9. pH measurements

For non-encapsulated bacteria experiments, the pH of the media was
measured after 0, 10, 15, and 20 h (indicated in each experiment). For
encapsulated bacteria experiments, PEARLs were kept for one to three
days in the incubator. The pH of the LB medium was measured every 24
h. In all cases, the supernatants were collected and centrifuged for 3 min
at 10000 rpm. The supernatants were transferred into new tubes, and
the pH was measured using a calibrated Elite pH Spear Pocket Tester
(Thermo Scientific, Germany).

2.10. NucA Assay (in DNase medium with Methyl green)

2.10.1. Qualitative assay

Engineered L. plantarum WCSF1 was grown overnight in MRS me-
dium supplemented with 10 pg/mL erythromycin at 37 °C and 250 rpm.
The next day, the ODggopm Was measured, and bacteria were subcultured
in 4 mL of MRS medium supplemented with 10 pg/mL erythromycin at
an ODggonm of 0.05 and incubated for approximately 5 h at 30 °C or
37 °C until the ODggonm Was close to 1. For the induced conditions, 5 pM
of cumate was added during the subculturing. 5 h later, 10 pL of the
cultures were spotted on DNase agar with Methyl green (per liter: 20 g of
tryptose, 5 g of sodium chloride, 2 g of deoxyribonucleic acid, 0.05 g of
methyl green, and 13 g of agar; Altmann Analytik GmbH, Germany)
supplemented with 10 pg/mL of erythromycin and incubated at 37 °C
for 40 h. After this incubation, the BioRad Gel Documentation System
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was used to capture images of the DNase agar plates, and the discolor-
ation of the halo generated around the spotted area was measured using
ImageJ (version 1.53 k).

2.10.2. Quantitative assay

Engineered L. plantarum WCSF1 was grown as described in the
qualitative assay section. When bacteria reached an ODggopn of
approximately 1, bacteria equivalent to ODggopn, of 0.1 were transferred
to 1 mL of DNase medium supplemented with 10 pg/mL erythromycin
and incubated at 30 °C or 37 °C and 250 rpm for 24 h. For the induced
conditions, 5 pM of cumate was added during the subculturing. The
DNase medium was obtained as described in [25]. After 24 h, the cul-
tures were centrifuged at 7000 rpm, and 200 pL of the supernatants were
added to the clear-bottom 96-well plate. The samples were analyzed in
the microplate reader Infinite 200 Pro to measure the fluorescence in-
tensity of the supernatants (Ex/Em = 633/668 nm). The Z-position was
set at 19000 pm, and the gain settings at 100. The NucA concentration
was correlated and calculated using the standard curve at 24 h described
in [25].

2.10.3. Kinetics in the microplate reader

Engineered L. plantarum WCSF1 was grown in 4 mL of MRS medium
supplemented with 10 pg/mL erythromycin at 37 °C and 250 rpm. After
overnight growth, bacteria were sub-cultured to an ODggqyy, of 0.01 in
MRS medium supplemented with 10 pg/mL erythromycin. When bac-
teria reached an ODggonm Of approximately 0.1 and 0.3, bacteria were
transferred to DNase medium with and without cumate and supple-
mented with 10 pg/mL erythromycin. 200 pL of the mixture was
transferred to a 96-well plate, and a kinetic study was set for 20 h. NucA
secretion was measured by taking measurements of the DNase medium
at Ex/Em = 633/668 nm and absorbance at 600 nm. Measurements were
taken every 30 min. The manual gain was set at 100, Z-position at
19000 pm, the temperature was 37 °C, and the integration time was 20
ps.

2.11. PEARLs fabrication and cumate-responsiveness

2.11.1. Fabrication

PEARLs were fabricated as described in [25]. In brief, a 3 wt%
alginate solution was prepared by dissolving alginate in sterile Milli-Q
water, followed by autoclaving the solution for 15 min at 121 °C.
Equal amounts of 3 wt% alginate and L. plantarum WCSF1 were resus-
pended in LB medium supplemented with 10 pg/mL erythromycin
(approximately 10® cells per mL) and vortexed to obtain the core solu-
tion (1.5 wt%). Equal amounts of 3 wt% alginate and sterile Milli-Q
water were mixed to obtain the shell solution (1.5 wt%). 10 pL drop-
lets of core solution were pipetted and dropped into a 5 wt% CaCl; so-
lution (ionic crosslinker). The droplets were left to polymerize in the
ionic crosslinker for 15 min. After that, the core beads were collected
and washed three times with sterile Milli-Q water. Alginate core beads
were dipped into a 2-mL eppendorf with 1.5 wt% shell alginate solution,
and the core bead with approximately 25 pL of shell solution was
pipetted and dropped into a 5 wt% cross-linker solution. Core-shell
PEARLs were left to polymerize in the cross-linker solution for 15 min
before the induction experiments.

2.11.2. Cumate induction and quantification

PEARLs were transferred into a 96-well plate, and 200 pL of LB
medium, or Dulbecco’s Modified Eagle Medium (DMEM) (Sigma-
Aldrich, Germany) supplemented with 10 pg/mL erythromycin was
added. For the induced conditions, 100 pM of cumate or 50 uM of
vanillate was added. Next, the microplate reader was used to track
bacterial growth (bacterial growth as an increase in absorbance at 600
nm) and mCherry production (Ex/Em = 587/625 nm) for 24 to 70 h,
depending on the experiments. Measurements were taken every 30 min.
The manual gain was set at 100, the Z-position at 19000 pm, the
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temperature was 37 °C, and the integration time was 20 ps. The BioRad
Gel Documentation System was also used to capture macroscopic images
of the PEARLs after induction. Images were processed with ImageJ.

For the NucA experiments, 200 pL of DNase medium (supplemented
with 10 pg/mL erythromycin) without or with cumate (100 pM) was
added. NucA secretion was measured by taking measurements of the
DNase medium surrounding the PEARLs at Ex/Em = 633/668 nm and
absorbance at 600 nm after 24 h at 37 °C. The manual gain was set at
100, the Z-position at 19000 pm, and the integration time was 20 ps.
After that, the wells were washed three times with DPBS. Next, 200 pL of
fresh DNase medium (supplemented with 10 pg/mL erythromycin)
medium without or with cumate (100 pM) was added, and measure-
ments were taken 24 h after (day 2). The same procedure was repeated
until day 7 or day 9, depending on the experiment.

2.12. Live/Dead staining and imaging of PEARLs

A sterile scalpel was used to carefully detach the shells from the cores
of the PEARLs and to split the cores in half. Next, the half cores were
stained with a mixture of SYTO9 and propidium iodide (PI) (Thermo
Fisher Scientific) at final concentrations of 5 pM and 30 uM in DPBS,
respectively. The mixture was incubated for 30 min at room temperature
in static conditions. After that, the stained cores were washed with DPBS
before imaging.

Imaging was performed using a Zeiss Cell Discoverer 7 microscope
equipped with Zen 3.11 software (Zeiss, Oberkochen, Germany). A Zeiss
Plan-Apochromat 20x/0.95 objective with an optovar 0.5x Tubelens
was used for image acquisition. Excitation/emission wavelengths were
set to 488 nm/410-546 nm and 561 nm/605-700 nm for detecting live
and dead bacterial populations, respectively. A tile scan of the entire
PEARL sample was acquired at a Z-stack interval of 5,52 pm, taken 50
pm above the plate surface. The 3D volumes of live and dead bacterial
colonies were quantified using the Blob Finder tool (ZEISS Arivis Pro,
Zeiss, Oberkochen, Germany). In addition to colonies stained exclusively
with SYTOO9 (live) or PI (dead), some colonies showed partial staining
with both markers. For these SYTO9/PI-positive colonies, the volume
was evenly divided between live and dead categories. The percentage of
live cells (Live %) was calculated as the volume of live cells divided by
the total volume of live and dead cells. Representative images were
generated using orthographic maximum intensity projections (MIP) of
the Z-stacks (Zen 3.11, Zeiss, Oberkochen, Germany).

2.13. Micro-PEARLS fabrication, secretion assessment, and cumate
responsiveness

2.13.1. Fabrication

The core and shell solutions were prepared in the same compositions
as prepared for PEARLs. 5 mL of core solution was filled in a 5 mL sy-
ringe, and 20 mL of shell solution was filled in a 20 mL syringe. Micro-
PEARLs were fabricated using the microencapsulator B-390 (Buchi,
Switzerland). The autoclaved reaction vessel was arranged with a 150
pm nozzle (for the core) and a 300 pm nozzle (for the shell). Syringes
with core and shell alginate solutions were secured to the respective
entry points of the aseptic reaction vessel. 200 mL of crosslinker solution
(5 wt% CaCl2 solution) was introduced into the reaction vessel through
the hose with a filter (Sartorius, Germany). The microencapsulator de-
vice was switched on and voltage (1600 V), frequency (910 Hz), syringe
pump for core (20 mL/s), syringe pump for shell (7 mL/s), and a stirrer
(40 %) were enabled. The micro-PEARLs with core and shell were
dropped into the reaction vessel until the core solution ran out. The
micro-PEARLs were left in the reaction vessel for up to 15 min for
polymerization. The micro-PEARLs were collected in a sterile schott
flask connected to the device through an efflux port at the bottom of the
reaction vessel. The micro-PEARLs were finally washed thrice with
sterile Milli-Q water. The reaction vessel and the nozzles were cleaned
by pumping sterile water, and the device was autoclaved at 121 °C.
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2.13.2. NucA secretion assessment

After the washes, the micro-PEARLs were collected with a sterile
spatula and placed in the center of DNase agar (Altmann Analytik
GmbH, Germany) plates supplemented with 10 pg/mL of erythromycin
and incubated at 37 °C for five days. The next day, the discoloration zone
was captured using the BioRad Gel Documentation System. The images
were processed using ImageJ.

2.13.3. Cumate induction

After the washes, the micro-PEARLs were collected with a sterile
spatula and placed in either 2-mL tubes or a 12-well plate. Equal weights
of micro-PEARLs were distributed for all the conditions. For the induc-
tion in the tubes, 1 mL of LB medium supplemented with 10 pg/mL of
erythromycin and 100 pM of cumate was added. Induction was per-
formed for approximately 24 h. After that, induction was assessed with
the BioRad Gel Documentation System or the Keyence microscope (BZ-
X800E). For induction in the plates, 500 pL of LB supplemented with 10
pg/mL of erythromycin and 100 pM of cumate was added per well. The
plate was placed in the microplate reader, and an increase in mCherry
production (Ex/Em = 587/625 nm) was tracked for approximately 19 h.
The absorbance at 600 nm was also measured for normalization of the
values. Measurements were taken every 30 min. The manual gain was
set at 100, Z-position at 23000 pm, the temperature was 37 °C, and the
integration time was 20 ps.

2.13.4. Fluorescence microscopy

The Keyence microscope (BZ-X800E) was used to perform micro-
scopy of micro-PEARLs. After the induction, micro-PEARLs were trans-
ferred to a 12-well plate with a glass bottom for better imaging.
Multichannel images of micro-PEARLs were captured in 4x and 10x (S
plan fluor objective) magnification using the CH3 (red fluorescence) and
CH4 (brightfield) channels. The images were processed and analyzed
using ImagelJ.

2.14. Statistical analysis

Statistical analysis was done using GraphPad Prism 7.0 software.
Student’s t-tests were used to determine statistically significant differ-
ences among the means of the groups. The differences among groups are
indicated as: no statistically significant difference (ns), p-values <0.05
(*), p-values <0.01 (**), p-values <0.005 (***), p-values <0.001 (**%%),

3. Results and discussion
3.1. Developing a genetic switch in L. plantarum

To create a genetic switch in L. plantarum, we leveraged our previ-
ously discovered phage-derived strong constitutive promoter, P, [24].
We modified the promoter to make it responsive to three switchable
repressors from small-molecule inducible expression systems with the
prospect of being used in a therapeutic context. The first one was the
TetR repressor from the anhydrotetracycline (aTc) inducible system,
proven to work in multiple bacteria such as E. coli, Vibrio cholerae, or
Streptococcus suis, and commonly used in inducible expression studies in
mammalian cells [34-36]. Besides, the aTc inducer has been demon-
strated in mouse experiments to activate administered bacteria in vivo
[37]. The second one was the CymR repressor from the cumate inducible
system, which responds to cumate, a food-grade molecule, and has been
adapted for bacteria such as E. coli, Pseudomonas aeruginosa, and Bacillus
subtilis, as well as for mammalian cells [38-41]. The last one was the
VanR repressor from the vanillate inducible system, which showed
promising results in E. coli, Sphingomonas, and Caulobacter crescentus,
and its inducer, vanillate, is also a food-grade molecule [40,42-44].
Accordingly, the P;,. promoter was flanked by the corresponding oper-
ator sequences, one placed upstream and the other downstream of the
promoter sequence (Fig. S1A and S1B).

Page | 99

5]

Journal of Controlled Release 387 (2025) 114264

All three switches were designed with the same plasmid architecture,
which harbored a Py origin of replication and erythromycin resistance
gene. The mCherry gene was positioned downstream of the operator-
flanked P, promoter, while the repressor for each genetic switch was
placed under the control of a moderate-strength constitutive promoter,
Pg3 [45] (Fig. S1A). This was done to ensure that the repressor gene was
continuously expressed, while mCherry expression could be switched
ON and OFF upon the addition of the respective inducers (aTc, cumate,
and vanillate) (Fig. 1A). Using flow cytometry, we assessed the
responsiveness of each genetic switch to the given inducer after 6 h of
induction, seeking a candidate that strongly represses Py, in the absence
of the inducer and triggers strong protein production upon induction
(Fig. 1B). The aTc switch (P23_tetR_mCherry variant) showed low leaky
mCherry expression in the absence of the inducer but also very weak
levels of expression upon induction with 0.2-4 uM of aTc (~3x fold-
change vs uninduced, Fig. 1B, C and S1C). The cumate switch
(P23_cymR_mCherry variant) was more promising, with low levels of
leakiness when uninduced (similar to wild-type L. plantarum WCFS1)
and significantly higher levels of mCherry expression upon induction
with 100 pM of cumate (~27 x fold-change vs uninduced, Fig. 1B and C).
Finally, the vanillate switch (P23;_vanR mCherry variant) showed
elevated levels of leakiness when uninduced and only slightly higher
levels of expression with 50-200 pM vanillate (~2x fold-change vs
uninduced, Fig. 1B, C and S1D). Overall, all three switches were
responsive to their inducers, but since the cumate switch offered the best
performance, we proceeded to further characterize and improve this
switch.

For that, we first tested whether the genetic switch responds to
cumate only due to inhibition of the CymR repressor. Hence, in the
plasmid encoding this genetic switch, we removed the cymR gene and
observed that bacteria constitutively produced as much mCherry as the
variants with the repressor that were induced by cumate (100 uM). This
not only proved that induction was mediated by the repressor but also
suggested that cumate fully inactivated it (Fig. 1D). By varying the
inducer concentration, we further determined that 5 pM cumate was
sufficient for maximal induction, below which expression levels dropped
in a seemingly linear manner (Fig. 1E). This suggested the possibility of
tuning expression levels by varying the concentration of cumate in the
culture.

Nevertheless, we observed considerable leakiness in the switch,
indicating that repression of the inducible gene is incomplete in the
absence of cumate. Notably, leakiness seemed to increase with longer
culture times, as indicated by the different fold-changes at 5 h (Fig. 1C)
and 8 h (Fig. 1D) after induction. We speculated that this difference may
be associated with bacterial density in the cultures. So, we studied the
performance of the cumate switch over time with cultures having
different starting bacterial densities - ODgom, of 0.3, 0.1, and 0.01, and
correlated the data with kinetic measurements of bacterial growth.
Interestingly, regardless of the initial bacterial density, leaky expression
was observed in the uninduced cultures once bacteria crossed a density
of 0.4 ODggonm (measured in a microplate reader) (Fig. S2A and S2C).
This was in the late log-phase of growth, indicating that the operated Py,
promoter is repressed during the early and mid-log phases of growth
(Fig. S2B).

We speculated that the leakiness could be associated with insuffi-
cient expression of the CymR repressor driven by the P,; promoter.
Hence, we developed two additional variants by replacing P,3 with Py,
a stronger constitutive promoter (Ppys_cymR mCherry variant), and
with the natural (non-operated) P,. promoter (P, cymR mCherry
variant) (Fig. S3A). We observed similar trends as with the P23 cym-
R_mCherry variant (Fig. 1F), with leakiness occurring in the uninduced
state after 6-8 h of growth (Fig. S3B and S3C). Prominently, all variants
supported similar levels and kinetics of protein production on induction.
This suggested that failure of the repressor was not due to its quantity in
the cell, but to some other factor associated with growth.

Since building a genetic switch based on two independent genes (the
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Fig. 1. A) Schemes showing the mode of action of the three inducible switches, and the expected outcome after the addition of the inducers. B) Histograms obtained
by flow cytometry showing the red fluorescence intensity of the uninduced and induced states of each switch. For all, the fluorescence intensity of non-engineered L.
plantarum is shown as a reference for leakiness. Bacteria were subcultured to an ODgaonm 0f 0.05 and induced for 6 h with 0.2 pM of aTe, 100 pM of cumate, and 50

pM of vanillate, respectively. C) RFU values for the aTc, cumate, and vanillate switches after 5 h of induction (starting ODggopy, = 0.05, n = 3, mean = SD). “un™

uninduced condition, “in” = induced condition (0.2 pM of aTe, 100 pM of cumate, and 50 pM of vanillate). D) RFU values for the P,; cymR_mCherry variant after 8-h
induction with 100 pM of cumate. The presence of the repressor cymR in the plasmid and the addition of cumate is shown as “+", The absence of the repressor cymR

and cumate are shown as

(starting ODgoopm = 0.05, n = 3, mean = SD). E) RFU values for the P,3_cymR_mCherry after inducing with different cumate con-

centrations for 8 h (starting ODggoy = 0.05, n = 3, mean =+ SD). F) RFU values for the cumate switch after inducing with 5 pM of cumate for 10 h (starting ODgoonm =
0.01, n = 3, mean + SD). “un” = uninduced condition, “in” = induced condition (5 pM of cumate). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

repressor gene and the inducible gene) did not address the leakiness
problem, we redesigned the switch employing a feedback circuit where
both the repressor (cymR) and gene of interest (mCherry) are under the
same operated P, promoter, hypothetically achieving gene expression
only in the presence of cumate (Fig. S3D). This feedback mechanism has
been used in genetic switches in E. coli to improve the stability of the
switch, but it has never been attempted in L. plantarum [46,47]. To
ensure the production of both proteins, we included the P23 ribosome-
binding site between the STOP codon of the mCherry gene and the
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START codon of the cymR gene (Fig. S3D). We termed this variant
Py,_cymR_P_mCherry (polycistronic). This variant showed similar re-
sults concerning the leakiness of the switch. However, interestingly, the
overall levels of production were higher (Fig. S3E). The early leakiness
could be associated with a compromise in the production levels of the
downstream gene (cymR) compared to the upstream gene (mCherry), as
already reported by us in L. plantarum with polycistronic gene expres-
sion [25].

When comparing all these constructs in terms of induced fold-change
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over uninduced leaky expression, the Pi3 cymR mCherry switch
emerged as the superior system with a maximal fold-change above 60 x
at 6 h (Fig. S3F). However, it is to be noted that fold-changes for all
switches vary over time, being low at the start before induced expression
is detectable, increasing to a maximum while leaky expression remains
poor, and reducing again as leaky expression increases.

Next, we compared the performance of Py3; cymR mCherry (best
fold-change switch) and Py, cymR P_mCherry (highest production
switch) with the most widely used genetic switch in L. plantarum, the
pSIP system. This is a two-component system in which an inducer
peptide (SppIP) binds a transmembrane receptor kinase, which in turn
phosphorylates a response regulator that acts as an activator to initiate
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transcription from the Pg,, promoter [28]. As expected, we observed
clear differences between the performance of the cumate and the pSIP
switches. Firstly, the pSIP switch showed negligible leakiness at all the
assessed bacterial densities (0.3, 0.1, and 0.01). However, the overall
levels of expression were significantly lower compared to the cumate
switches (Fig. S4A). For instance, after 12 h of induction, mCherry
production by the pSIP_409 system was 8 to 17 times lower than that of
the cumate switches (Fig. S4B). Thus, the cumate switches based on the
strong Py, promoter outperformed the pSIP switch in terms of protein
production but were also leakier. Nevertheless, these results showed that
it is possible to repress the operated Py,. promoter during the early and
mid-log phases of growth. Finding a way to decrease the leakiness of the

A) B) —_—37C W C)
=== 30°C MM uninduced
+cumate B induced After 10 h induction
30°C 37°C 10000 - 208x
| S—— ]
8000 -~ L(%
e o le ® un
° = S 6000 - in X
-+ o 5 I
= = S © 40004 ...
Gol Gol 2000 4 x @
@ a» 3
100 10 102 100 . § o
Fluorescence intensity 30°C 37°c
D) 23 E) Fold ch. F)
E g old changes 2060 Drop in pH 35
2's 10h 585 | 50 | 28 10h | 086 | 0.90 | 273 3.0
=2 150
8 ! 25
e ¥ 15h | 280 | 306 43 24 100 15h | 093 | 1.14 2.0
. ; : + 1.5
50
o o 20h| 105 ‘ 15.1 | 47 25 20h| 1.05 | 1.17 1.0
o5
FE | < ¢ % 0 < b Ve ¢ =
= & & &, &, & Y L &
(&)
% % o, R z 2, % 06}, So 5
G) H) ) J)
g P,;_cymR_NucA
o 0 cumste 30°C 37°C 25 5 1800+
o
g i
¢ £ 2 1600+
=0 g
= £ 1400+
co €
cumate
8 1200+
AL 3
23 2 10004
o S
3 e
i 8004

p——p——y——r——
0 4 8 12 16 20
Hours

Fig. 2. A) Scheme depicting the thermally-aided switching strategy involving both temperature and cumate. Proper turning on of the gene is achieved via both the
incubation at 37 °C and the addition of cumate. B) Histograms showing the fluorescence intensity (after 8 h) of the P,3 cymR_mCherry variant at 30 °C and 37 °C and
with and without the addition of cumate. Bacterial pellets are shown on the right of each condition. C) RFU values corresponding to hour 10 after induction for the
Py3_ cymR mCherry variant when induced at 37 “C and 30 °C (n = 3, mean + SD). “un” = uninduced condition, “in” = induced condition (5 pM of cumate). D)
Illustration showing the procedure of bacterial growth and subculturing. Bacteria were subcultured in MRS medium and grown until an ODggopy, of either 0.1 or 0.3,
and then transferred to LB or LBG media with and without cumate. E) Heatmap plot depicting the fold-changes between the induced and uninduced conditions in LB
and LBG media with an initial ODggonm of 0.1 and 0.3 after 10, 15, and 20 h of incubation at 37 °C. Bacteria were induced with 5 pM of cumate (n = 4, mean =+ SD). F)
Heatmap depicting the drop in pH after 10, 15, and 20 h of growth in either LB or LBG media at initial ODgggpm of 0.1 and 0.3 and at 37 °C. The pH values were
deducted from the initial pH value (0 h) of cach condition (medium and ODggypp). G) Scheme depicting the cumate genetic switch controlling NucA expression,
which can be quantified via the NucA assay. H) 10 pL of P,3 cymR NucA bacteria, uninduced and induced for 8 h in MRS medium at both 30° and 37 °C, were spotted
in a DNase agar plate and incubated at 37 °C for 40 h. “un” = uninduced condition, “in” = induced condition (5 pM of cumate). I) Illustration showing the procedure
of bacterial growth and subculturing. Bacteria were subcultured in MRS medium and grown at an ODggonn of either 0.1, and then transferred to DNase medium with
and without cumate. J) Plot showing the drop in the fluorescence intensity as a result of the NucA secretion (n = 4, mean + SD). EV = empty vector, un” = uninduced
condition, “in” = induced condition (5 pM of cumate).
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cumate switch and increase the uninduced-induced state fold-change
would add great value to the genetic programmability of L. plantarum.

3.2. Improving the cumate switch performance

From previous experience, we were aware that the strength of many
promoters in L. plantarum is temperature-dependent [23]. Similarly, we
observed that the P, promoter is two-fold stronger at 37 °C compared to
30 °C (Fig. S5A). Furthermore, temperature also affects the growth rate
of bacteria, which is typically slower at lower temperatures. Based on
these, we speculated that temperature could mechanistically aid the
performance of the cumate genetic switch by offering lower leakiness at
low temperatures and strong induction at higher temperatures. We
termed this proof-of-concept approach <“thermally-aided switching”,
involving both temperature and cumate to regulate the performance of
the switch (Fig. 2A). We selected 30 °C for the lower end, since L.
plantarum can still grow well at this temperature, and 37 °C for the
higher end, which is equivalent to the physiological temperature of the
human body.

We first evaluated the influence of temperature on the Pz3 cym-
R_mCherry variant through flow cytometry to confirm that the responses
to temperature and cumate occurred across the entire population. Cul-
tures prepared at a bacterial density of 0.01 ODggonn, Were induced with
5 uM of cumate and incubated at both 30 °C and 37 °C for 8 h. Results
showed low leakiness of the switch at 30 °C without induction and
prominent levels of mCherry expression at 37 °C (Fig. 2B). Besides, in-
duction at 30 °C also worked very efficiently, with the entire population
switching to higher levels of fluorescence intensity. Thermally-aided
switching was even visible in the coloration of the bacterial pellets
(Fig. 2B), which increased with both higher temperature and cumate
induction.

We then estimated the kinetic performance of the genetic switch at
both temperatures with and without cumate. The Py3_cymR_mCherry
variant exhibited a considerable delay in the start of leaky expression
when grown at 30 °C (>11 h) instead of 37 “C (>>8 h) while maintaining
notable induced expression in the presence of cumate by these time
points (Fig. 2C). These time points corresponded to a higher bacterial
density toward the end of the log phase at 30 °C (~0.7 ODgoonm)
compared to 37 °C (—~0.4 ODggonm) (Fig. S5B and S5C). This suggested
that at 30 °C, leakiness is suppressed until a slightly higher biomass
compared to 37 °C, although induced protein production at 30 °C is
lower. Accordingly, after 10 h of induction, we calculated an 80-fold
difference between uninduced and induced states at 30 °C, and a 208-
fold difference between the uninduced state at 30 °C and the induced
state at 37 °C (Fig. 2C).

Alternatively, we tested the cumate switch in a non-optimal medium
to limit the growth of the bacteria while maintaining its protein pro-
duction capability. Bacteria were grown until an ODggopp, of either 0.1 or
0.3 in MRS medium and then transferred into either LB medium or LB
medium supplemented with 0.1 M of glucose (LBG) (Fig. 2D). Minimal
leakiness was detected in LB medium after 15 h for both 0.1 and 0.3
initial ODgoonm, Whereas strong leaky expression started after 6 and 4 h
for the 0.1 ODgoonm and 0.3 ODggony bacteria grown in LBG medium,
respectively (Fig. S6A). When glucose was added, bacterial growth was
significantly higher (Fig. S6B), confirming that the leakiness of the
cumate switch is linked to the exponential growth of the bacteria. Since
lactobacilli growth and metabolism are typically associated with acid
formation, we suspected that pH may play a role in disrupting the ac-
tivity of the repressor. Accordingly, we measured changes in pH in both
LB and LBG media after 20 h of bacterial growth. As suspected, while
both media had an initial pH of nearly 6.8, this value dropped much less
in LB (5.6-5.7) than LBG (3.5-3.6) (Fig. S6C and S6D). Consequently, we
observed an inverse correlation between the fold-change of the cumate
switch and the drop in pH mediated by bacterial growth (Fig. 2E and F).
The same inverse correlation between a pH drop and fold-change was
observed when the bacteria were grown in the optimal MRS medium, at
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30 °C and 37 °C (Fig. S7A, S7B, and S7C). These results suggested a
strong correlation between bacterial growth, pH drop, and leakiness of
the cumate switch. We speculate that a drop in pH could alter the
conformation of the repressor protein and/or its binding affinity with
the operator sequence [48-50]. This may be a key factor affecting the
performance of other poorly performing genetic switches in lactobacilli
that have been previously reported in the literature [30,31]. It should be
noted that L. plantarum has been reported to maintain a higher cyto-
plasmic pH compared to surrounding acidic media by 0.5-1 pH units
using proton pumps [51]. Thus, the pH we measured in the medium can
only be considered as an indication of a pH change in the cytoplasm, but
cannot precisely indicate cytoplasmic pH values. Nevertheless, our re-
sults indicated that the performance of the cumate switch can be
improved by growing bacteria in an environment that limits growth to
prevent a drop in pH.

Since the cumate switch functions best under growth-limited con-
ditions, intracellular protein production capacity would be limited by
the amount of biomass in a culture. To overcome this limitation, we
tested the possibility of using the switch to mediate protein secretion,
which would enable more protein to accumulate in the culture from a
given biomass. Protein secretion is also of great interest for industrial
and medical applications since it allows for easier protein purification
and programming bacteria to exert extracellular bioactivity [52-54].
For this, we used NucA, a nuclease from Staphylococcus aureus, as a re-
porter protein for secretion since there is a simple assay to measure its
activity [55-57]. The assay is based on the degradation of fluorescently
labeled DNA by NucA. Using this method, we previously reported the
Lp_3050 signal peptide to be highly efficient for secreting NucA with the
P promoter [25]. Accordingly, we cloned the Lp 3050 NucA gene
under the control of the cumate switch, generating the P23 cymR_NucA
variant (Fig. 2G).

Based on the results with the mCherry expression, we expected that
at 30 °C without cumate, there would be low levels of NucA secretion,
whereas at 37 °C with cumate, secretion of NucA would be higher. We
evaluated thermally-aided switching in both DNase agar and liquid
medium, which contained fluorescently labeled DNA. In the agar
experiment, 10 pL of induced and uninduced bacteria grown in MRS
until an ODgponm of 1 at both 30 °C and 37 °C were spotted on DNase
agar and incubated at 37 °C for roughly 40 h. We could not discern a
halo around the spotted area of bacteria grown at 30 °C without cumate.
On the other hand, there were clearly visible dark halos for the other
three conditions, with the darkest and widest ones for the bacteria
grown at 37 °C with and without cumate (Fig. 2H and S8A). These re-
sults indicate that at 37 °C, the cumate switch is also leaky for NucA,
which matches the results obtained with mCherry. Image analysis of the
fluorescence intensity drops in the halos revealed that, at 37 °C, the
halos were slightly darker (less fluorescence) with cumate than without
(Fig. S8B). For better quantification, the bacteria were grown and
induced in the same way but then transferred into liquid DNase medium
with or without cumate and incubated at either 30 °C or 37 “C. After 24
h, the fluorescence of the medium was measured, and the drop in
fluorescence was correlated with a standard curve to estimate the con-
centration of secreted NucA. At 30 °C without cumate, NucA levels were
below the detection limit, while over 1 nM of cumate was secreted from
the bacteria with cumate. At 37 °C, roughly 9 and 11 nM were detected
in the absence and presence of cumate, respectively (Fig. S8C). In
contrast, the performance of the cumate switch greatly improves under
low bacterial density conditions. When the bacteria were grown to an
ODgpoym of 0.1 in MRS medium and then transferred to DNase medium
(Fig. 21), secretion of NucA under uninduced conditions was negligible
for 20 h (Fig. 2J). On the other hand, a prominent and continuous drop
in fluorescence was detected upon the addition of cumate over 20 h,
suggesting steady production and secretion of NucA (Fig. 2J).

Overall, the results with both mCherry and NucA proved that
thermally-aided switching and the use of nutrient-limiting medium can
be efficient approaches to tightly regulate gene expression under the
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cumate switch in L. plantarum when grown in culture.

3.3. High-performance encapsulated genetic switches

In our previously reported alginate core-shell encapsulation format
for genetically engineered L. plantarum (PEARL) [25], we observed
steady protein production and secretion for fourteen days without
outgrowth of the bacteria. The results from that study suggested that the
encapsulated bacteria stopped growing after a day or two but remained
active to produce and secrete P -driven recombinant proteins at a rate
corresponding to log-phase in liquid cultures. From the results of the
current study, which suggest the best performance of the cumate switch
in the early to mid-log phase, we speculated that encapsulation in the
PEARL format could prolong this performance by restricting the bacteria
both mechanically and metabolically. Since cumate is a small-molecule
inducer, it was expected to diffuse inside the PEARLs and activate pro-
tein production in the encapsulated bacteria (Fig. 3A). After fabricating
PEARLs with the Py;_cymR_mCherry variant, cumate was added to the
medium surrounding them, and fluorescence was measured over three
days. The expression of mCherry in these induced PEARLs was detected
after 4 h, slowly increased to ~12 h, then rapidly increased to nearly 24
h (Fig. 3B). The initial slow increase in expression may be due to the
bacterial metabolism simultaneously supporting growth and mCherry
production during this time. This is supported by our previously
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reported observation that L. plantarum growth in PEARLs plateaus
around 12 h [25]. Beyond this point, the metabolic resources in the
bacteria are forced predominantly toward mCherry production. The
slight drop in fluorescence after 24 h suggests a saturation of the
expressed protein within the bacteria and possibly bacterial death due to
it (Fig. 3B). More striking was the observation that leaky mCherry
expression in the uninduced PEARLs was only observed after 15 h,
increased a little to ~20 h, and plateaued beyond this time point. On
calculating the fold-change between the induced and uninduced
PEARLs, the highest value was surprisingly observed at 10.5 h (92.5x),
possibly due to negligible leaky expression, and after 20 h, it stabilized
between 25-35x (Fig. S9A). These results confirmed our hypothesis that
encapsulation can help to reduce the leakiness of the cumate switch.
One possible explanation is due to the stable maintenance of the pH.
We measured the pH in the medium surrounding the PEARLs over three
consecutive days of incubation at 37 °C, and the drop was 0.80, 0.81,
and 0.93 after one, two, and three days of incubation, respectively
(Fig. 3C). Similar drops, 0.77 and 0.82, were measured when the media
were refreshed each day after the first 24 h (Fig. 3C). These magnitudes
of pH drops are similar to those seen with non-encapsulated cells in LB
medium, where the highest fold-changes were recorded (Fig. 2E). While
this is the most apparent physiological parameter we were able to
observe, it is possible that encapsulation maintains the bacteria in a
metabolic state similar to that of early log-phase or low bacterial density
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conditions in culture. Further studies involving transcriptomics of the
encapsulated cells could offer insights into this, although methods for
reliable transcriptomic measurements from PEARLs are under develop-
ment and not trivial. Over four days, the viability of the bacteria,
determined by live/dead staining and confocal microscopy (Fig. 3D and
E), revealed a slight drop from an average of 97 % viable on day 2 to 84
% on day 4 (Fig. 3F). This could be contributing to the drop in fluo-
rescence seen after day 1 (Fig. 3B).

When comparing the behavior of P,3 cymR_mCherry with P -
cymR_P_mCherry in the PEARL format, we found that both performed
very similarly, with P, cymR_P_mCherry being a bit leakier (Fig. S9B
and S9C). In comparison, the pSIP_409 variant in the PEARL format
exhibited expectedly negligible levels of uninduced leaky expression and
low levels of induced mCherry production - ~37 and ~50 times lower
than the Py; cymR_mCherry and the Pg.cymR_P_mCherry variants,
respectively (Fig. S9D). Thus, encapsulation enhances the performance
of the cumate switch by suppressing leaky expression but does not
improve the performance of the pSIP_409 switch, since it has no influ-
ence over the promoter strength.

As an additional demonstration, we tested the performance of the
cumate switch in a mammalian cell culture medium, DMEM. This is a
sub-optimal medium for L. plantarum growth, and we have previously
shown the possibility of secreting therapeutic proteins in it using
PEARLs [25]. As anticipated, the cumate switch also performed really
well in this medium with strong inducible expression at 24 h and poor
uninduced expression (Fig. S9E). That indicates the possibility of using
switchable PEARLs to regulate the production of proteins under condi-
tions suitable for mammalian cells. Altogether, these results demon-
strated that it is possible to further develop the PEARLs by becoming
switchable on demand.

3.4. Switchable protein secretion from PEARLs

Since the PEARL format supported stable switching of mCherry
production, we proceeded with the encapsulation of the P,3_cymR_NucA
variant to test switchable protein secretion. For this, we incubated the
PEARLs in liquid DNase medium and measured changes in the fluores-
cence intensity over time (Fig. 4A). Over nine days, negligible leaky
expression was observed in uninduced conditions, whereas a prominent
fluorescence drop was detected on all days, indicating steady secretion
and release of NucA from the PEARLs (Fig. 4B). The magnitude of the
fluorescence intensity drop reduced from ~60 % to ~40 % over the first
five days, after which it remained steady till day 9. This may be due to a
loss in bacterial viability over the first five days and then stabilization of
the encapsulated population. Next, we tested four different switching
scenarios over two days in the absence and presence of cumate: i) OFF-
OFF - PEARLs incubated in DNase medium without cumate for one day,
then washed with sterile Milli-Q water, followed by another entire day
incubation with fresh DNase medium without cumate. ii) OFF-ON - day
1 without cumate and day 2 with cumate. iii) ON-OFF - day 1 with
cumate and day 2 without cumate. iv) ON-ON - day 1 with cumate and
day 2 with cumate. The OFF-OFF scenario showed that the genetic
switch remained in the OFF state on both days with no detectable NucA
secretion (same as control), which means that encapsulation effectively
prevented leaky expression (Fig. 4C, top left). The OFF-ON scenario also
worked well, with encapsulated bacteria being activated only on the
second day upon the addition of cumate in the fresh DNase medium
(Fig. 4C, bottom left). This finding is particularly interesting from the
ELM perspective since it highlights that encapsulated bacteria could
remain inactive for hours and then be activated on demand. For the ON-
ON scenario, as expected, we detected a strong drop in fluorescence for
the first and second day as well (Fig. 4C, top right). Finally, in the ON-
OFF scenario, while there was strong secretion on the first day,
switching did not effectively occur on the second day. There was a slight
decrease in the magnitude to which fluorescence in the DNase medium
dropped (53 % and 38 % drop in fluorescence compared to the control
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on the first and second day, correspondingly), but the inactivation was
not as sharp as the activation in the OFF-ON scenario (Fig. 4C, bottom
right). This could be due to retention of cumate within the PEARLs,
keeping the switch active, slow release of accumulated NucA from the
alginate, or continued secretion of NucA that was already produced in
the bacteria. Most likely, all three phenomena influenced this outcome.
Nevertheless, the result indicates that encapsulation can prolong the ON
state beyond the period when the inducer is present. This is desirable in
scenarios like living therapeutics for prolonged drug release with a short
activation signal.

Based on these results, we studied the OFF-ON and the ON-OFF
switching scenarios in more detail over seven days. It was possible to
activate NucA secretion from encapsulated bacteria using cumate after
leaving them in the OFF state for two and five days (Fig. 4D and E).
Notably, the level of NucA release was lower on the later days, with
fluorescence intensity drops of the DNase medium reaching 30-40 % on
day 7. As for the ON-OFF switching condition, we observed that PEARLs
activated on day 0 and turned OFF after day 1 kept releasing NucA for up
to four days. Importantly, by day 5, almost no NucA was observed in the
medium, indicating that the cumate switch retained its tight control over
expression even after being activated once. Moreover, the switch could
be activated once more on day 6, resulting in a ~ 30 % drop in DNase
medium fluorescence intensity by day 7 (Fig. 4F). These results indi-
cated the possibility of switching between different states in PEARLS,
which is highly desirable for developing smart ELMs [58].

3.5. Dual-mode PEARLs

Bacterial encapsulation within PEARLs enhanced the performance of
the cumate switch by reducing the non-induced state leakiness while
maintaining activity in the induced state. Therefore, we tested whether
it would work for the highly leaky vanillate switch (Fig. 1B, C and S1C).
Accordingly, we observed a considerably enhanced performance of the
vanillate switch when bacteria were encapsulated within PEARLSs, with
fold-changes close to 15x after 20 h of induction (Fig. 5A and S10A).
These results were validated by fluorescence imaging, where red fluo-
rescence was observed only in the cores of the induced PEARLSs (Fig. 5B).
On the other hand, kinetic analysis of mCherry production in non-
encapsulated bacteria with the vanillate switch yielded very poor fold-
changes that were consistently below 1.5x (Fig. S10A and S10B).
Thus, alginate bead encapsulation enhanced the performance of the
vanillate switch by an order of magnitude.

Based on these promising results, we attempted co-encapsulation of
the two L. plantarum strains engineered with cumate (P23_cymR_NucA)
and vanillate (Pz3_vanR_mCherry) switches (Fig. 5C). Encapsulation of
bacteria in hydrogels offers the unique opportunity to establish stable
co-cultures and thereby create multi-functional ELMs [59-61]. The dual-
mode PEARLs were induced individually with vanillate or cumate and
with both inducers simultaneously. Fluorescence imaging revealed that
only the PEARLs that were induced with vanillate showed detectable
levels of mCherry expression (Fig. 5D). In parallel, their NucA secretion
was assessed by monitoring the drop in fluorescence in DNase medium,
which was observed only in the PEARLs induced with cumate (Fig. 5E).
Furthermore, both populations can also be induced simultaneously
when both inducers are added to the medium (Fig. 5D and E). When
comparing the levels of secretion between single-mode (whole popula-
tion being Py3 cymR NucA) and dual-mode PEARLs (half population
being P23 cymR_NucA), we estimated a drop of 40 % for the dual-mode
PEARLS. Such an expected drop indicates that only with half the popu-
lation responding to induction can lead to readily detectable levels of
secreted protein (Fig. S10C). These experiments demonstrated that
multi-switching and multi-functional PEARLs can be created by encap-
sulating different engineered L. plantarum strains.
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Fig. 4. A) Scheme showing the NucA production regulated by the cumate switch when bacteria are encapsulated in PEARLs. The cumate diffuses inside the core and
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NucA activity. B) Plot showing the detection of secreted NucA (as a drop in fluorescence intensity) from the supernatant of PEARLs from day 1 to day 9 (n = 6, mean
=+ SD). EV = empty vector, “un” = uninduced condition, “in” = induced condition (100 pM of cumate). C) P,3_cymR_NucA ON and OFF switches depending on the
incubation of the PEARLs in DNase medium with or without cumate on day 1 and day 2. PEARLs were washed between days 1 and 2, and measurements are shown as
RFUs (n = 4, mean + SD). The images of the tubes with DNase medium are only displayed for better clarity of the switches. D) Extended OFF-ON switch where
PEARLs were incubated for two days in cumate-free DNase medium before induction with cumate for five consecutive days. The PEARLs were washed every day
before adding fresh medium (n = 4, mean + SD). E) Extended OFF-ON switch where PEARLs were incubated for five days in cumate-free DNase medium before
induction with cumate for two consecutive days. The PEARLs were washed every day before adding fresh medium (n = 4, mean = SD). F) Extended ON-OFF switch
where PEARLs were incubated with DNase medium with cumate for one day, followed by five consecutive days in cumate-free DNase medium and a final incubation
day in DNase medium with cumate. The PEARLs were washed every day before adding fresh medium (n = 4, mean =+ SD). EV = empty vector, “un” = uninduced
condition, “in” = induced condition (100 pM of cumate).
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DNase medium from the PEARLs. Empty Vector PEARLs were kept as a negative control (n = 4, mean + SD). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
3.6. Cumate genetic switch in micro-PEARLs

Encouraged by these results, we proceeded to develop the PEARL
system into a more compact format better suited for different applica-
tions. Furthermore, the PEARL format faces other limitations since itis a
time-consuming manual approach that can lead to fabrication errors and
has poor scalability. Therefore, we adopted a more automated, time-
saving, up-scalable approach to produce a higher number of beads
with smaller sizes [62,63]. For this, we used an electrospray micro-
encapsulator B-390/B-395 (Buchi) to generate core-shell alginate micro-
beads (micro-PEARLs) that ranged in size from 100 pm to 500 pm. In
these micro-PEARLs, we encapsulated a single L. plantarum strain that
constitutively produces a red fluorescent protein, mScarlet3, and se-
cretes NucA (Fig. 6A). Hence, we could simultaneously monitor gene
expression within the micro-PEARLs by tracking red fluorescence pro-
duction and assessing protein secretion through the DNase assay. After
incubating the micro-PEARLs for 24 h on a DNase agar plate, we
detected a prominent dark halo around the set of micro-PEARLSs and red
fluorescence in their core. Furthermore, the halo increased in size after
five days, suggesting continued secretion of NucA over time (Fig. 6B and
S11A). Moreover, bacterial growth within the cores could be observed
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even by eye after incubating the micro-PEARLs in 2-mL tubes with MRS
medium for 24 h (Fig. 6C).

Next, we evaluated whether these micro-PEARLs could be induced
upon the addition of cumate in the medium. For that, we used the
P33 cymR_mcherry variant, which would ideally produce mCherry in the
core of the micro-PEARLs when cumate is added to the medium
(Fig. 6D). As expected, it was possible to track the induction over time
with a clear increase in red fluorescence only in the presence of cumate
(Fig. 6E). Kinetic analysis over 19 h clearly revealed that even in the
micro-PEARLs format, encapsulation ensured almost completely unin-
duced repression of mCherry expression, and the highest fold-change,
>16, was achieved after 13 h of induction (Fig. S11B). This difference
was visible through macroscopic fluorescence imaging (Fig. 6F).
Microscopic analysis of the micro-PEARLs revealed mCherry fluores-
cence predominantly in the cores and only in those that were induced by
cumate (Fig. 6G, S11C, and S11D). These results validate that the more
automated, time-saving, effective, and compact encapsulation method
for L. plantarum allows the bacteria to grow efficiently while maintain-
ing them in an active and cumate-switchable state.
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Fig. 6. A) Scheme showing micro-PEARL fabrication with the microencapsulator. The micro-PEARLs contain bacteria that produce mScarlet3 and secrete NucA.
After incubation, the core of the micro-PEARLs turns red, and the fluorescence of the DNase agar fades away due to the degradation of fluorescently labeled DNA. B)
DNase agar plates with micro-PEARLs after one and five days of incubation at 37 °C. Images taken using the BioRad Gel Documentation System. C) 2-mL tubes with
micro-PEARLs incubated in MRS medium after 0 and 24 h. D) Scheme of the cumate induction in micro-PEARLs. Upon induction, the core of the micro-PEARLs turns
red due to mCherry intracellular production. E) RFU values of the P,3 cymR mCherry variant when encapsulated in micro-PEARLs and induced with cumate for 19 h
(n = 3, mean + SD). “un” = uninduced condition, “in” = induced condition (100 pM of cumate). F) BioRad Gel Documentation System images of uninduced (un) and
induced (in) micro-PEARLs after 24 h of incubation at 37 °C. Induction was done with 100 pM of cumate. G) Microscopy images, at both 10x and 4 x, of uninduced
and induced micro-PEARLS after 24 h of incubation at 37 “C. “un” = uninduced condition, “in” = induced condition (100 pM of cumate). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

In this study, we have successfully modified L. plantarum’s currently
strongest constitutive promoter, Py, into genetic switches responsive to
cumate and vanillate. However, the switches suffered from leakiness of
gene expression associated with bacterial growth and a drop in pH,
especially when the bacteria entered the late log phase. Due to the
natural capacity of P to be more active at higher temperatures, we
explored a workaround to reduce the leakiness of the cumate switch
through thermally-aided switching, in which the uninduced state was
maintained at 30 °C and cumate induction was performed at 37 °C. The
performance of the cumate switch was also increased by subculturing
the bacteria in a non-optimal medium that limited growth but supported
protein production and secretion. However, a more promising strategy
to enhance the performance of the switch was discovered through the
encapsulation of the engineered bacteria in alginate beads to form
PEARLs. This surprisingly suppressed leaky expression of the cumate
switch, while supporting high levels of protein production and secretion,
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thereby stably maintaining high fold-changes of induction. This effect
was not observed for unencapsulated bacteria grown in MRS, LBG, and
LB, where fold-changes were either low or rapidly decreased over time
(Fig. 7).

This enhanced performance extended beyond the cumate switch to
the much leakier vanillate switch and even sustained the performance of
both switches in a co-encapsulation setting. Furthermore, the
encapsulation-enhanced switching was not dependent on the size of the
encapsulation matrix, as the effect persisted even in micro-PEARLs,
which can be rapidly produced in an automated manner. While the
functionality of these switches has been demonstrated through the
expression of a fluorescent protein and secretion of a nuclease as re-
porter proteins, their functionality can be expected to apply to other
proteins of interest. In particular, therapeutic proteins like Elafin and
a-MSH that were previously shown to be constitutively secreted from the
PEARL system can now be expressed in a switchable manner [25].
However, it must be noted that the rate of expression and secretion will
still depend on the physicochemical and biochemical properties of each
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Fig. 7. Fold-change comparison of after 10, 15, and 20 h of induction for
cultures grown in MRS, LBG, and LB, and for PEARL-encapsulated bacteria.
Fold-changes were calculated from the kinetics shown in Fig. S4A, S6A, S6A,
and S9A for the MRS, LBG, LB, and the PEARLs conditions, respectively. All
conditions were incubated at 37 °C and at a starting ODgoonm of 0.1 (n = 3,
mean + SD).

protein. That said, these switches will offer more versatility in control-
ling the expression rates of recombinant proteins, especially under
encapsulated conditions. Thus, these encapsulation-enhanced switches
are promising for the development of lactobacilli-based ELMs toward
stimuli-responsive therapeutic platforms for medical applications
[64,65].
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Chapter 5.

Genetic modules for antibiotic-free
plasmid retention

The genetic parts of all the previous chapters are cloned into plasmids that express an
antibiotic resistance marker. Plasmid retention is then ensured by adding the
corresponding antibiotic to the growth media. As previously mentioned, such a retention

approach cannot be realistically applied due to the requirement for antibiotics.

In bacteria, the most common approach to ensure plasmid retention is by generating
auxotrophic strains that rely on the presence of an essential gene in the plasmid for
survival [159, 160]. However, this approach relies on knocking out the essential gene from
the genome, thus generating a GMO with an irreversible modification. Instead of further
exploring the auxotrophy-based plasmid retention approach and generating permanent
GMOs. In this work, a new concept and perspective have been proposed: the creation of

transient GMOs with tunable plasmid retention rates.

This chapter investigates whether lactobacilli are a promising source of genetic modules
capable of favoring plasmid retention. Additionally, it demonstrates the applicability of
these modules in mediating antibiotic-free plasmid retention without involving tampering
with the genomic DNA in L. plantarum. To be precise, these modules are TA systems,
whose mechanism of action to mediate plasmid maintenance has already been

discussed.

First, type-Il TA systems encoded in the genomes of lactobacilli species were identified
using the TA Finder tool. A small library of TA systems was subsequently generated by
integrating these systems into a plasmid vector based on the p256 ORI, a resistance

marker, and the mCherry reporter gene under the constitutive promoter Pipa. The retention
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or loss of the plasmid was quantified using fluorescence-activated cell sorting (FACS) by
measuring the percentage of the bacterial population that was fluorescent after
subsequent rounds of antibiotic-free subculturing. Non-fluorescent bacteria indicated a
loss of plasmid due to the impossibility of expressing mCherry. All TA systems showed a
positive impact on plasmid retention by slowing down the plasmid loss rate. More
interestingly, the best results were obtained when two TA systems were combined in the

same plasmid vector as two independent modules.

This publication reports on the use of TA systems to mediate plasmid retention in L.
plantarum WCFS1. Notwithstanding, it is important to note that all the TA systems used
here were not modified, meaning that the endogenous genetic architecture was preserved
as it naturally exists in the bacterial hosts. That allows further optimization of each TA
system for optimal performance or for generating additional combinations of two
independent TA systems within a single plasmid. Additionally, the results demonstrate
the functionality of both toxins and antitoxins in these bacteria, which can potentially
unlock their use in other genetic scenarios in L. plantarum. For instance, as part of novel
genetic kill switches to allow precise control of bacterial cell death by regulating the toxin

production on demand [161].
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Insufficient amounts of antitoxin might lead to toxin-driven bacterial cell death in the case of
plasmid loss. A small library of TA systems was generated and cloned into an mCherry-expressing
plasmid to validate whether TA systems mediate plasmid retention in L. plantarum. Plasmid loss,
quantified as non-fluorescent bacteria, or plasmid retention, as fluorescent bacteria, populations
were determined using FACS after antibiotic-free subsequent rounds of subculturing.
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Abstract

Lactobacilli are ubiquitous in nature, often beneficially associated with animals
as commensals and probiotics, and are extensively used in food fermenta-
tion. Due to this close-knit association, there is considerable interest to engi-
neer them for healthcare applications in both humans and animals, for which
high-performance and versatile genetic parts are greatly desired. For the first
time, we describe two genetic modules in Lactiplantibacillus plantarum that
achieve high-level gene expression using plasmids that can be retained with-
out antibiotics, bacteriocins or genomic manipulations. These include (i) a
promoter, P,,pA, from a phylogenetically distant bacterium, Salmonella typh-
imurium, which drives up to 5-fold higher level of gene expression compared
to previously reported promoters and (ii) multiple toxin-antitoxin systems as
a self-contained and easy-to-implement plasmid retention strategy that facili-
tates the engineering of tuneable transient genetically modified organisms.
These modules and the fundamental factors underlying their functionality that
are described in this work will greatly contribute to expanding the genetic pro-
grammability of lactobacilli for healthcare applications.

vaginosis (Mastromarino et al., 2009) and periodontitis
(Teughels et al., 2013). Apart from their health benefits,

Lactobacilli are gram-positive rod-shaped lactic acid
bacteria (LAB), typically found in humans and animals
as commensals. Their stress tolerant phenotypic traits
allow them to colonize a wide range of host microen-
vironments, like the gut, skin, vagina, nasal and oro-
pharyngeal cavity (Ma et al., 2012; Turroni et al., 2014)
often providing health benefits in the form of anti-
inflammatory, anti-pathogenic and immunomodulatory
activities (Bibalan et al., 2017; Darby & Jones, 2017).
Due to this, they are one of the largest classes of pro-
biotics and several species are being clinically tested
for treating a variety of diseases like ulcerative colitis
(Zocco et al., 2006), mastitis (Jiménez et al., 2008),
atopic dermatitis (Rosenfeldt et al., 2003), bacterial

Sourik Dey and Marc Blanch-Asensio are contributed equally.

lactobacilli are also vital for numerous fermentation pro-
cesses in the food industry, for example, in the produc-
tion of yogurt (Ashraf & Shah, 2011), cheese (Kasimoglu
et al., 2004), sourdough bread (Plessas et al., 2008),
beer (Chan et al., 2019) and wine (du Toit et al., 2011).
Due to this ubiquity in our lives, there is considerable
interest to genetically enhance and expand the capa-
bilities of these bacteria for healthcare applications
(Pedrolli et al., 2019). For instance, lactobacilli are being
engineered as live biotherapeutic products (LBPs) that
produce and deliver drugs right at the site of diseases
like ulcerative colitis (de Vos, 2011), human immuno-
deficiency virus (HIV) infection (Watterlot et al., 2010)
and respiratory infections (Janahi et al., 2018). They

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Microbial Biotechnology published by Applied Microbiology International and John Wiley & Sons Ltd.
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are also prominent candidates for the development of
mucosal vaccines in which they are engineered to ei-
ther display heterologous antigens on their surface or
to secrete them (LeCureux & Dean, 2018). These food-
grade Lactobacillus vaccine vectors would be cheap to
produce and can be easily administered orally or in-
tranasally, improving the ability to deploy them both in
humans and animals. Examples of infectious diseases
against which such vaccines are under development
include anthrax, infantile diarrhoea, pneumonia and
viral infections like HIV, HPV, influenza and coronavirus
(LeCureux & Dean, 2018; Wang et al., 2020). Finally,
to track these therapeutic bacteria within the body and
study their colonization and clearance profiles, there is
considerable interest to make them express reporter
proteins that can be imaged in situ (Landete et al., 2015;
Salomeé-Desnoulez et al., 2021).

Despite such potential, the main limitations for engi-
neering lactobacilli are the scarcity of well-characterized
genetic parts and insufficient understanding of bio-
chemical pathways required to build the type of genetic
circuits that have been demonstrated in E. coli (Elowitz
& Leibler, 2000; Wang et al.,, 2011) and B. subtilis
(Castillo-Hair et al., 2019; Courbet et al., 2015). Over
two decades of painstaking investigation and screening
across phylogenetically close bacteria have generated
a handful of reliable parts for use in lactobacilli such as
constitutive and inducible promoters, operators, repli-
cons, retention-modules, signal peptides. Most of these
have been developed in a few species that were found
to be amenable to genetic modification, among which
Lactiplantibacillus plantarum (Zheng et al., 2020) is
widely reported (Siezen & van Hylckama Vlieg, 2011).
While genomic integration of genes has been demon-
strated in these bacteria, the greatest versatility of
functions has been achieved using plasmids. Excellent
progress has been made in establishing plasmid back-
bones with low, medium and high copy number replicons
(Tauer et al., 2014), constitutive promoters with a wide
range of expression strengths (Rud et al., 2006), a few
inducible promoters that can be triggered by peptides
(Halbmayr et al., 2008) or sugars (Heiss et al., 2016),
signal peptides sequences enabling protein secretion
(Mathiesen et al., 2009) or surface display (Mathiesen
et al., 2020) and food-grade plasmid retention sys-
tems based on resistance to external stressors (e.g.
bacteriocins) (Allison & Klaenhammer, 1996; Takala &
Saris, 2002) or auxotrophy complementation requiring
genomic knockout of a metabolic gene and providing it
in the plasmid (Chen et al., 2018; Nguyen et al., 2011).
However, the available set of well-characterized ge-
netic parts is still minuscule compared to the toolbox of
E. coli and needs to be expanded in order to improve
the performance and versatility of Lactobacillus engi-
neering for healthcare applications.

In this work, we introduce 2 new versatile and
powerful genetic parts to expand the capabilities of
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Lactobacillus engineering — (i) a novel constitutive pro-
moter from a phylogenetically distant Salmonella spe-
cies that drive protein expression at levels considerably
higher than previously reported strong L. plantarum
promoters and (ii) toxin-antitoxin systems as an alterna-
tive strategy for plasmid retention that does not require
manipulating the bacterial genome. Unique features
of the novel promoter sequence are discussed, which
can lead to new design criteria for improving promoter
strengths in lactobacilli. The toxin-antitoxin systems
introduce a thus-far unexplored modality of plasmid
retention in lactobacilli that enables the generation of
temporary Genetically Engineered Microorganisms
(GEMs), desirable for medical and food-grade applica-
tions. These parts and the fundamental insights gained
in their characterization will strongly aid in expanding
the genetic programmability of lactobacilli.

EXPERIMENTAL PROCEDURES
Strain, media and plasmids

Lactiplantibacillus plantarum WCFS1 was used as the
parent strain for promoter strength and plasmid reten-
tion characterization. The strain was maintained in the
De Man, Rogosa and Sharpe (MRS) media. The culture
media, antibiotics and complementary reagents were
purchased from Carl Roth Gmbh, Germany. Growth
media was supplemented with 10 pg/mL of erythromy-
cin to culture engineered L. plantarum WCFS1 strains.
The plasmids pSIP403 and pLp_3050sNuc used in
this study were a kind gift from Prof. Lars Axelsson
(Addgene plasmid # 122028) (Servig, Mathiesen,
et al., 2005) and Prof. Geir Mathiesen (Addgene plas-
mid # 122030) (Mathiesen et al., 2009), respectively.
The plasmid pTIpA39-Wasabi was a kind gift from Prof.
Mikhail Shapiro (Addgene plasmid # 86116) (Piraner
et al., 2017). The plasmid pUC-GFP-AT was a kind gift
from Prof. Chris Barnes (Addgene plasmid # 133306)
(Fedorec et al., 2019). The sequence verified genetic
constructs created in this study have been maintained
in E. coli DH5a.

Molecular biology

The genetic constructs developed in this study are
based on the pLp3050sNuc/pSIP403 vector back-
bone. The HiFi Assembly Master Mix, Quick Blunting
Kit and the T4 DNA Ligase enzyme were purchased
from New England BioLabs (NEB, Germany). PCR
was performed using Q5 High Fidelity 2x Master Mix
(NEB) with primers purchased from Integrated DNA
Technologies (IDT) (Leuven, Belgium). Oligonucleotide
gene fragments were purchased as eBlocks from IDT
(Coralville, USA). These were codon-optimized for
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maximal expression in the host strain using the IDT
Codon Optimization Tool (Coralville, USA). Plasmid
extraction and DNA purification were performed using
kits purchased from Qiagen GmbH (Hilden, Germany)
and Promega GmbH (Walldorf, Germany), respectively.
The general schematic of plasmid construction for this
study is shown in Figure S1. The promoter sequences
used in this study are provided in Table S1, and the nu-
cleotide sequences of the toxin-antitoxin modules are
highlighted in Table S2.

L. plantarum WCFS1 competent cell
preparation and DNA transformation

A single colony of L. plantarum WCFS1 was inoculated
in 5mL of MRS media and cultured overnight at 37°C
with shaking (250 rpm). The primary culture was diluted
in a 1:50 (v/v) ratio in a 25mL secondary culture com-
posed of MRS media and 1% (w/v) glycine premixed in a
4:1 ratio. The secondary culture was incubated at 37°C,
250rpm until ODg,, reached 0.8, following which the
cells were pelleted down by centrifuging at 4000rpm
(3363 g) for 10min at 4°C. The pellet was washed twice
with 5mL of ice-cold 10mM MgCl, and then washed
twice with 5mL and 1mL of ice-cold Sac/Gly solution
[10% (v/v) glycerol and 1M sucrose mixed in a 1:1 (v/v)
ratio], respectively. Finally, the residual supernatant
was discarded, and the pellet resuspended in 500pL
of Sac/Gly solution. The competent cells were then dis-
pensed in 60 uL aliquots for DNA transformation. For all
transformations, 1 g of dsDNA was added to the com-
petent cells and then transferred to chilled 2mm gap
electroporation cuvettes (Bio-Rad Laboratories GmbH,
Germany). Electroporation transformation was done
with a single pulse at 1.8kV, after which 1mL of luke-
warm MRS media was immediately added. The mixture
was kept for incubation at 37°C, 250rpm for a recovery
period of 3h. Following the recovery phase, the cells
were centrifuged at 4000 rpm (3363 g) for 5min, 800 uL
of the supernatant discarded, and 200 uL of the resus-
pended pellet was plated on MRS Agar supplemented
with 10 pg/mL of Erythromycin. The plates were incu-
bated at 37°C for 48h to allow the growth of distinct
single colonies.

Direct cloning in L. plantarum WCF$S1

To obtain sufficient plasmid quantities (~1 ug) for trans-
formation in L. plantarum WCFS1, a modified direct
cloning method (Spath et al., 2012) involving PCR-
based amplification and circularization of recombinant
plasmids was used. Plasmids were constructed and
transformed directly in L. plantarum WCFS1 strain
using a DNA assembly method. Complementary over-
hangs for HiFi Assembly were either created using PCR
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primers or synthesized as custom-designed eBlocks.
Purified overlapping DNA fragments were mixed with
the HiFi DNA Assembly Master Mix and assembled as
recommended in the standard reaction protocol from
the manufacturer. The assembled DNA product was
then exponentially amplified by another round of PCR
using a pair of primers annealing specifically to the in-
sert segment; 5L of the HiFi assembly reaction was
used as a template for this PCR amplification of the
assembled product (100pL final volume). The purified
PCR product was then subjected to phosphorylation
using the Quick Blunting Kit. Then 2000 ng of the puri-
fied PCR product was mixed with 2.5uL of 10x Quick
blunting buffer and 1puL of Enzyme Mix (Milli-Q water
was added up to 25 uL). The reaction was incubated first
at 25°C for 30min and then at 70°C for 10min for en-
zyme inactivation. Next, phosphorylated products were
ligated using the T4 ligase enzyme; 6 uL of the phos-
phorylated DNA was mixed with 2.5 uL of 10x T4 Ligase
Buffer and 1.5uL of T4 Ligase enzyme (Milli-Q water
was added up to 25uL). Two ligation reactions were
performed per cloning (25 puL each). The respective re-
actions were incubated at 25 °C for 2hours and then
at 70°C for 30min for enzyme inactivation. The ligated
reactions were mixed together and purified. In order
to concentrate the final purified product, three elution
rounds were performed instead of one. Each elution
was based on 10 L of Milli-Q water. The concentration
of the ligated purified product was measured using the
NanoDrop Microvolume UV-Vis Spectrophotometer
(ThermoFisher Scientific GmbH, Germany). Finally,
1000ng of the ligated product was transformed into
L. plantarum WCFS1 electrocompetent cells, resulting
in a transformation efficiency of 2—3x 102 cfu/pg.

Notably, since L. plantarum harbours 3 endogenous
plasmids (Van Kranenburg et al., 2005), sequencing
was performed on PCR-amplified sections. In detail,
colonies of interest were inoculated in MRS supple-
mented with 10 pg/mL of Erythromycin and grown over-
night at 37 °C. The following day, 1mL of the culture
was pelleted down, and the supernatant was discarded.
Next, a tip was used to collect a tiny part of the pellet,
which was used as a template for PCR (100 uL final
volume). Finally, PCR products were purified and sent
for Sanger sequencing to Eurofins Genomics GmbH
(Ebersberg, Germany) by opting for the additional DNA
purification step.

Microplate reader setup for thermal
gradient analysis

Bacterial cultures were cultivated in 5mL of MRS media
(supplemented with 10pug/mL erythromycin) at 30°C
with continuous shaking (250rpm). The following day,
cultures were diluted to 0.1 ODg, in 3mL of antibiotic
supplemented fresh MRS media and propagated at
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30°C, 250rpm. At ODg,, =0.3, the cultures were dis-
pensed into Fisherbrand™ 0.2 mL PCR Tube Strips with
Flat Caps (Thermo Electron LED GmbH, Germany) and
placed in the Biometra Thermocycler (Analytik Jena.
GmbH, Germany). For the Pspp-mCherry construct,
25ng/mL of the 19 amino acid Sakacin P inducer pep-
tide (Spplp) with the sequence NH,- MAGNSSNFIHK
IKQIFTHR-COOH (GeneCust, France) was added to
the culture and thoroughly vortexed before preparing
the aliquots. The thermal assay was set at a tempera-
ture gradient from 31°C to 41°C with regular increment
of 2°C. The lid temperature was set at 50°C to prevent
the evaporation of the liquid and maintain a homogene-
ous temperature in the spatially allocated PCR tubes.
After a time interval of 18 h, the PCR strips were cen-
trifuged in a tabletop minicentrifuge (Biozym GmbH,
Germany) to pellet down the cells and discard the su-
pernatant. The cells were then resuspended in 200 L
of 1x PBS and added to the clear bottom 96-well mi-
crotitre plate (Corning® 96 well clear bottom black
plate, USA). The samples were then analysed in the
Microplate Reader Infinite 200 Pro (Tecan Deutschland
GmbH, Germany), and both the absorbance (600nm
wavelength) and mCherry fluorescence intensity (Ex,/
Em, =587nm/625nm) were measured. The z-position
and gain settings for recording the mCherry fluores-
cent intensity were set to 19,442um and 136, respec-
tively. Fluorescence values were normalized with the
optical density of the bacterial cells to calculate the
Relative Fluorescence Units (RFU) using the formula
RFU = Fluorescence/ODg,.

Fluorescence microscopy analysis

Bacterial cultures were grown overnight in 5mL of MRS
media (supplemented with 10pg/mL erythromycin) at
37°C with continuous shaking (250rpm). The following
day, the ODg,, of the P__-mCherry construct was meas-
ured and subcultured at ODg,, =0.01. When the Pspp-
mCherry bacterial culture reached ODg,, =0.3, it was
induced with 25ng/mL of Spplp and the remaining con-
structs were subcultured in fresh media at 0.01 OD,.
All the cultures were then allowed to grow for 18 h under
the same growth conditions (37°C, 250rpm) to prevent
any heterogeneity in promoter strength expression due
to differential growth parameters. Later, 1 mL of the cul-
tures were harvested by centrifugation (15,700 g, 5min,
4°C), washed twice with Dulbecco's 1x PBS (Phosphate
Buffer Saline) and finally resuspended in 1mL of 1x
PBS. And 10 uL of the suspensions was placed on glass
slides of 1.5mm thickness (Paul Marienfeld GmbH,
Germany) and 1.5H glass coverslips (Carl Roth GmbH,
Germany) were placed on top of it. The samples were
then observed under the Plan Apochromat 100x oil
immersion lens (BZ-PA100, NA 1.45, WD 0.13mm)
of the Fluorescence Microscope BZ-X800 (Keyence
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Corporation, lllinois, USA). The mCherry signal was
captured in the BZ-X TRITC filter (model OP-87764) at
excitation wavelength of 545/25nm and emission wave-
length of 605/70 nm with a dichroic mirror wavelength of
565nm. The images were adjusted for identical bright-
ness and contrast settings and were processed with the
FiJi ImageJ2 software.

Flow cytometry analysis

Quantification of fluorescent protein expression levels
of the strains was performed using Guava easyCyte
BG flow-cytometer (Luminex, USA). Bacterial cultures
subjected to the same treatment conditions mentioned
above were used for Flow Cytometry analysis; 1 mL of
the bacterial suspensions was harvested by centrifuga-
tion at 15,700 x g. The supernatant was discarded and
the pellet was resuspended in 1 mL of sterile Dulbecco's
1x PBS. The samples were then serially diluted by a
10* Dilution Factor (DF) and 5000 bacteria events were
recorded for analysis. Experiments were performed in
triplicates on three different days. During each analysis,
the non-fluorescent strain carrying the empty vector
was kept as the negative control. A predesigned gate
based on forward side scatter (FSC) and side scatter
(SSC) thresholding was used to remove debris and
doublets during event collection and analysis. mCherry
fluorescence intensity was measured using excitation
by a green laser at 532nm (100 mW) and the Orange-G
detection channel 620/52nm filter was used for signal
analysis. The gain settings used for the data record-
ing were Forward Scatter (FSC) — 11.8, Side Scatter
(SSC) — 4 and Orange-G Fluorescence — 1.68. The
compensation control for fluorescence recording was
set at 0.01 with an acquisition rate of 5 decades. Data
analysis and representation were performed using the
Luminex GuavaSoft 4.0 software for EasyCyte.

Toxin/antitoxin module-based plasmid
construction

Similar to previous reports in E. coli (Fedorec
et al., 2019), the effect of Txe/Axe (toxin/antitoxin) mod-
ule from E. faecium (Grady & Hayes, 2003) was tested
in L. plantarum WCFS1 to test its capability for antibiotic-
free plasmid retention. TA Finder version 2.0 tool (Xie
et al., 2018) was used to select further type-Il TA (Toxin/
Antitoxin) systems present in Lactobacillus genomes.
Lactobacillus acidophilus, L. crispatus, L. casei, L. reu-
teri and L. plantarum WCFS1 genomes were retrieved
from NCBI Genome. TA systems harboured within these
genomes were mined using the default parameters of TA
Finder. Only TA systems annotated by NCBI BlastP were
selected as test candidates. The TA systems YafQ/DinJ,
HicA/HicB, HigB/HigA and MazF/MazE from L. casei,
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L. acidophilus and L. plantarum WCFS1 were selected
for further testing and analysis.

Txe/Axe system was amplified by PCR from the plas-
mid pUC-GFP-AT (Fedorec et al., 2019). DinJ/YafQ
and HicA/HicB systems were synthesized as custom-
designed eBlocks. HigA/HigB and MazE/MazF were
amplified from the genome of L. plantarum WCFS1. TA
systems were inserted into the P, ,-mCherry plasmid,
generating the plasmids P, ,-mCherry-Txe/Axe, P ,-
mCherry-YafQ/DinJ, Py, ,-mCherry-HicA/HicB, Py, ,-
mCherry-HigB/HigA and Pt,pA-mCherry-MazF/MazE.
For constructing the combinatorial TA module (P,,,-
mCherry Combo), the best performing endogenous and
non-endogenous TA systems recorded after 100 gener-
ations (MazF/MazE and YafQ/DinJ) were subcloned and
integrated into the same plasmid in reverse orientations.

TA mediated plasmid retention analysis

The TA module containing constructs were inoculated in
5mL cultures of 10pg/mL erythromycin supplemented
MRS media and incubated overnight at 37°C with con-
tinuous shaking (250rpm). The following day, the con-
structs were subcultured at an initial ODg,, =0.01 in fresh
MRS media (both with and without antibiotic supplemen-
tation). The bacterial cultures were incubated for 12 con-
secutive days with a daily growth period of 24 h ensuring
an average of ~8 generations per day, until crossing the
final threshold of 100 generations. Sample preparation
for flow cytometry analysis was conducted according to
the protocol mentioned before. The mCherry positive cell
population directly correlated to the bacterial population
retaining the engineered plasmid. The entire experiment
was repeated in biological triplicates.

To cross-check the flow cytometry analysis, the bac-
terial cultures grown for 100 generations without antibi-
otic supplementation were centrifuged and resuspended
in 1mL of sterile Dulbecco's 1x PBS. The resuspended
bacterial solutions were diluted (df = 10%) and plated on
MRS Agar plates supplemented without antibiotic and in-
cubated in a static incubator for 48 h. The plates were then
imaged using the GelDocumentation System Fluorchem
Q (Alpha Innotech Biozym Gmbh, Germany) both in the
Ethidium Bromide channel (Ex,/Em, =300nm/600nm)
and Cy3 channel (Ex,/Em, =554 nm/568nm) to visualize
the cell population producing mCherry fluorescence. The
fluorescent bacterial subpopulation on the non-selective
MRS agar medium correlated to the plasmid retention
frequency of the respective TA systems in the absence
of selection pressure.

Growth rate measurements

For studying the influence of the heterologous protein
production and toxin-antitoxin modules on the bacterial
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growth rate, bacterial cultures were cultivated overnight
in antibiotic supplemented MRS media at 37°C with
continuous shaking (250 rpm). Following day, the bacte-
rial cultures were subcultured in secondary cultures at
an initial ODg,, =0.01. After 4h incubation at 37°C, the
ODg, of the cultures reached 0.1 and 200 L of the cul-
tures were distributed in UV STAR Flat Bottom 96-well
microtitre plates (Greiner BioOne GmbH, Germany).
The 96-well assay plate was placed in the Microplate
Reader with constant shaking conditions at an incuba-
tion temperature of 37°C. The kinetic assay was set
to record the absorbance of the bacterial cultures at
600 nm wavelength with an interval of 10 min for an 18 h
time duration. The experiment was conducted in tripli-
cates on three independent days.

Bioinformatic analysis

All genome sequences included in the phylogenetic
analysis were retrieved from NCBI Genome. The phylo-
genetic tree was built using the web server for genome-
based prokaryote taxonomy ‘Type (Strain) Genome
Server’ (TYGS), restricting the analysis only to the se-
quences provided (Meier-Kolthoff & Goker, 2019). The
Genome BLAST Distance Phylogeny (GBDP) tree,
based on 16S rDNA gene sequences, was obtained.
The Interactive Tree of Life (iTOL) tool was used for the
display, annotation and management of the phyloge-
netic tree (Letunic & Bork, 2007).

For the multiple sequence alignment, protein se-
quences of the 670 subunits from L. plantarum, E. coli
and S. typhimurium RNA polymerases were first re-
trieved from Uniprot. Sequences were aligned using
the tool MUSCLE (Edgar, 2004). Jalview was used
to visualize and edit the multiple sequence alignment
(Waterhouse et al., 2009).

SnapGene was used to identify DNA sequences sim-
ilar to P, , within the genome of L. plantarum WCF$1
using the feature ‘Find Similar DNA Sequences’. The
search allowed a mismatch or gap/insertion every 4
bases. BPROM, an online tool for predicting bacterial
promoters, was used to identify the -35 and —10 boxes
within this promoter (Madeira et al., 2022). BlastP was
used to identify the protein encoded by the gene driven
by this promoter. Promoter alignment was performed
using MUSCLE (Edgar, 2004).

RESULTS AND DISCUSSIONS

P;,a Promoter from Salmonella drives
hlé’ﬁ-level constitutive expression

The strongest promoters in lactobacilli have been
found by either screening the genome of the host
strain (Bron et al., 2004; Rud et al., 2006) or adapting
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those driving high-level protein expression in phyloge-
netically close lactic acid bacteria (Russo et al., 2015)
(Figure 1A). In the few reports where promoters from
phylogenetically distant species like P. megaterium
(Pya) or E. coli (Py; from lambda phage) (Heiss
et al., 2016) have been tested, expression levels
were found to be comparatively low. Contrary to this
trend, we serendipitously stumbled upon a promoter
(P4,4) from the phylogenetically distant gram-negative
Salmonella typhimurium (Figure 1A) capable of driv-
ing protein expression at levels higher than previously
reported strong promoters in L. plantarum WCFS1. In
Salmonella, P,,pA along with its repressor is capable of
thermo-responsively regulating gene expression and
this functionality had been previously transferred to
E. coli for therapeutic purposes (Hurme et al., 1997;
Piraner et al., 2017). To test whether the P, , promoter
would be a suitable candidate for driving transcrip-
tion in L. plantarum, a fluorescent reporter protein
(mCherry) was cloned downstream of this promoter.

[
6.123

T
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The promoter surprisingly seemed to constitutively
drive a high-level of protein expression with a mild
degree of thermal regulation (<5-fold increase from
31°C to 39°C) (Figure 1B). Next the repressor-based
thermo-responsive functionality was tested in L. plan-
tarum, by creating the pTIpA39 plasmid, with the P, ,
promoter driving expression of mCherry and the codon
optimized TIpA repressor being expressed constitu-
tively by the P, promoter (Rud et al., 2006). However,
the pTIpA39 plasmid showed no significant repression
of mCherry at lower temperature gradients in com-
parison to its repressor-free counterpart (Figure S2D).
Most remarkably, flow cytometry and fluorescence
spectroscopy analysis revealed that mCherry expres-
sion levels driven by the P, , promoter significantly
exceeded the levels driven by some of the strongest
promoters previously reported in L. plantarum - P,,
(Meng et al., 2021), P,4 (Rud et al., 2006), Pspp (Servig
etal., 2003) and P, (Spangler et al., 2019) (Figure 1C,
Figure S3A). At 31°C, mCherry expression levels were

Phylogenetic Tree of species bearing relevant genetic parts

S Escherichia coli Py, )
Saimonella enterica enterica Typhimurium (P,
Lactococcus factis ()

Streptococcus pneumon;

Enterococcus facciu
Lactobacillus acidophilus (HicAHic8)

Lacticaseibacillus casei [P, .,) (YalQ/DinJ)

L fantarum WCES1 (P, P ) (HigBHigh, MazF MazE

LP-Py,-mCherry thermo-responsiveness

(B)

(D) Temp-dependent promoter strengths

FIGURE 1 (A)Phylogenetic tree highlighting the distances between
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0 20
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Time (h)

species from which various genetic parts have been tested in

Lactiplantibacillus plantarum. Purple clade corresponds to Gram-negative bacteria. Green clade corresponds to Gram-positive bacteria.
Promoters tested in this study are labelled in blue. Promoters tested by others in L. plantarum are labelled in green. Orange labels
correspond to the TA systems tested in this study. (B) Fluorescence microscopy of Py, driven mCherry expression in L. plantarum WCFS1

cultivated at 31°C and 39°C for 18 h. Scale bar = 10pm. (C) Flow Cytometry analysis of PA‘IpA‘

P4, Pyg Py, @and Py driven mCherry

spp

expression in L. plantarum WCFS1 after 18h incubation at 37°C. (D) Fluorescence spectroscopy analysis of the Py, Pys, Pyq, Py and

P,sdriven mCherry expression after 18 h incubation at temperatures ran

ging from 31°C to 41°C. (E) Growth rate (ODg,) measurement of

L. plantarum WCF$1 strains containing a control plasmid and P, ,-mCherry for 18 h at 37°C. In (C) and (D), the solid lines represent mean
values, and the lighter bands represents standard deviations calculated from three independent biological replicates.
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at least 2-fold higher than these other promoters, while
this increased to 5-fold at 39°C (Figure 1D, Figure S3B).
All constitutive promoters (P,3, P,g, P,;) were mildly
thermo-responsive, while the inducible promoter (P, )
was not (Figure S4A). To check whether such high
gene expression can be driven by other phylogeneti-
cally distant thermo-responsive promoters, we tested
the well-known heat inducible pR and pL promoters
from E. coli lambda phage. However, only low levels
of mCherry expression were observed with these pro-
moters (Figure S2A, B). Fluorescence spectroscopy
revealed that the strength of the P, promoter at 37°C
was 26- and 39-fold higher than the pR and pL pro-
moter, respectively (Figure S2C).

Another important factor for high-level gene expres-
sion driven by P, is that the spacer length between
the ribosome binding site (RBS, 5-AGGAGA-3') and
the start codon needs to be different in L. plantarum
compared to E. coli. In E. coli this spacer length of
6bp has been previously reported (Chee et al., 2022;
Kan et al.,, 2020; Piraner et al., 2017; Rottinghaus
et al., 2022), whereas in L. plantarum a 9bp spacer
improves expression levels by 25-fold compared to a
6 bp spacer (Figure S4B), in accordance with previous
reports (Tauer et al., 2014). Despite the high level of
protein expression driven by PrIpA with a 9bp spacer,
the growth rate of this strain at 37°C was similar to that
of the empty vector control strain, suggesting that this
protein overexpression did not metabolically overbur-
den the cell (Figure 1E).

To understand why P, drives gene expression in
L. plantarum, we looked into its function in Salmonella,
where it is a promoter of the 70 sigma factors

(Dawoud et al., 2017). This family of sigma factors is
involved in regulating the expression of housekeep-
ing genes in most prokaryotes, including lactobacilli
(Todt et al., 2012). Multiple Sequence Alignment (MSA)
among the major RNA polymerase 70 proteins (RpoD)
of E. coli, S. typhimurium and L. plantarum strains
(Figure 2A) revealed significant similarity between the
domain-2 and domain-4 regions, responsible for bind-
ing to the —10 and -35 regions of the promoter during
transcription initiation. Interestingly, Gaida et al. (2015)
showed that when expressed in E. coli, the L. planta-
rum RpoD can recruit E. coli's RNA polymerase to ini-
tiate transcription from a wide variety of heterologous
promoters. Compared to sigma factors from six other
bacteria, they found that the L. plantarum RpoD was the
most promiscuous and helped to enlarge the genomic
space that can be sampled in E. coli. These analyses
explain why the Pt,pA promoter from a phylogenetically
distant species functions in L. plantarum but does not
necessarily reveal how it drives such high expression
levels compared to previously reported promoters.

To understand this, we investigated aspects of
P,,pA's sequence (Figure 2B). One unique characteristic
is that it harbours the sigma70 consensus sequence
at the =10 region (5'-TATAAT-3') but not at the =35 re-
gion (5'-TTGACA-3') (Todt et al., 2012). Based on the
previous reports in gram positive bacteria like B. sub-
tilis (Helmann, 1995), it is possible that the deviation
from the consensus —35 sequence can be compen-
sated for the presence of the conserved dinucleotide
‘TG’ sequence at the —14 and —15 position of the Py,
promoter. It has been shown that the presence of this
sequence upstream of the =10 region in the promoter

(A) MSA of 670 RpoD from L. plantarum, E. coli and S. typhimurium

;

o

]
BERREL -

Lptantarum
Ecol

S typhimurium

-35

Spacer -10

(B) Pyya: 5" TTTAATTTGTTTGTTAGTTAGTTTATTTGTTGGTTTGTTTGTGTTATAATAT 3’

FIGURE 2

(A) Homology analysis of 70 RpoD genes from Lactiplantibacillus plantarum, Escherichia coli and Salmonella typhimurium.

Height and brightness of the yellow bars indicate the extent to which individual residues are conserved across all 3 bacteria. (B) Py,

promoter sequence with -35, spacer and —10 regions labelled.
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can mediate rapid promoter melting during transcrip-
tion initiation and upregulate the transcription rate of
corresponding genes. However, most of the promoters
reported by Rud et al. (2006) for L. plantarum also have
the conserved ‘TG’ dinucleotide at the —15 position of
the promoter. When the strength of the strongest pro-
moter in that library (P,5) was compared to the Py,
promoter, the mCherry production rate by the P,,pA pro-
moter was significantly higher. This suggests that the
Pypa Promoter must have additional reasons that con-
tribute to its exceptional performance in L. plantarum
WCFS1.

More interestingly, the whole promoter sequence
contains no cytosine (C) bases, in contrast to previ-
ously reported in L. plantarum promoters, most of
which contain 2 to 4 cytosine bases in the -35 to —10
region (Meng et al., 2021; Rud et al., 2006; Servig
et al., 2003; Spangler et al., 2019). Additionally, the
spacer between the -35 and-10 regions of the P, ,
promoter contains no adenine (A) bases. Notably, A
and C bases are susceptible to methylation in bacte-
ria, which has been associated with epigenetic gene
regulation (Beaulaurier et al., 2019; CasadesuUs &
Low, 2006). However, on analysis of 34 constitutive
promoter sequences from the synthetic promoter li-
brary reported by Rud et al. (2006) and those tested in
this study (Table S3), no correlation could be derived
between promoter strengths and number of C bases
within the —-35 to —-10 region (Figure S6A) or the A
bases in the spacer (Figure S6B). If methylation could
be influencing promoter strengths, it would be nec-
essary to identify the methyltransferase recognition
sequences in L. plantarum to derive meaningful cor-
relations. We then searched for DNA sequences simi-
lar to P, , within the genome of L. plantarum WCFS1.
Out of 6 hits (Figure S7A), only one of them was located
upstream of a gene that encodes for a known protein
(HAMP domain-containing histidine kinase - locus:
Ip_0282, complement: 255805.0.257181), with a per-
cent identity score of 82.76 compared to P, IpA" This se-
quence (GTTTATGTTGGTTATTTACGTAATAAAAT)
was identified as a promoter (referred to as Py,p)
using BPROM, with —35 and-10 regions (in bold) di-
verging from PUPA by single bases each (Figure S7B).
Notably, P, p @lso contains four A bases and one C
base in the spacer. When the full promoter sequence
(Table S1) was cloned upstream of mCherry, only
weak expression was observed (Figure S7C), suggest-
ing that one or more of these mismatches compared
to PllpA are essential for driving high-level gene ex-
pression. These unique features of the Pt/pA promoter
sequence provide interesting clues for understanding
factors affecting promoter strengths in L. plantarum.
To gain deeper insights into P,,pA's unprecedented
strength, further studies analysing mutant libraries of
the promoter and/or measuring DNA methylation pat-
terns are required.
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Toxin/antitoxin-based plasmid retention
and transient GEMs

Apart from high expression levels, use of lactobacilli
for healthcare applications requires strategies to re-
tain heterologous genes in the engineered bacteria in
a cheap and compatible manner. TA systems ensure
plasmid retention in a bacterial population through a
post-segregation killing mechanism. They constitutively
express long-lasting toxins and short-lived antitoxins.
As long as the plasmid is present, sufficient antitoxin
is produced to neutralize the corresponding toxin. On
bacterial division, if a daughter cell does not receive any
plasmid copies, the antitoxin rapidly degrades, and the
active toxin kills the cell. While TA systems have been
investigated in the past for bioremediation and biotech-
nology purposes, their applicability was limited by the
fact that their plasmid retention efficiency did not match
that of antibiotic or auxotrophy-based retention systems
(Stirling & Silver, 2020). However, interest in TA sys-
tems has re-emerged for living therapeutic applications
because of two reasons: (i) better understanding of
TA systems leading to improved efficiencies (Fedorec
et al., 2019) and (ii) biosafety features they offer in re-
ducing horizontal gene transfer (Wright et al., 2013).
Accordingly, reports have recently emerged where TA
systems are showing greater promise for bacteria engi-
neered as live vaccines or drug delivery vehicles (Abedi
et al., 2022; Kan et al., 2020). While these demonstra-
tions have been done in E. coli, the use of TA system
in lactobacilli for plasmid retention has not yet been
systematically investigated. From literature reports and
using the TA finder bioinformatics tool, we identified
and selected 5 different type || TA system (all named as
toxin/antitoxin): (i) Txe/Axe, from Enterococcus faecium
that was shown to ensure long-term plasmid retention
in E. coli (Fedorec et al., 2019), (ii) YafQ/Dind from
L. casei (Levante et al., 2019), (iii) HigB/HigA and (iv)
MazF/MazE from L. plantarum WCFS1 and (v) HicA/
HicB from L. acidophilus (Phylogeny in Figure 1A). In
all these systems, the toxin is an endoribonuclease
and the antitoxin is its corresponding inhibitory protein.
These modules were added to the plasmid encoding
P, pa-driven mCherry expression (Figure 3A), and the
resultant strain was repeatedly sub-cultured for up to
100 generations. Plasmid retention was quantified by
determining the proportion of the bacterial population
expressing mCherry using flow cytometry and agar
plate colony imaging analysis (Figure S5B). Notably, the
sensitivity of this analysis was greatly improved by the
high-level of expression driven by the Pr/pA promoter,
which enabled clear demarcation of plasmid-retained
and plasmid-lost cells (Figure 3B). Such a clear de-
marcation was not possible with the other promoters,
like P,, since the fluorescent signal seemed to partially
overlap with background signal from non-fluorescent
cells (Figure S5A). In the absence of a TA system (PUPA
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FIGURE 3 (A)Schematic representation of cloning the different TA genetic modules into the P,,pA-mCherry plasmid. (B) Sample flow
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of serial passaging in the absence of antibiotic. The green box corresponds to the bacterial population retaining the plasmid and the blue
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bands represents SD calculated from three independent biological replicates. Combo = MazF/MazE + YafQ/DinJ. (E) Flow cytometry plots
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heights in the range of 450-500 (F) Fluorescence spectroscopy analysis of strains containing TA modules, no TA and antibiotic retention
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test on respective means (*p <0.05, ***p <0.001). The ‘No TA, ‘Txe-Axe’ and ‘Antibiotic’ conditions are significantly different from other

candidates, so their p-values have not been explicitly highlighted.

mCherry plasmid), the proportion of plasmid-bearing
bacteria steadily declined by about 1%/ generation,
ending with ~15% of the population retaining the plas-
mid after 100 generations (Figure 3C). Compared to
this, the Txe/Axe system initially supported better re-
tention with a plasmid loss of about 0.5%/generation
for 40 generations, after which this loss accelerated
to ~1.2%/generation, ending in ~18% of the popula-
tion retaining the plasmid after 100 generations. HigB/
HigA and MazF/MazE systems performed similarly for
the most part but provided slightly better retention after
100 generations (20% and 30%, respectively). HicA/
HicB slowed plasmid loss to 0.5%/generation for 50
generations and 0.8%/ generation, thereafter, resulting
in retention level of ~35% after 100 generations. Finally,
YafQ/DinJ was found to provide the best retention
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capabilities with plasmid loss of 0.5%/generation for
70 generations and 1%/ generation thereafter, result-
ing in a retention level of ~40% after 100 generations
(Figure 3C).

Previous studies have shown that combining dif-
ferent TA systems can cumulatively offer better plas-
mid retention capabilities (Torres et al., 2003; Bardaji
et al., 2019), although this has not been tested in lac-
tobacilli. So, we combined the best-performing TA
system endogenous to L. plantarum WCFS1 (MazF/
MazE) with the best-performing non-endogenous
system (YafQ/DinJ) and observed better plasmid
retention capabilities with this combination, yielding
a slow plasmid loss of 0.2%/generation for 50 gen-
erations and a gradual increase to 0.8%/generation
thereafter, resulting in a considerably higher retention
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of 60% over 100 generations. Comparatively, plas-
mids maintained under antibiotic selection pressure
were steadily retained at >90% through 100 genera-
tions, as expected. In all strains harbouring TA mod-
ules, bacterial growth rates (Figure 3D) and mCherry
expression levels (Figure 3E) were found to be min-
imally impacted compared to ‘No TA’ or antibiotic-
retention conditions over the first 10 generations.
These results suggest that the toxins did not dras-
tically impede the regular functioning of the cells.
Fluorescence spectroscopy analysis of the liquid
cultures after 10 generations (Figure 3F) reveals that
the TA modules showing higher efficiency in retaining
plasmids in the absence of selection pressure (YafQ/
Dind and combo) have significantly lower intensities
of mCherry production in comparison to the other TA
candidates. The greatest drop in protein expression
(~23%) was observed in the strain harbouring the TA
combo and could be due to an increase in the plas-
mid size possibly burdening the cells and maybe even
resulting in @ minor drop in copy number. However,
since The YafQ/DinJ construct also causes a drop of
comparable magnitude (~20%), it is possible that the
toxin in this system mildly interferes with protein ex-
pression, which becomes detectable with the overex-
pression of mCherry by Pt,pA but does not drastically
affect growth. Further in depth investigation would be
required to identify the specific cause of this effect.
However, it must be noted that even with the drop in
expression level caused by the combo TA system,
P pa-driven mCherry expression was at least 4-fold
higher than that of the next strongest promoter, P.,,.
It is important to note that a single generation cor-
responds to a bacterial duplication, so 10 genera-
tions = 2'° or~10° bacteria and 100 generations = 2'°°
or~10% bacteria from a single cell. Potential appli-
cations of lactobacilli for living therapeutics or engi-
neered living materials are not expected to reach such
high generation numbers either due to short appli-
cation time periods (Janahi et al., 2018; LeCureux &
Dean, 2018; Wang et al., 2020) or external growth re-
strictions (Bhusari et al., 2022). Thus, the >90% reten-
tion levels provided by the combo TA system for up to
40 generations should be more than sufficient for these
applications. Furthermore, loss of the plasmid only re-
verts the bacteria to their non-GEM probiotic status,
thus enabling the generation of transient GEMs that
would be desirable for such applications. Accordingly,
by varying the TA system used, the GEM lifetime of
these organisms could be tuned. Based on this con-
cept, we introduce a new metric, G, for characterizing
such transient GEMs. The G, value corresponds to
the generation at which half the population of a strain
has lost its plasmid. As shown in Figure 4, G, can be
tuned from 50 generations for the No TA condition up
to 110 generations (extrapolated) for the combo sys-
tem. Further exploration of additional TA systems in
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FIGURE 4 G, values of the different TA systems tested in
Lactiplantibacillus plantarum. Combo = MazF/MazE +YafQ/DinJ.

future studies will contribute to more fine tuning of re-
tention lifetimes and possibly even lead to near-perfect
retention as has been achieved in E. coli by the Txe/
Axe system (Fedorec et al., 2019). These Gy, values
are expected to depend on culture parameters and en-
vironmental factors, due to which it could also become
a useful metric for assessing natural and industrial
conditions in which lactobacilli grow and function.

CONCLUSIONS

Lactobacilli as probiotics and commensals in humans
and animals have immense potential to be developed
for healthcare applications but as non-model organ-
isms have very poorly equipped genetic toolboxes.
Addressing this limitation, this study describes two
new genetic modules, characterized in probiotic
L. plantarum: an ultra-strong constitutive promoter
(P,,pA) and TA plasmid retention systems. Our results
demonstrate that the promoter drives gene expres-
sion at levels over 5-fold higher than the strongest
promoters previously reported in L. plantarum and
the TA systems decelerate plasmid loss in a tuneable
manner without the need for external selection pres-
sures or genomic manipulations.

Apart from the impact, these modules will have in ex-
panding the programmability of lactobacilli, the unique
conceptual insights gained from this work will aid in
the further development of genetic parts. For one, the
unique features of the P, , promoter sequence that
originate from phylogenetically distant Salmonella
provide clues to understanding what drives promoter
strength. Second, both homologous and heterologous
toxin/antitoxin systems can be used in L. plantarum for
plasmid retention without considerably affecting bac-
terial growth rates or protein production levels. More
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interestingly, the plasmid retention efficacy of these sys-
tems can be improved by combining two toxin-antitoxin
systems, a phenomenon that has yet been tested only
in E. coli. Finally, these systems provide the possibil-
ity to generate tuneable transient GEMs since plasmid
loss reverts the cells to their non-GEM probiotic status,
characterized by the new G5, metric.
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Chapter 6.

Development of L. plantarum for in
vivo imaging and therapeutic
applications

Introduction

Lactobacilli are natural inhabitants of the human body that exhibit beneficial health-
promoting and immunomodulating effects in the host [6]. Given these properties,
lactobacilli have been extensively investigated in animal studies and clinical trials in
humans for a wide range of medical applications, including their possible role as
adjuvants in anticancer therapies, prevention of intestinal diseases, treatment of

respiratory and liver diseases, and the maintenance of vaginal health [162-164].

The investigation of the effect of lactobacilli in these applications requires systemic or
oral administration of these bacteria inside model organisms such as mice. For such
experiments, a methodology to monitor the administered bacteria in vivo is commonly
required. Bioluminescence remains the gold standard reporter technology for tracking
and monitoring live bacteria inside mice in a non-invasive, real-time manner [165]. This
method relies on a reaction catalyzed by an enzyme named luciferase, which emits light

as a product [166].

Multiple luciferases have been expressed in L. plantarum for in vivo imaging purposes.
For example, Daniel et al. in 2013 engineered L. plantarum to intracellularly produce the
luciferase Gluc from a copepod and luciferase CBRIuc from the red click beetle. The latter
showed high levels of detection in mice, resulting in a promising in vivo reporter [167].

Two years later, the same authors additionally tested the green click beetle luciferase
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mutant CBGluc, which showed results comparable to CBRIuc [168]. In 2018, Van Zyl et al.

expressed the firefly luciferase Fluc in L. plantarum, which also worked in vivo [169].

Despite promising outcomes using these luciferases, improvements were needed in
terms of higher luminosity, reduced size, and increased stability [170]. For this, Hall et al.
engineered a smaller luciferase, nanoLuc (nLuc), that exhibited higher levels of
luminescence than other widely used luciferases [171]. In 2020, Zhao et al. engineered L.
plantarum to express nLuc and observed significantly higher luminescence compared to
CBRIuc and Fluc [172]. Despite these positive results, in this last study, a moderate
promoter (Pign) was used to drive the expression of the nLuc-coding gene, which provides

room for enhanced performance from a genetic engineering perspective.

Apart from applications inside the body, lactobacilli have also shown great potential on
the body's surface. Reports have demonstrated that lactobacilli play a role in inhibiting
skin pathogens such as S. aureus and Cutibacterium acnes, and reducing skin
inflammation upon topical application [173, 174]. The eye is another body surface where
lactobacilli have been tested either as live therapeutics, cell lysates, or supernatants with
promising results. The administration of L. acidophilus as eye-drop treatment significantly
improved the symptoms associated with conjunctivitis [175]. Another example is the
application of an ophthalmic formulation based on L. sakei cell lysate, which remarkably
alleviated the symptoms of dry eye disease [176]. Ophthalmic formulations of L.
plantarum supernatants have also exerted effective results in mediating anti-

inflammatory properties and attenuating uveitis [26, 27].

By means of genetic engineering, L. plantarum can also be further developed to produce
and secrete proteins relevant to treating eye or skin diseases and be used as probiotic
living contact lenses or wearable living devices [177, 178]. The first therapeutic
recombinant protein approved by the U.S. Food and Drug Administration as an eye drop
drug for treating neurotrophic keratitis was a nerve growth factor (NGF). NGF is
considered a therapeutic protein due to its crucial role in the growth, maintenance, and
proliferation of neurons, and in other non-neuronal pathways. These include the

regulation of epithelial cells during hair growth and wound healing, and in the regulation
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and differentiation of hematopoietic stem cells and immune cells [179]. Apart from
neurotrophic keratitis, NGF has been extensively investigated as a therapeutic protein for
treating a wide range of brain, eye, skin, and lung diseases, including Alzheimer’s disease
and peripheral neuropathies, skin and corneal ulcers, glaucoma, retinitis pigmentosa, and

pediatric optic gliomas [179-181].

The structure of NGF consists of three subunits: q, B, and y, with the dimeric B-NGF form
responsible for the biological activity of the protein [182, 183]. Due to the clinical
relevance of this protein, attention has turned towards the recombinant production of B-
NGF using bacteria, yeast, plants, mammalian cells, and even insect cells as factories for
a high level of production [184]. Regarding bacteria, to my knowledge, recombinant B-NGF
production has only been reported in E. coli, and, to date, there are no reports of either

secretion or production of B-NGF from lactobacilli bacteria [185-187].

This chapter further focuses on the question of whether the novel genetic parts, namely
the P:c promoter and the SP3, can drive high levels of expression and secretion,
respectively, of other POls. This work presents preliminary results addressing both the
reporting and therapeutic capabilities that can be engineered in lactobacilli. The first part
describes the development of engineered L. plantarum strains towards enhanced in vivo
detection capacities. To this end, luciferase-expressing and multi-reporter-expressing
strains were developed for multimodal reporting of L. plantarum in mice. The second part

explores the generation of an NGF-secreting L. plantarum strain suitable for ELMs.

Materials and Methods

Strains, media, and plasmid vector.

The L. plantarum WCFS1 strain was used in this study. The strain was maintained in De
Man, Rogosa, and Sharpe (MRS) media (Carl Roth GmbH, Germany) and incubated at
37°C and 250 revolutions per minute (rpm). For the engineered strains, the MRS medium
was supplemented with 10 pL/mL of erythromycin (Carl Roth GmbH, Germany). The
P:ec_mCherry plasmid (Addgene plasmid # 229145) was the backbone vector for the nLuc
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and the NGF molecular cloning. The plasmid pLp_P:c_3050Nuc_mScarlet3 was the
backbone for the double and triple reporter clonings [188]. The CBRluc-encoding plasmid

was a kind gift from Catherine Daniel (Institute Pasteur, Lille, France).

Molecular cloning reagents

Primers were synthesized by Eurofins Genomics GmbH (K&In, Germany). All the primers
used in this study are listed in Table S1. All the gene fragments in this study were ordered
as eBlocks from Integrated DNA Technologies (Coralville, USA). Q5 High Fidelity 2X
Master Mix (NEB GmbH, Germany) was used for the polymerase chain reaction (PCR).
The Wizard® SV Gel and PCR Clean-Up System (Promega GmbH, Germany) was used for
PCR product purification. The eBlocks were assembled using the HiFi Assembly Master
Mix (NEB GmbH, Germany).

Primer name Sequence

Vector NGF/nLuc fw
Vector NGF/nLuc rev

5'- gaagataaatcccataaggg-3’
5'- aagaactctattgaagccc-3’

Direct cloning fw

Direct cloning rev
CBRIuc rev

CBRIluc fw

Pidn fw

Double reporter fw
Double reporter rev
Triple reporter vector fw
Triple reporter vector rev
Triple reporter insert fw
Triple reporter insert rev

5'- ccgttagcgtagtagtage-3'

5'- cttcaaagggtcaacagc-3’

5'- tcacgttaagggattttggaaaccacctctaaaaggt-3’
5'- atgacttattccatggtg-3’

5'- catcgtaatagagcatagacgcaactctgaagtaacgata-3'’
5'- tggacctgtgccgttaa-3’

5'- ttattgacctgaatcagcg-3’

5'- aataactagcataaccccttgg-3’

5'- ttagcttccacctgagcec-3'

5'- gcggctcaggtggaagcetaatggacctgtgecgttaa -3
5'- ccaaggggttatgctagttatt -3’

Table S1: List of primers used in this study.

L. plantarum WCFS1 competent cell preparation and DNA transformation
L. plantarum WCSF1 electrocompetent cells were prepared as described [160]. DNA
transformation was done by electroporation, following the procedure described in [158].
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In vitro bioluminescence detection

The recombinant bacteria were grown in MRS medium overnight. After overnight growth,
bacteria were subcultured to an optical density at 600 nm (ODeoo) = 0.01 and grown for
16 hours at 37°C and 250 rpm. After that, 50 pl of the bacterial cultures were adjusted to
an ODsoo = 2. Then, 50 pL of the cultures were added to a white 96-well plate (W\CLEAR®,
Greiner). The expression of CBRIuc in bacterial cultures was determined with the Bright-
Glo® Luciferase Assay System (Promega, Germany), following the manufacturer’s
instructions. The expression of nLuc in bacterial cultures was determined with the Nano-
Glo® Luciferase Assay System (Promega, Germany), following the manufacturer’s
instructions. The microplate reader was used to assess the levels of chemiluminescence
(1000 ms, attenuation = automatic). L. plantarum carrying an empty vector was used as
a control. The BioRad Gel Documentation System was used to capture the luminescence
of bacteria grown in agar plates. The settings were as follows: chemiluminescence option

with auto optimal exposure.
NucA secretion and mScarlet3 production detection

The recombinant bacteria were grown in MRS medium overnight. The following day,
bacteria were subcultured to an ODeoo = 0.1 and grown to an ODego = 1 at 37°C and 250
rpm. Next, 10 pL of the bacteria were spotted on DNase agar (Altmann Analytik GmbH,
Germany) plates supplemented with 10 pg/mL of erythromycin and incubated at 37 °C
for 24 h. The detection of NucA secretion and intracellular mScarlet3 production was
done by capturing the agar plates in RGB settings (auto optimal exposure) in the BioRad
Gel Documentation System. The ImageJ software was used to measure the decrease in
fluorescence intensity of the halos due to NucA secretion into the extracellular space.
The drop in mScarlet3 expression was quantified as follows: overnight bacterial cultures
were resuspended in 1 mL of DPBS, and 200 pL of the mixture was added to a 96-well
plate. The microplate reader was used to measure the levels of fluorescence
(excitation/emission values: ExA / EmA = 569 nm/600 nm, gain = 75, and Z-position =

19000 pm). The values were divided by the ODeoo values of the cultures (relative
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fluorescence units (RFU)). Non-fluorescent L. plantarum bacteria were kept as a

reference.
Detection and quantification of NGF secretion

NGF secretion was verified and quantified via the split nano luciferase assay described in
[188]. The exact amount of secreted B-NGF in cell culture media (DMEM) was calculated
using the standard curve for the split nano luciferase assay described in the same

publication.
PC-12 cells passage

PC-12 cells were purchased from Cytion (Germany). Cells were grown in T75 cell culture
flasks and in RPMI 1640 media supplemented with 10% FBS, 1% glutamine, and 2%
NaHCOs. Cells were incubated at 37°C and 5% CO2. 4 mL of 1% trypsin was used for
detaching the cells before cell passaging. Trypan Blue in a 1:1 ratio was used to stain the
cells for cell counting using the CellDrop. The tabletop microscope Leica DMIL LED +

MotiCamS3 was used for monitoring cell growth.
NGF treatment of PC-12 cells

The recombinant bacteria were grown in MRS medium overnight. The following day,
bacteria were subcultured to an ODeoo = 0.1 and grown to an ODego = 1 at 37°C and 250
rpm. Next, 5 mL of the cultures were pelleted down at 4000 rpm for 5 minutes, and the
bacteria were resuspended in 5 mL of RPMI media supplemented with 10% FBS, 1%
glutamine, 2% NaHCOs3, and 10 pg/mL of erythromycin, and incubated at 37°C and 250
rpm for 20 hours. After that, T mL of the culture was pelleted at 8000 rpm for 3 minutes.
The supernatant was collected and filter-sterilized before being used to treat PC-12 cells.
L. plantarum carrying an empty vector was used as a negative control. Pure B-NGF was
purchased from BioTeche (Wiesbaden, Germany) and used as a positive control for cell

differentiation.

For the treatment, PC-12 cells were seeded in a transparent 96-well plate (Greiner,

Germany) (20.000 cells per well, approximately). 100 pL of fresh RPMI media
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supplemented with 10% FBS, 1% glutamine, and 2% NaHCO3 was added to each well, and
cells were incubated at 37°C and 5% CO2 for 4 hours to allow cell attachment. After 4
hours, cells were treated with 100 pL of the bacterial supernatants (either NGF-secreting
bacteria or empty vector-carrying bacteria) or 100 pyL of pure NGF (100 ng/mL) and
incubated at 37°C and 5% CO2 for 4 days. The tabletop microscope Leica DMIL LED +

MotiCamS3 was used for capturing the images after 4 days of incubation (96 hours).
Statistical, imaging, and bioinformatics analysis

The statistical analysis of the results was performed using GraphPad Prism 7.0 software.
Student T-tests were performed to identify significant differences between the means of
the groups: no statistically significant difference (ns), p-values <0.05 (*), p-values <0.01
(**), p-values <0.005 (***), p-values <0.001 (****). Images were processed using the
software ImageJ (version 1.53). AlphaFold3 was used to predict the 3D structure of the

secreted NGF protein. Biorender was used for the creation of the illustrations.

Results

Development of L. plantarum towards enhanced in vivo detection

We speculated that the strong novel Pic promoter could be used to improve the levels of
luciferase production and the luminescence signal generated by engineered L. plantarum
WCFST1, thereby improving imaging quality for in vivo studies [189, 190]. To validate that,
we generated the variant based on the commonly used CBRIluc reporter driven by the Ptec
promoter. As a control, we cloned the CBRIuc gene under the Pi4» promoter in the same
plasmid vector. Additionally, we cloned the nLuc coding gene under the P:c promoter to
confirm if higher luminescence can be detected with this more novel luciferase (Figure
1A). We observed that the CBRIuc-derived luminescence is 5.6 times higher when this
luciferase is under P compared to Pign (Figure 1B), validating that higher reporter
production can be achieved when selecting a stronger constitutive promoter. On the other
hand, the luminescence levels detected for the P:c _nLuc strain were very high, 560 times

higher than the P _CBRIuc strain (Figure 1B). Notably, different substrates are needed
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to generate luminescence from CBRIluc (beetle luciferin) and nLuc (furimazine).
Nevertheless, a majority of the improved luminescence is expected to arise from nLuc
being a more efficient enzyme [170]. Interestingly, the luminescence production of the Prec
_nLuc strain could even be seen by the eye in the dark, which was not possible with any

of the other constructs (Figure 1C).
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Figure 1. A) lllustration showing the luciferase-producing L. plantarum recombinant strains
that were engineered in this work. B) Plot showing the absolute values of luminescence
obtained with the Pin_CBRIuc, Piwc_CBRIuc, and Pic_nlLuc strains (n =3, mean * SD).C)
Pictures captured in the light (exposure time = 1/100 sec) and darkness (exposure time =
1/15 sec) of tubes containing empty vector (EV) and nLuc bacteria, both at an ODggo = 3. All
bacteria were grown in MRS media for 24 hours at 37 °C.

While nLuc offers a way to image and track the biodistribution of bacteria within an
animal, encoding protein secretion would enable the delivery of therapeutics at disease
sites or provide a non-invasive way to assess the in vivo activity of the engineered
bacteria. A previous report used a nuclease from S. aureus as a reporter protein that could
be detected in the urine and serve as a urinary tract infection biomarker [191]. In order to
accomplish both simultaneously, | aimed to engineer a double reporter strain for in vivo

mouse experiments based on the co-expression of nLuc and Ip_3050NucA by the Prec
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promoter (Lp_double), following a similar polycistronic approach already reported by us
in L. plantarum (Figure 2A) [188]. Additionally, | wanted to investigate if not only two but
three reporters (including mScarlet3) can be simultaneously expressed by the Piec
promoter following the polycistronic approach and, for the first time, develop an L.
plantarum strain that expresses three reporter proteins at once (Lp_triple) (Figure 2A).
The generation of both multi-reporter strains was successfully confirmed by the detection
of both NucA and nLuc for the Lp_double strain and NucA, nLuc, and mScarlet3 for the
Lp_triple strain (Figure 2B). Yet, as already observed previously, the co-expression of two
genes under the same promoter comes with a cost [188]. For the Lp_double, the
expression of NucA and nLuc genes dropped 52% and 46%, respectively, compared to the
strains producing only one reporter (Lp_NucA and Lp_nLuc)(Figure 2C). Concerning the
Lp_triple strain, the expression of NucA, nLuc, and mScarlet3 dropped by 10%, 52%, and
71%, respectively, when compared to the corresponding single reporter expressing strains
(Figure 2C) .

7 Itis to be noted that even with these 50 to 70% drops in gene expression, the production of all the reporters
could readily be visible to the naked eye.
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Figure 2. A) Further genetic modification of the nLuc-expressing L. plantarum strain (single
reporter) by incorporating either the NucA-encoding gene upstream of the nLuc gene, thus
generating a double reporter strain, or both the NucA-encoding gene and the mScarlet3 gene
upstream of the nLuc gene, thereby generating the triple reporter strain. B) Bright,
luminescent, and fluorescent pictures of DNase agar plates containing bacteria expressing
nLuc (Lp_nLuc), NucA (Lp_NucA), mScarlet3 (Lp_mScarlet3), nLuc and NucA (Lp_double),
and nLuc, NucA, and mScarlet3 (Lp_triple). Bacteria were incubated in DNase plates for 24
hours at 37 °C. C) Plots showing the drop in gene expression as a consequence of
incorporating one or two additional genes as part of the polycistronic approach (n = 3, mean
+SD).

The in vivo evaluation of the multi-reporter strains is currently underway in mouse tumor

models by the Hao lab at Boston University as part of a scientific collaboration.
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Development of L. plantarum towards a nerve growth factor secretion

For programming L. plantarum to continuously secrete B-NGF to the extracellular
environment, | designed a coding gene composed of three parts: i) the SP3 sequence for
ensuring protein secretion, ii) the B-NGF coding sequence, and iii) the smBit sequence for
secreted protein quantification. The gene was expressed under the Piupa strong
constitutive promoter reported by us [192]. In this way, the levels of NGF secretion can be
quantified with luminescence via the split-nano luciferase assay upon the addition of IgBit
and substrate (Figure 3A). AlphaFold3 predicted the 3D protein structure of B-NGF with
smBit at the C-terminal and the SP3 at the N-terminal, which will be cleaved by a signal
peptidase during secretion (Figure 3B) [193]. The split nano-luciferase assay described
in [188] was performed to validate the presence of B-NGF in the supernatant of B-NGF-
secreting bacteria (Ns strain). Luminescence was only detected for the B-NGF-secreting
bacteria upon the addition of substrate (IgBit and Nano-Glo® substrate (furimazine))
(Figure 3C). The exact amount of secreted B-NGF in cell culture media (DMEM) was
calculated using the standard curve for the split nano luciferase assay described in [188]
as well. After 24 hours of growth, >65 nM of B-NGF was detected in the supernatant,

whereas negligible levels of luminescence were detected for EV bacteria (Figure 3D).

Page | 137



A)

L. plantarum NGF
WCFS1 _
oot smBit £
- 5
Gon e A S A 2
+ substrate 9
= signal peptide g
m NGF : o
= smBit IgBit
B) C) D)
EV Ns 1 Ns2 Ns3
f \p%'
o 4 { { )] -© E 804 QO - substrate Jededede
2 £ @ + substrate
= . <
N { ) 6 601
! -
[}
o
 40-
S I
2 £
£ 20-
= o
& S
&
= 1

EV Ns

Figure 3. A) lllustration showing L. plantarum WCFS1 bacteria encoding for the B-NGF-
secreting coding gene, composed of the SP3, the B-NGF coding sequence, and the smBit
tag. The secretion of B-NGF was confirmed and quantified via the split-nano luciferase
assay. The smBit tag in the B-NGF protein and the purified IgBit protein can interact with
each other and, upon the addition of substrate, catalyze a chemical reaction that results in
the production of bioluminescent light. B) AlphaFold3 3D protein structure of the cleaved
SP3-B-NGF-smBit protein. C) Bright and luminescent pictures of a 96-well plate containing
EV bacteria and three replicates of the B-NGF-secreting bacteria (Ns), with and without
substrate addition. Bacteria were grown in MRS media for 16 hours. Bacteria with an ODeoo
= 3 were used for the assay in the 96-well plate. D) Plot showing the levels of B-NGF
secretion (in nM) after growing the bacteria in DMEM media for 24 hours. The nM values
were obtained after interpolating the luminescent values obtained in the microplate reader
into the standard curve described in [188] (n = 3, mean + SD).

Next, the bioactivity of the secreted B-NGF had to be confirmed. PC-12 cells are typically
used as a model for neuronal differentiation and are widely employed for NGF-related

studies [194-197]. Upon treatment with B-NGF, these cells start the process of
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neurogenesis by developing neurites [198]. To validate this, pure B-NGF was added to PC-
12 cell cultures, and their differentiation into neuron-like cells was assessed. Clear neurite
formation was observed when PC-12 cells were treated with pure B-NGF after 96 hours
of incubation, establishing a reliable experimental setup for assessing the bioactivity of

B-NGF secreted by L. plantarum (Figure 4).

Negative control Pure B-NGF (100 ng/mL)

50 ym
Figure 4. Images of PC-12 cells grown in optimal media (negative control) and in optimal
media supplemented with 100 ng/mL of pure B-NGF. 20x magnification images were taken
after 96 hours of incubation at 37°C and 5% CO2. Neurite formation (indicated in orange
arrows) only took place when PC-12 cells were treated with pure B-NGF.

The supernatant of B-NGF-secreting L. plantarum grown overnight in the PC-12 cells’
growth media was used to treat PC-12 cells. The supernatant of EV-carrying L. plantarum
and pure B-NGF were kept as negative and positive controls, respectively. After 96 hours,
prominent neurite formation could only be visualized for the PC-12 cells treated with pure
B-NGF (Figure 5). Interestingly, the cells treated with either EV or B-NGF L. plantarum
supernatants showed neurite formation in a few cells, a phenotype that was not observed
in PC-12 cells grown in just growth media, and was slightly more accentuated for B-NGF
supernatants than EV supernatants (Figure 5). This observation suggested that native
soluble factors released by L. plantarum seem to promote certain neurite formation in PC-

12 cells.

Page | 139



Media

NGF supernatant Ev supernatant Pure B-NGF (100 ng/mL)

NGF supernatant

50 ym
Figure 5. Images of PC-12 cells grown in optimal media (negative control) and in optimal
media supplemented with 100 ng/mL of pure B-NGF, supernatant of EV-carrying L.
plantarum, and supernatant of B-NGF-secreting L. plantarum. 20x magnification images
were taken after 96 hours of incubation at 37°C and 5% CO». Neurite formation is indicated

in orange arrows.
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This preliminary data suggested that B-NGF L. plantarum supernatants promoted the
formation of more neurites compared to EV supernatants. Yet, further optimization of the
experimental conditions and repetitions would help to conclusively verify the bioactivity
of the secreted B-NGF.

Discussion and Conclusions

In this work, | have generated valuable L. plantarum strains for in vivo multi-reporting in
mice. The in vitro characterization of the engineered strains showed promising results, as
high levels of gene expression were detected simultaneously. Moreover, an interesting
gene architecture design for L. plantarum is presented, which can be adopted by other
researchers in the field to produce at least three proteins in parallel through a single
promoter. These results form part of a manuscript currently in preparation in

collaboration with the Hao Lab at Boston University.

Promising yet inconclusive results were obtained in the experiments assessing B-NGF
secretion by L. plantarum. While B-NGF secretion could be detected and quantified, the
assay to validate the protein bioactivity failed to provide a conclusive outcome. A follow-
up experiment is required to eliminate any soluble factor naturally secreted by L.
plantarum and determine whether B-NGF is responsible for inducing neurogenesis. One
option is to incorporate a protein purification tag (Histidine-tag or streptavidin tag) at the
N-terminal of the B-NGF protein and perform an additional protein purification step before
treating PC-12 cells. Alternatively, size exclusion chromatography can be performed for
desalting and buffer exchange, and to remove native molecules from L. plantarum.
Concerning PC-12 cell differentiation, quantitative PCR can also be used to examine gene
up- and down-regulation due to B-NGF-mediated signalling pathway activation. This
technique might be more sensitive than the neurite formation assay and might identify
significant differences between the EV and B-NGF supernatants. Altogether, despite the
interesting observations, further investigation is required to verify the development of a

B-NGF-secreting L. plantarum strain suitable for biomedical applications.
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Conclusions and Outlook

At the very beginning of this doctoral study, genetic engineering of L. plantarum was beset
with several hurdles and significant limitations. That led me to identify the factors limiting
plasmid transformation in L. plantarum and suggest solutions to overcome them, resulting
in the development of the direct cloning method presented in Chapter 1. This direct
cloning protocol can be widely adopted by the lactobacilli community as an attractive

alternative to the conventional method involving an intermediate host.

After establishing a method to facilitate the transformation of these bacteria, the focus
was switched to overcoming the limitations hindering effective protein production and
secretion in L. plantarum. That required expanding the genetic toolbox of these bacteria.
Toward that end, | explored the question: What biological source can offer high-
performance genetic parts for such expansion? As accomplished with other bacteria,
bacteriophages proved to be a promising source of functional genetic parts for L.
plantarum, leading to the discovery of, to my knowledge, the strongest reported
transcriptional repressor and promoter system in L. plantarum, as described in Chapter
2. The repressor, Rep, holds great potential for developing inverter circuits where the
output of a given genetic switch can be reversed. Furthermore, the DNA-binding domain
of Rep can be used to generate a hybrid repressor when it is fused to different stimulus-
responsive dimerization domains and generate additional genetic switches [90]. That
said, the strong promoter Pt is anticipated to attract greater attention. The reason is that
promoters are the most commonly used genetic part required for basic genetic
engineering, meaning that P« can be part of both simple and complex genetic circuits.
As of now, no promoter has been reported that matches the levels of expression driven
by Prec making this promoter a potential game-changer in the genetic programmability of

these bacteria.

Nonetheless, we have experienced challenges when attempting to drive the expression

of challenging proteins (e.g., elafin or NGF) with this strong promoter. L. plantarum
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responded with the deliberate introduction of mutations in key parts of these genes. That
is one of the drawbacks of using a strong constitutive promoter that is constantly active.
In Chapter 4, this was addressed by successfully turning constitutive P into a small-
molecule-responsive promoter, yielding promising results, especially in nutrient-deficient
media, with the thermally-aided approach, and under material encapsulation conditions.
In addition, further modification of this novel promoter can lead to the generation of a
mutant library with varying strengths, which could further aid the production of certain
challenging proteins. | have been part of a current ongoing collaboration with Dr. Rahmi
Lale (Norwegian University of Science and Technology, Norway) aimed at generating a
rationally designed library of Pic-derived promoters in L. plantarum with inferior, known
transcriptional rates. The goal is to select one variant or another depending on the
anticipated difficulty of the cloning or the complexity/toxicity of the translated protein of

interest.

As shown by others, endogenous genetic parts of L. plantarum and other lactobacilli can
also be promising sources of genetic parts. In Chapter 3, a novel signal peptide (SP38)
was identified from the genome of L. plantarum. In combination with the strong promoters
identified in this thesis, this SP can offer improved protein secretion performance
compared to standard parts used so far by the research community. Under the Pipa
promoter, reporter protein secretion levels were higher than 1p_3050, the gold standard
SP for protein secretion in L. plantarum. Furthermore, the secretion of elafin protein
(Chapter 3) and NGF (Chapter 6) was also confirmed using SP3, suggesting that this SP
operates well at driving the secretion of structurally different proteins. Hence, along with
the strong promoter and repressor, SP3 might be established as a standardized SP for

protein secretion in lactobacilli.

In Chapter 5, TA systems proved effective at mediating plasmid retention. These results
validated the functionality of these systems in L. plantarum, which may lead to
applications in other directions, like creating genetic biocontainment (as already reported

in other bacteria [161, 199]). For that, a genetic switch such as the cumate switch

8 Note that this genetic part was identified by a co-worker, Varun Sai Tadimarri.
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generated in Chapter 4 or the commonly used pSIP system would be required to control
the expression of the toxin on demand. Bacterial death would be triggered upon the
addition of the inducer, thereby generating a genetic biocontainment scenario in which
bacterial growth is limited to inducer-free environments. The rep repressor (Chapter 2)
could be integrated into this genetic circuit to invert the output and limit cell growth in

inducer-containing environments.

Altogether, in this thesis, a collection of relevant genetic parts has been identified, tested,
and successfully applied to enhance the genetic programmability of L. plantarum. All these
parts can be readily used by other researchers when designing their functional genes.
During the testing and validation of these genetic parts, multiple valuable strains have
been engineered, which can be of great interest to the community. For example, the highly
red fluorescent L. plantarum strains from Chapters 2 (mCherry) and 3 (mScarlet3) can be
used for imaging applications. The successful secretion of the therapeutically relevant
proteins elafin and a-MSH (Chapter 3) also resulted in the development of potentially
clinically relevant engineered L. plantarum strains, which are currently being assessed in
mammalian cell experiments for anti-inflammatory studies. Additional promising strains
are the incredibly bioluminescent and the multi-reporter L. plantarum bacteria presented
in the first part of Chapter 6. These strains are currently being assessed for multimodal
reporting of tumors in mice. In addition, the successful design and application of the
polycistronic genetic approach (based on the P promoter) can be an attractive gene
architecture that other researchers can adopt when overexpression of multiple genes is

intended in L. plantarum.

Another research focus of this thesis was the investigation of whether these genetic parts
remained functional while L. plantarum was encapsulated within materials. The alginate
core-shell encapsulation format, as both PEARLs (Chapter 3) and micro-PEARLs
(Chapter 4), effectively contains L. plantarum for several days, while it fails to do so with
E. coli for even a day. For the first time, we reported the development of lactobacilli-based
responsive and multi-functional ELMs. There are very few studies on the encapsulation

of engineered L. plantarum within materials, and given the positive results, it is expected
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to promote the expansion of L. plantarum-based ELMs. Instead of using alginate beads,
these studies could rely on more advanced techniques for bacterial encapsulation,

including 3D printing, electrospinning, and microfluidics-based encapsulation.

As a conclusion, all the studies in this thesis contributed to improving the tractability,
performance, and versatility of genetic programming in probiotic L. plantarum. These
developments are expected to lead to a broader adoption of these probiotic bacteria by
research groups as bacterial chassis for synthetic biology, biotechnology, and biomedical

applications, either in culture or in the form of ELMs.
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Appendix |

Expanding the genetic
programmability of L. plantarum

Appendix A contains a peer-reviewed Mini-Review. In this review, we compiled the work
related to the genetic programmability of L. plantarum that has been done in the past
decades. The review covers gene expression and regulation, protein secretion, plasmid
retention and biocontainment modules. Furthermore, we propose potential new steps the
community can take to move forward the expansion of the genetic toolbox of these

bacteria. Some of the suggestions or perspectives of this review have been investigated

in this thesis.
Graphical Abstract
PRODUCTION SAFETY
indJu-cer .‘-"’dzzltlh O ' E::L
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Bacteria encoding three genetic modules. The first one is the production modules, which comprise
inducible gene expression and protein secretion. The second is the retention module, based on a
TA system that assists in the retention of the genetic parts. The last is the safety module, based

on a kill switch that triggers cell lysis as a biocontainment measurement.
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Lactobacilli are ubiquitous in nature and symbiotically provide health benefits
for countless organisms including humans, animals and plants. They are vital
for the fermented food industry and are being extensively explored for health-
care applications. For all these reasons, there is considerable interest in en-
hancing and controlling their capabilities through the engineering of genetic
modules and circuits. One of the most robust and reliable microbial chassis
for these synthetic biology applications is the widely used Lactiplantibacillus
plantarum species. However, the genetic toolkit needed to advance its ap-
plicability remains poorly equipped. This mini-review highlights the genetic
parts that have been discovered to achieve food-grade recombinant protein
production and speculates on lessons learned from these studies for L. plan-
tarum engineering. Furthermore, strategies to identify, create and optimize
genetic parts for real-time regulation of gene expression and enhancement of
biosafety are also suggested.

INTRODUCTION

In recent decades, advancements in bacterial syn-
thetic biology have opened more doors to bacteria-
based applications beyond bioprocessing, like
bioremediation, biosensing and living therapeutics.
Among the many diverse types of bacteria that exist in
nature, lactobacilli occupy a central beneficial role for
humans, supporting human, animal and plant health
as commensals and probiotics (Di Cerbo et al., 2016)
and driving fermentation in the food industry (Dewi &
Kollanoor Johny, 2022). Due to this, there has been
considerable interest in genetically programming
these bacteria for enhancing their role as probiotics,
increasing pharmaceutical protein production and
establishing their role as living drug delivery vectors
and mucosal vaccine candidates (Wu et al., 2021).
The application fields where genetically engineered
lactobacilli play a very important role have been high-
lighted in Figure 1. This is in line with the growing

development of several lactic acid bacteria (e.g. lac-
tococci, pediococci, streptococci etc.) for such appli-
cations through the steady expansion of their genetic
toolboxes (Bosma et al., 2017; Landete, 2017; Plavec
& Berlec, 2020; Wu et al., 2021).

Due to steady growth in the variety of species dis-
covered as lactobacilli, this genus was split into 25
genera in 2020 based on whole genome sequences
(Zheng et al., 2020). Among this vast variety, Lactiplan-
tibacillus plantarum is the most extensively studied and
engineered species as exemplified by the number of
publications in the last 25years (Figure 2A) and an in-
creasing number of reports to date (Figure 2B).

This is due to a combination of multiple reasons
such as:

(i) Lactiplantibacillus  plantarum  strains  have
been qualified with a ‘generally recognized as
safe’ (GRAS) status by the US Food and Drug
Administration (USFDA).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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(i) They have proven to be effective probiotics for (iv) They are among the few lactobacilli species that

human health with beneficial effects such as
lowering cholesterol levels (Naruszewicz et
al., 2002), attenuation of inflammatory bowel
diseases (Schultz et al.,, 2002) and preven-
tion of Clostridium difficile infections (Kujawa-
Szewieczek et al., 2015).

They are extensively used in the food industry as
natural alternatives for chemical additives in dairy
products (Arena et al., 2016) and as supplements
to increase the shelf-life of fermented food prod-
ucts (Behera et al., 2018).

(iii)

# recombinant
protein

® peptide

7

lactobacilli

Publications in the last 25 years

T T T T T T T
2000 4000 6000 8000 10000 12000 14000

are considered to be nomadic in nature, capable
of occupying a wide variety of niches (Duar et
al., 2017). For instance, they have been found to
thrive in the oral cavity, guts and vaginas of ver-
tebrates, in the guts of fish and insects, in dairy
products, fermented fruits and vegetables, etc.
That is because they encode diverse metabolic
pathways, like those for uptake and utilization of a
large spectrum of sugars as carbon sources, for
exopolysaccharide synthesis and protein secre-
tion. Also, unlike many other lactobacilli species,
they can synthesize most amino acids and are
auxotrophic to only a few, namely valine, leucine,
isoleucine and glutamate.

(v) Most strains have high-stress tolerance to acid,

alkaline and osmotic stresses, while some are
additionally tolerant to heat, oxidative and star-
vation stresses (Parente et al., 2010). Due to this,
they can survive in gastric juices and bile acids,
apart from diverse environmental conditions.
They are facultatively anaerobic or microaero-
philic and can be easily cultured in the lab and in
bioreactors.

— (vii) The genomes of multiple strains such as WCFS1,
' b °3f’ S\ JDMT1, NC8, ST-lll and many more have been se-
e |2 % antigen % T quenced, leading to an improved understanding
i Y of their metabolic, biochemical and physical char-
: o@’ acteristics (Siezen & van Hylckama Vlieg, 2011).
(viii) They are genetically tractable and several genetic
parts including plasmid replicons, promoters,
signal peptides for secretion, plasmid retention
systems (antibiotic resistance, auxotrophic com-
FIGURE 1 Schematic showing the potential applications )Il t (t o titoxi ’ d P diti
of genetically engineered lactobacilli in drug delivery, food plementation, toxin—antitoxin) and gene e _' Ing
fermentation, vaccine development, probiotic enhancement and tools have been demonstrated to work reliably
recombinant protein production. and stably (Zhou et al., 2019).
(A) (B) L. plantarum publications
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FIGURE 2 (A)Publication counts of different pre-2020 Lactobacillus species over the last 25years. (B). Yearly publication counts of
Lactiplantibacillus plantarum from 1999 to 2023 (June). The statistics were gathered using the Web of Science by performing topic searches
for each species using their pre-2020, post-2020 and abbreviated phylogenetic names.
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(ix) Inducible gene expression has been demon-
strated using the class |l bacteriocin sakacin
peptide-inducible two-component system (TCS)
(from Latilactobacillus sakei, Servig, Mathiesen,
et al., 2005; Servig, Skaugen, et al., 2005). This,
along with their protein secretion capability, has
led to the exploration of L. plantarum strains
for the heterologous expression of recombinant
proteins.

Multiple genetic parts developed in L. plantarum
have been shown to function across other lactobacilli
genera and species (Servig et al., 2003). Thus, L. plan-
tarum has been used as a gateway host for developing
cross-genera compatible genetic parts.

Despite these advances, the synthetic biology tool-
box of L. plantarum pales in comparison to model
microbes like Escherichia coli, Bacillus subtilis or Lac-
tococcus lactis. This is exemplified by the lack of strong
promoters, reliable repressors and orthogonal poly-
merases. Such tools are essential for the development
of genetic circuits in L. plantarum and lactobacilli as a
whole, which will allow them to be programmed with
enhanced functions for various applications as already
described.

In this minireview, we have addressed this techno-
logical gap and suggested unexplored or poorly ex-
plored options to fill it. We cover four crucial aspects
concerning the genetic programmability of L. plantarum
and the possibility to establish this species as a model
Lactobacillus chassis for synthetic biology applications.
The first part covers gene expression modules, with a
focus on existing and potential genetic parts that enable
tuning or regulation of gene expression in L. plantarum.
The second part highlights advances in programming
protein secretion from L. plantarum and offers strate-
gies to accelerate signal peptide screening. The third
part involves plasmid bioretention, particularly focusing
on approaches that do not require antibiotic selection
pressures. In the last part, we cover biocontainment
strategies to ensure the programmable death of these
genetically modified bacteria and prevent their release
into the environment.

Tuning and regulation of gene expression

Promotion and control of gene expression can be
encoded and tuned using promoters, repressors, ri-
bosome binding site (RBS) sequences, RNA polymer-
ases, sigma factors etc. The greatest advances in L.
plantarum have been in the development of constitutive
and inducible gene expression systems through pro-
moter screening, the adaptation of TCSs and repres-
sor engineering attempts. These aspects have been
briefly covered in this section, followed by suggestions
to identify new parts.
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CONSTITUTIVE GENE
EXPRESSION SYSTEMS

A repertoire of promoters is crucial for establishing syn-
thetic genetic circuits in a microbial chassis (Mays &
Nair, 2018; Mugwanda et al., 2023). Different strategies
have been pursued to increase the available set of pro-
moters for L. plantarum, like screening native promoters
from the bacterial genome, creating synthetic promoter
libraries by random or directed mutagenesis and em-
ploying promoter regions from both phylogenetically
related and distant bacterial species. From the diverse
set of native promoters tested in L. plantarum, Py,
(Anbazhagan et al., 2013; Reveneau et al., 2002) and
P, (Spangler, Caruana, et al., 2019; Spangler, Dean,
et al.,, 2019) have been used most frequently by re-
searchers. Comparative studies have shown that these
two promoters can drive the expression of heterologous
genes at moderately high levels in the bacterial chas-
sis (Peirotén & Landete, 2020). However, endogenous
promoters can also be affected by native metabolic
networks during cellular growth and division, which can
affect the overall expression of a heterologous protein
(Wang, Fu, et al., 2020; Wang, Liang, et al., 2020). To
bypass promoter cross-reactivity and improve the over-
all transcription rate, synthetic promoter libraries were
created and tested in L. plantarum. The first reported
synthetic promoter library used the 16S rRNA promoter
template to create an array of artificial promoters of var-
ying degrees of strength in L. plantarum WCFS1 (Rud
et al.,, 2006). Promoters P,; and P, from this library
showed the highest gene expression levels for multiple
heterologous protein-encoding genes (Guo et al., 2019;
Ma et al., 2016). Apart from native promoter templates,
the constitutive P,, promoter of L. /actis was rationally
mutagenized to create a promoter library of different
strengths. From this library, the P , promoter showed
the highest expression strength in the L. plantarum
strains XJ25, XJ14 and XJAZ2 isolated from Chinese red
wine and traditional Chinese pickle (Meng et al., 2021).
However, these reports relied on saturation mutagen-
esis of spacer regions in promoter sequences which
predominantly leads to decreased promoter strength
(Blazeck & Alper, 2013). To increase the overall tran-
scription rate, efforts are being made to develop hybrid
promoters with potent enhancer elements fused to con-
served core promoter regions as successfully demon-
strated in unicellular yeasts (Cazier & Blazeck, 2021).
Apart from the transcription rate, the translational ef-
ficiency of heterologous proteins has also been seen
to be affected by spacer lengths between the RBS and
the start codon (Tauer et al., 2014). Significant down-
regulation in the protein yield is expected when the
spacer length is not in the range of 7-11 base pairs
(bp). Yet, it is still unclear whether the nucleotide com-
position of the spacer also plays a role in regulating the
protein yield.
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Promoters from non-endogenous sources have also
shown considerable potential for protein production
in L. plantarum, L. lactis and L. acidophilus, and have
been extensively used for orthogonal promoter analysis
from phylogenetically related bacteria. These isolated
promoters have played an important role in enhancing
the performance of L. plantarum in industrially relevant
processes. For example, the strong lactococcal pro-
moter Py, was used for the recombinant expression of
catalase in L. plantarum TISTR850, which helped sig-
nificantly reduce the lipid oxidation level in fermented
meat (Noonpakdee et al., 2004). The P,, promoter
from L. lactis was used for the overexpression of the
stress response regulator protein (ctsR) to increase the
ethanol tolerance of L. plantarum WCFS1 during wine
fermentation (Zhao et al., 2019). Promoters Ppgm and
Pgpa isolated from L. acidophilus strains were used
for surface anchoring of the f-mannanase protein in
L. plantarum, which showed enzyme activities of 1200
and 3500U per gram of biomass (Nguyen et al., 2019).

Apart from related genera, constitutive promoters
from phylogenetically distant bacteria have been also
tested in L. plantarum strains. The constitutive promoter
Py, isolated from the Gram-positive bacteria Strepto-
coccus pneumoniae, was able to drive high expres-
sion of the red fluorescent (MRFP5) protein in probiotic
L. plantarum 90 and B2 strains (Russo et al., 2015).
The strong fluorescent protein expression allowed

TABLE 1
Origin strain Promoter
Constitutive expression systems
Lactiplantibacillus plantarum Pian
Lactiplantibacillus plantarum Pt
Lactiplantibacillus plantarum Pyg
Lactiplantibacillus plantarum Py,
Lactiplantibacillus plantarum P,,
Lactiplantibacillus plantarum P
Lactiplantibacillus plantarum P,y
Lactococcus lactis Psii
Lactococcus lactis Pois
Lactococcus lactis PoLs
Lactococcus lactis Peo
Lactococcus lactis Psy
Lactobacillus acidophilus Pl
Lactobacillus acidophilus Pgipa
Streptococcus pneumoniae Py
Salmonella typhimurium Pipa

monitoring of bacterial colonization in the intestinal tract
of zebrafish larvae. The Py promoter-driven mRFP5
expression also helped assess the stress tolerance
and adhesion capability of the riboflavin overproducer
L. plantarum M5MA1-B2 strain in the mouse digestive
tract (Mohedano et al., 2019). In line with these find-
ings, alternate promoters from Gram-negative bacteria
were tested in L. plantarum WCFS1 (Dey et al., 2023).
Although the promoters Py and P (strong promoters
reported in E. coli) gave very low levels of fluorescent
protein expression, the promoter P, , (strong promoter
in Salmonella typhimurium) surpassed the protein ex-
pression levels of previously described strong promot-
ers like P,g and P, by fivefold. Although the reason for
the high expression strength is still unknown, it has pre-
viously been reported that the rpoD RNA polymerase
of L. plantarum has an innate ability to recognize con-
served regions of orthogonal promoters and initiate
mRNA production irrespective of the expression host
(Gaida et al., 2015).

These studies have yielded a collection of well-
characterized constitutive promoters with strengths
varying across several orders of magnitude, enabling
tuning of protein expression levels (Table 1). However,
even the strongest constitutive promoters in L. planta-
rum are weaker than inducible promoters in E. coli. One
key disadvantage in increasing constitutive promoter
strengths is that protein expression competes with the

Examples of constitutive gene expression systems tested in Lactiplantibacillus plantarum.

Relative expression
strength?®

Reference
— Reveneau et al. (2002)

3 Spangler, Caruana, et al. (2019),
Spangler, Dean, et al. (2019)

Rud et al. (2006)
Rud et al. (2006)
Rud et al. (2006)
Rud et al. (2006)
Meng et al. (2021)
Meng et al. (2021)
Meng et al. (2021)
Meng et al. (2021)
Noonpakdee et al. (2004)
Zhao et al. (2019)
Nguyen et al. (2019)
- Nguyen et al. (2019)
— Russo et al. (2015)
5 Dey et al. (2023)

= W N WA, N W W

FExpression strengths have been computed in relation to the PtipA promoter based on comparative expression levels reported in the different studies. Since
expression levels in different studies were tested under different conditions, these values are approximations on a scale from 1 to 5, with 5 being the highest
expression level and each integer lower representing a twofold decrease. Rows without numbers were from studies where such relative expression strengths

could not be estimated.
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natural metabolism in the cell and decelerates growth.
Inducible promoters help circumvent this condition by
enabling temporal separation of the growth and produc-
tion phases, thereby allowing overexpression to occur
only in well-grown healthy biomass. The next section
covers examples of such inducible gene expression
systems in L. plantarum.

INDUCIBLE GENE
EXPRESSION SYSTEMS

While constitutive promoters enable the tuneable ex-
pression of proteins, inducible systems provide tem-
poral control of them. On the one hand, this is useful
for optimizing bioprocess conditions to improve protein
yields and on the other, it enables the construction of

(A)

Inducible promoter

(B)
FIGURE 3 Scheme showing the
inducible protein expression systems
in Lactiplantibacillus plantarum (A)
TCS pSIP system. The AIP interacts ©

with the histidine kinase, which gets
phosphorylated and transfers the
phosphate to the response regulator
protein. This protein then triggers the
expression of the gene of interest (GOI)
by activating the inducible promoter. (B)
30C,, system. The addition of 30C,,
induces the expression of the GOI by
activating the P44, promoter through an
unknown activator protein. (C) T7TRNAP
system. IPTG inhibits the lacl repressor,
thus stopping the repression of P, s, .,
and promoting the production of the

T7 RNA polymerase, which drives the
expression of the GOI.
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layered genetic circuits for more advanced applications
(Wong et al., 2015). The most widely used inducible
systems reproducibly verified in L. plantarum are based
on pSIP vectors (Servig et al., 2003). These vectors
encode TCSs systems that are originally part of quo-
rum sensing-based bacteriocin regulation operons in L.
sakei and are induced by autoinducer peptides (AIP)
(Figure 3A). With this AIP inducible system, several
recombinant proteins have been expressed in a dose-
dependent manner in L. plantarum at decent yields.
The pSIP411 vector produced 1800 Miller Unit equiva-
lents (MU) of p-glucuronidase (GusA) in L. plantarum
NC8 post-induction with 50ng/mL sakacin inducer
peptide (Spplp), accounting for a fold induction of 87.
On the other hand, 50 ng/mL of SpplP induction for the
pSIP407 vector produced the protein aminopeptidase-
N (PepN) at a specific activity of 3.5U/mg of protein,

R

TSIy

S ST

‘
-

Inducible promoter

i
P s

— RNA pol m RNA pol
Pracsynth Pracsynth

T7 RNA pol
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constituting up to 40% of the total intracellular protein
content of the bacterial host (Mathiesen et al., 2004;
Servig, Mathiesen, et al., 2005; Servig, Skaugen,
et al.,, 2005). Notably, the AIP inducible pSIP system
has enabled both the extracellular secretion of recom-
binant proteins such as nuclease (Karlskas et al., 2014;
Tran et al,, 2021) as well as cell-surface anchoring
of proteins for applications ranging from biocatalysis
(Nguyen et al., 2016) to mucosal vaccine development
(Li et al., 2021; Wang, Fu, et al., 2020; Wang, Liang,
et al., 2020). However, the heterologous protein yield
can decrease significantly when AIP induction is con-
ducted at growth phases other than the early exponen-
tial phase (personal communication). An alternative
AIP inducible system commonly used in lactococci is
based on the polycyclic inducer peptide, nisin and the
nisk—-nisR regulatory cascade (Mierau et al.,, 2005).
This dual-plasmid system was originally unsuitable for
the expression of the tetanus toxin (TTFC) in L. plan-
tarum WCFS1 (Pavan et al., 2000). However, when the
nisk-nisR regulatory modules were integrated into the
bacterial genome, the TTFC yield constituted about
10% of the total intracellular protein content post 25ng/
mL of nisin induction.

Transcriptomic and proteomics analysis showed that
when L. plantarum WCFS1 cultures were subjected to
treatment with N-3-oxododecanoyl homoserine lactone
(30C,,), the predominant Acyl-homoserine lactone
(AHL) derived from Pseudomonas aeruginosa, the
gene expression levels of luxS and plantaricin were sig-
nificantly upregulated (Spangler, Caruana, et al., 2019;
Spangler, Dean, et al., 2019). Detailed analysis of the
upregulated gene networks showed that 30C,, induc-
tion for 4h was able to significantly increase the ex-
pression levels of promoters P,q,, and P,,,, (Spangler
et al., 2022). A small set of promoters generated by
modifying the =10 and -35 regions of the P44, promoter
resulted in a complete loss of 30C,,-based induction,
whereas the R8 mutant (8 bp spacer) retained the AHL
induction ability even though the overall expression was
severely compromised (~1000 fold). This study proved
that the P44, consensus promoter sequence can be a
potential part of a TCS whose activation mechanisms
are yet to be elucidated and expanded (Figure 3B).

In addition to AIP and AHL, natural sugars and re-
lated analogues have also been explored as inducer
molecules for gene expression. An endogenous pro-
moter (P,..) system showed an ~8-fold induction
capability in response to 2% (w/v) lactose in L. plan-
tarum 3NSH (Heiss et al., 2016). The system was
completely repressed in the presence of monomeric
sugars (glucose and galactose), indicating the pres-
ence of catabolite-responsive control in the promoter
region (Marasco et al., 1998). The orthogonal xylose
inducible promoter (PXYIA), derived from Bacillus mega-
terium, was responsive to xylose supplementation but
showed significant leaky expression in the absence of
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the inducer, reducing the dynamic range to only ~2-
fold. This fold change was only achievable when the
sole carbon source for bacterial growth was replaced
from glucose to galactose. This study also tested the
ability of T7 RNA Polymerase (T7 RNAP) to drive pro-
tein expression in L. plantarum 3NSH. The reporter
mCherry gene was encoded downstream of the P,
promoter in the high copy plasmid pCDLbu1 and the
codon optimized T7TRNAP was expressed by the iso-
propyl p-D-1-thiogalactopyranoside (IPTG) induc-
ible Pp,.syntn Promoter on a low copy pCD256 vector
(Figure 3C). Post IPTG induction, the dynamic range of
the system accounted for an ~6-fold higher mCherry
expression. The low induction fold changes of these
systems were attributed to the weak promoters driving
insufficient repressor protein expression, leading to a
high basal level expression of reporter proteins. The
maximum protein expression rate of all the inducible
promoters showed ~6-fold lower expression in com-
parison to the synthetic constitutive promoter P,,. Ra-
tional modification of the lactose/galactose inducible
P,ca @nd P promoters isolated from L. plantarum
WCFS1 increased their expression strengths to ~10
fold and ~13 fold, respectively, in comparison to their
native promoter sequences (Zhang et al., 2019). The
B-galactosidase yield (45.72+0.44U/mL) of the modi-
fied P, p.35.10 Promoter was significantly higher than
the well-established expression systems driven by pro-
moters P b and Py,

Severar stress-inducible systems, from metal star-
vation and bile stress to temperature fluctuations, have
also been established in L. plantarum. The promoter
Puniz Showed an inverse relationship to manganese
ion presence, producing p-glucosidase (CelB) at an
enzyme activity of ~18 per mg of total protein in the
complete absence of MnSO4 (Bdhmer et al., 2013).
However, the overall protein yield was 60 times lower
than the pSIP-based inducible system, suggesting low
expression strength of promoter Py, ... Promoter P, 5,4,
isolated from Lactobacillus casei BL23 was tested for
its bile stress induction capacity in other bacterial spe-
cies and was observed to give the highest induction in
L. plantarum WCFS1 (Martinez-Fernandez et al., 2019).
The strain was able to survive at high bile salt concen-
trations (>0.2% w/v) and showed no leaky expression
of the fluorescent reporter protein, evoglow-Pp1. The
promoter P, originally encoding for the L-lactate de-
hydrogenase enzyme in Lactobacillus johnsonii PF01
was also shown to be responsive to bile supplemen-
tation in L. plantarum, with an induction fold change of
~1.8 (Chae et al., 2019). Finally, a temperature gradient
shift from 27 to 8°C has been shown to activate the
cold shock response promoter, Pcspl_, and increase the
expression of the reporter protein p-galactosidase by
~1.4 fold (Derzelle et al., 2002).

These few studies reveal that inducible protein ex-
pression (Table 2) in L. plantarum is severely limited,
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TABLE 2 Listof inducible gene expression systems tested in Lactip/antibacillus plantarum.

Origin species/strain Promoter Inducer Dynamic range® Reference

Inducible expression systems

Lactobacillus sakei PsppA Spplp (AIP) 87 Mathiesen et al. (2004)
Lactococcus lactis Prisa Nisin (AIP) 20 Pavan et al. (2000)
Lactiplantibacillus plantarum WCFS1 P3gg2 30C,, (AHL) 10 Spangler et al. (2022)
Lactiplantibacillus plantarum WCFS1 Placa Lactose 8 Heiss et al. (2016)
Bacillus megaterium Pyia Xylose 2 Heiss et al. (2016)

T7 bacteriophage Pr; IPTG 6 Heiss et al. (2016)
Lactiplantibacillus plantarum WCFS1 Pacim Galactose 13 Zhang et al. (2019)
Lactobacillus johnsonii PFO1 Pyan Bile Salt 1.8 Chae et al. (2019)
Lactiplantibacillus plantarum NC8 P Cold Shock 1.4 Derzelle et al. (2002)

cspL

“Dynamic ranges were calculated from data reported in each study as the ratio of protein expression level on induction by expression level without induction.

FIGURE 4 Schematic figure showing
a bacterium being infected by both a
virulent phage and a temperate phage.
Relevant genes crucial for the lytic and
the lysogenic cycles are highlighted in the
genomes of the virulent and temperate
phage respectively.

virulent phage

temperate phage

'y integration

replication

%O

cell lysis

and additional robust and versatile systems are re-
quired. To develop such systems, genetic parts involved
in gene regulation, like repressors, polymerases, etc.,
need to be identified. One crucially untapped source for
gene regulatory parts includes bacteriophages that in-
fect lactic acid bacteria. They naturally encode repres-
sors in endogenous genetic switches that control the
lysogenic and lytic cycles (Brady et al., 2021; Figure 4).
Furthermore, phage-derived genetic parts are naturally
adapted to their hosts due to the arms race between
bacteriophages and bacteria and millions of years of
coevolution (Hampton et al., 2020).

There are several publications based on the identifi-
cation and characterization of repressors encoded in
genetic switches of phages that infect L. plantarum and
other species closely related to L. plantarum (Binishofer
et al., 2002; Kakikawa et al., 2000; Ladero et al., 1998).
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However, there are no reports on the experimental test-
ing of these repressors in L. plantarum. Exploring and im-
plementing these repressors in novel genetic circuits in
L. plantarum could be an interesting approach to expand-
ing the genetic programmability of these bacteria. Be-
sides, there is evidence that phage-derived parts can be
functional in L. plantarum. In 2015, Yang and colleagues
employed phage recombinases encoded by a prophage
within the genome of L. plantarum WCFS1 as a genetic
tool to successfully manipulate the genome of these bac-
teria (Yang et al., 2015). Such recombinases are frequently
found in the genomes of prophages since these are nec-
essary to integrate the genome of the phage into the ge-
nome of the bacteria (Smith, 2015) and have extensively
been used for recombineering, a technique for efficient
genetic engineering (Li et al., 2023). If phage-derived re-
pressors prove to be effective in blocking the expression
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of the target gene in L. plantarum, they could be further
modified to respond to external factors (e.g. temperature,
light, chemicals), as it has previously been done for the
Lambda phage repressor cl (Xiong et al., 2022).

Moreover, bacteriophage-encoded RNA poly-
merases (Figure 4) are greatly used as synthetic biol-
ogy tools and are frequently part of complex genetic
circuits. The most classic example is the T7 expression
system. This system is based on a lactose-responsive
repressor, lacl and the T7 RNA polymerase. Upon in-
duction with lactose, the repressor stops blocking the
expression of the polymerase, which starts driving
the expression of the gene of interest (Dubendorf &
Studier, 1991). This breakthrough prompted interest
in generating T7 RNA polymerase mutant libraries
that responded to different stimuli. For example, split
polymerase versions were created that respond to tem-
perature and light (Baumschlager et al., 2017; Chee
et al., 2022). However, when the T7 RNA polymerase
was encoded in L. plantarum, its activity was found to
be surprisingly underwhelming (Heiss et al., 2016).

RNA polymerases have been identified in the ge-
nome of phages infecting Lactobacillus species (Gra-
daschi et al., 2021; Kyrkou et al., 2019). Nevertheless,
the specific promoters to which RNA polymerase
drives expression are unknown. The identification of
those could lead to the potential implementation of
RNA polymerases and their specific promoters in ge-
netic circuits in L. plantarum. Additionally, other RNA
polymerases could be identified using bioinformatic
tools such as PHASTEST (PHAge Search Tool with
Enhanced Sequence Translation), which identify puta-
tive prophages within the genomes of bacteria (Wis-
hart et al., 2023).

Thus, the genomes of phages infecting lactobacilli
offer several unexplored parts to achieve efficient and
versatile regulation of gene expression in L. plantarum.

Signal peptides driving protein secretion

Lactiplantibacillus plantarum is considered a safe
and effective host for the recombinant production
of enzymes and therapeutic proteins (Wells & Mer-
cenier, 2008). Recombinant lactobacilli species can
secrete high titre of protein into the growth medium
which can be subjected to further downstream puri-
fication processes. Considerable interest has been
shown in developing Living Biotherapeutic Products
where engineered microbes can be used to deliver
drugs in the host environment (Heavey et al., 2022).
Successful translation of these products depends on
robust yields of secreted proteins which mainly re-
lies on the choice of signal peptides coupled to the
protein. A study by and colleagues involving func-
tional analysis of 647 hypothetical proteins of Lac-
tiplantibacillus plantarum predicted by bioinformatic
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tools, revealed 112 transporter protein families and
40 protein families comprised of homologous signal
peptides (Davray & Kulkarni, 2023). Mathiesen and
colleagues also tested the secretion capability of 76
native signal peptides in L. plantarum WCFS1 using
staphylococcal nuclease (nucA) as the reporter pro-
tein (Mathiesen et al., 2009). Lp_3050 and Lp_ 2145,
endogenous signal peptides were shown to secrete
significant amounts of the reporter protein in com-
parison to its other counterparts. These signal pep-
tides have also shown great promise in secreting
recombinant proteins in related L. p/lantarum strains.
Signal peptides Lp_0373 and Lp_2145 secreted
13.1 and 8.1 kU of amylase per litre of fermentation
broth from L. plantarum S21, which was significantly
higher than the yields produced using its native sig-
nal peptide SP_AmyL (Tran et al., 2021). However,
it has also been seen that no single signal peptide
can guarantee the maximum secretion of a heterolo-
gous protein from L. plantarum. Factors like protein
hydrophobicity, the overall charge of the protein, the
presence of the transmembrane helix and the length
of anchoring motifs can significantly affect the se-
cretion efficiency of a signal peptide (Mathiesen
et al., 2009).

The greatest bottleneck in the applicability of heter-
ologous protein secretion is the requirement to iden-
tify the set of signal peptides that can optimally work
for a range of different proteins. So far, this involves
experimentally screening multiple signal peptides
and selecting the candidate that demonstrates signif-
icant protein secretion yield. Standard computational
tools like SignalP 6.0 can partially expedite the signal
peptide analysis, by suggesting suitable signal pep-
tide combinations and their respective cleavage sites
(Teufel et al., 2022). However, there are no general-
ized correlations identified between protein proper-
ties and signal peptide sequences that support strong
secretion. To gain such understanding, studies are
required that systematically test commonly reported
signal peptides with multiple proteins having different
sizes, hydrophobicity indices, structural repeats and
functional activities. Regarding experimental screen-
ing, commonly used methods include detecting the
proteins in the cell-free culture supernatant by Poly-
acrylamide gel electrophoresis (PAGE), Western blot
and mass spectrometry analysis. While these tech-
niques have been effective in many cases, limitations
pertaining to the detection limit range (at least ~100
nanograms), complex sample preparation procedure
and high temporal requirements reduce the wide-scale
adoption of these methods. One strategy to overcome
these limitations involves the fusion of a functional en-
zyme to the protein of interest and indirectly quanti-
fying its yield by assessing the activity of the fused
enzyme in the extracellular growth media. For exam-
ple, the commonly used reporter protein nucA, which
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is known to be efficiently secreted from L. plantarum,
can be fused to the heterologous protein of interest.
The secretion of nucA-fused proteins can be assessed
by a well-characterized agar plate-based assay in
which supernatant or bacterial colonies secreting the
nucA-fused protein create a halo proportional to the
amount of secreted protein (Langella & Le Loir, 1999).
The main drawback of this method is that the fusion of
such enzymes considerably increases the size of the
protein to be secreted (nucA M.W ~17kDa). Addition-
ally, it is often not desired for a secreted protein to har-
bour an active enzyme, especially for applications like
living therapeutics. Another approach to overcome this
issue could be the fusion of short peptide tags/protein
domains to the protein of interest that is part of split
GFP/split Luciferase complementation assays. Such
assays involve incomplete versions of GFP or lucifer-
ase, which are not fluorescent/luminescent until the
complementary peptide unit or protein domain binds
to them and completes their structure. These methods
are relatively simple and fast (<30 min), providing quan-
titative results with high sensitivity and requiring sim-
ple spectroscopic devices (Knapp et al., 2017; Wang
et al., 2021). Such methods can also be automated
and have been recently reported with other bacteria
for achieving higher throughput screening of signal
peptides for secretion (Muller et al., 2022).

Plasmid retention systems

The most common approach to constructing geneti-
cally modified L. plantarum has been through plasmid
engineering. Extrachromosomal plasmid DNA has al-
lowed the expression of heterologous proteins without
requiring tedious methodologies of gene integration
into the bacterial genome. The choice of selecting vec-
tors with multiple plasmid copy numbers, diverse antibi-
otic resistance markers and gene expression systems
has increased the ease of genetic circuit construction.
However, as with any plasmid-based engineered sys-
tem, the presence of an active selective pressure is
a prerequisite for maintaining the synthetic gene con-
struct in the microbe (Van Zyl et al., 2019). This creates
complexities while trying to use these modified bacteria
for product upscaling, drug delivery or recombinant en-
zyme production. The plasmid retention systems devel-
oped in L. plantarum are highlighted in the following
section, along with suggestions to further expand the
current portfolio.

AUXOTROPHY-BASED
PLASMID RETENTION

Auxotrophy-based plasmid retention employs the prin-
ciple of deleting an essential gene from the bacterial
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genome and reintroducing it into the plasmid vector.
The essential protein is crucial for the bacterial host
metabolism and without it, the bacteria will be unable
to grow and divide. This complementation of the es-
sential gene on the plasmid allows for efficient reten-
tion of the heterologous protein without any further
external selection pressure. Multiple studies have
reported creating auxotrophic strains of L. plantarum
which have maintained the recombinant plasmid for
several generations without compromising on growth
and protein production. The most used auxotrophic
system encodes for the deletion of the alanine race-
mase (alr) gene from the bacterial genome to inhibit the
D-alanine biosynthesis pathway. Insufficient produc-
tion of the D-alanine amino acid prevents bacterial cell
wall formation (Palumbo et al., 2004). Earlier reports
have shown that the alr gene-complemented plasmids
can be stably maintained for 200 generations in auxo-
trophic L. plantarum in the absence of any selection
pressure (Bron et al., 2002). To revalidate this claim, a
pSIP609R vector expressing p-Galactosidase (p-Gal)
was ligated to the endogenous alr gene and trans-
formed in the Aalr auxotroph of L. plantarum WCFS1
(TLGO02). Post induction, the recombinant strain was
able to show moderate segregational stability for 84
generations, with 17% of the population still harbour-
ing the recombinant plasmid, yielding a net titre of 5U/
mg p-Gal (Nguyen et al., 2011). This vector was further
used to secrete heterologous proteins, chitosanase
and f-mannanase into the growth media at concentra-
tions 79 and 50 kU/L, respectively, in the absence of
any external selection pressure (Sak-Ubol et al., 2016).
Paul et al. replaced the antibiotic resistance gene in
the pSIP609 vector with the alr gene and encoded
the constitutive secretion of the oxalate degrading en-
zyme (oxdC). A Aalr auxotrophic L. plantarum WCFS1
strain harbouring this plasmid was shown to signifi-
cantly reduce urinary oxalate excretion and calcium
oxalate deposition in the kidneys of hyperoxaluric rats
(Paul et al., 2018). The deletion of the glucosamine-6-
phosphate synthase (gImS) gene has also been shown
to disrupt the hexosamine biosynthetic pathway and
inhibit the N-acetylglucosamine (GIcNAc) synthesis,
which is an essential component of the L. plantarum
cell wall (Rolain et al., 2012). Vector pSIPH497 was
created by replacing the antibiotic-resistant gene with
the Py, promoter-driven gimS1 gene and transforming
it into the gimS1-deficient L. plantarum WCFS1 strain
(NZ5333). The recombinant plasmid was stable for 100
generations without any selection pressure and was
able to express mCherry when induced with the AIP for
the pSIP system (Chen et al., 2018). In addition to these
existing systems, natural auxotrophy of the L. plantarum
strain 17-5 (ATCC 8014) towards essential vitamins like
biotin can be complemented by the biotin synthase
gene responsible for the conversion of desthiobio-
tin into biotin (Bowman & DeMoll, 1993). Auxotrophic
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strains targeting the pyrimidine biosynthesis pathway
can also be used for retaining plasmids in the bacterial
hosts. The deletion of the thymidylate synthase (thyA)
gene prevented DNA synthesis and cell division in
L. casei, and was restored by thyA gene complementa-
tion in the plasmid (Zhou et al., 2018). The recombinant
strain showed stable retention of the plasmid for over
50 generations and active production of the antimicro-
bial peptide, lactoferricin. Such strategies can also be
extended to L. plantarum in the future depending on the
intended application. The only major drawback of this
promising strategy involves the generation of perma-
nently modified microbes with altered genetic loci. This
limits the versatility of plasmid-based engineering since
the plasmids can then only be used in strains that are
already genomically modified, restricting the options of
testing recombinant plasmids in multiple strains or re-
lated genera.

TOXIN-ANTITOXIN-BASED
PLASMID RETENTION

The adaptive evolution of bacteria under resource-
limited conditions allows for selecting specific genes
that provide a survival benefit to the host strain. These
genes are primarily acquired from the environment
through horizontal gene transfer and transposable el-
ements and are retained in the bacteria as extrachro-
mosomal DNA (Arnold et al., 2022). One of the most
prominent ways to naturally retain these elements in
the recipient organism includes a toxin—antitoxin (TA)
gene pair in the acquired gene segment (Mruk & Kob-
ayashi, 2014). These gene pairs have been classified
into five major classes depending on the antitoxin's
action mechanism, with the majority of TA pairs be-
longing to the Type | (antisense RNA antitoxin) or
Type Il (protein antitoxin) class (Singh et al., 2021).
The wide diversity of TA pairs prompted researchers
to test them for retaining engineered plasmids in bac-
teria without any external selection pressure. The low-
copy number p256 plasmid in L. plantarum NC7 was
seen to have high segregational stability during cel-
lular division (Cosby et al., 1989). Detailed analysis of
the p256 plasmid showed that the retention ability was
correlated to the presence of the Type Il TA system
based on pemK (toxin) and peml (antitoxin; Servig,
Mathiesen, et al., 2005; Servig, Skaugen, et al., 2005).
The recombinant plasmid, pLPV100 harbouring the
chloramphenicol resistance gene cassette (cat) along
with the pemK-peml gene pair showed 100% plasmid
retention after 80 generations in non-selective media.
This TA system showed a higher stability function for
the toxin protein than the antitoxin protein, causing
a significant decrease in the viability of the bacterial
cells that had been cured of the plasmid. This crucial
observation resulted in further exploration of potential
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type Il TA candidates in related lactobacilli strains
over the last decade. TA candidates have been found
to be naturally existing in several cryptic plasmids,
for example, the RelE (toxin)—RelB (antitoxin) pair
was identified in the cryptic plasmids K25p1, pLU4
and pIR52-1 in L. plantarum K25 (Jiang et al., 2018),
L. reuteri LU4 (Kim et al., 2017) and L. helveticus
R0052 respectively (Hagen et al., 2010). Type Il tox-
ins like MazE have been annotated both in bacterial
genomes (Yan et al., 2012) as well as in mobile plas-
mids (Abriouel et al., 2019). The prevalence of Type
Il toxins hinted towards their effective mechanism
of action which involves targeting the bacterial RNA
population due to its endoribonuclease activity. Fe-
dorec et al. (2019) revalidated the claim showing that
the Type Il Txe (Toxin)—Axe (Antitoxin) system helped
in the plasmid retention in E. coli for >30days in com-
parison to the Type | hok (toxin)—sok (antitoxin) sys-
tem. We decided to test the stability function of five
different Type Il TA systems in L. plantarum WCFS1
to achieve stable plasmid retention over multiple gen-
erations (Dey et al., 2023). The G50 value (generation
number with 50% of plasmid cured population) was
highest (~85 generations) for the YafQ (toxin)/DinJ
(antitoxin) TA system in comparison to the other TA
systems. This G50 was further increased to ~110 gen-
erations by combining two TA systems (YafQ/DinJ and
MazF/MazE) in the same plasmid. This showed that
the presence of multiple toxins targeting the bacterial
RNA population can be used to increase the temporal
duration of plasmid retention. However, none of the
tested TA systems could retain the plasmid beyond
~150 generations. This can be attributed to the grad-
ual development of toxin resistance or upregulation of
molecular chaperones to counteract the toxin effect
(Mutschler & Meinhart, 2011). This TA system-based
approach is promising for plasmid retention despite
such long-term instability. The results also indicate
the opportunity to generate recombinant strains with
temporary GMO status since they do not require per-
manent modification in the bacterial genome like the
auxotrophy approach. The bacteria that lose the plas-
mid over time revert to their non-GMO probiotic forms,
thereby offering the possibility to use such transient
GMOs with inbuilt temporal biocontainment for medi-
cal or food applications (Figure 5). In addition to the
plethora of Type Il TA systems available, the focus
should also be put on exploring the stability function
of Type | TA systems (Fozo et al., 2010). The discovery
of the Type | Lpt toxin in the plasmid of cheese ripen-
ing bacteria, Lactobacillus rhamnosus, demonstrated
the key role of the TA system in plasmid segregational
stability (Folli et al., 2017). Bioinformatic software
like T1TAdb (Tourasse & Darfeuille, 2021) and TADB
2.0 (Xie et al., 2018) can help researchers in faster
identification and subsequent stability function test-
ing of Type | and Type Il TA systems, respectively, in
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FIGURE 5 Comparison between the auxotrophy and the
toxin—antitoxin-based plasmid retention approaches.

lactobacilli species. A combinatorial library of these
different TA systems could then mediate stable plas-
mid retention over several generations in L. plantarum
and other related species.

As an alternative to auxotrophy and TA systems,
specific genetic parts from the plasmidome of L.
plantarum strains could be explored as novel plas-
mid retention systems. A recent comparative genomic
analysis on the plasmidome of 105 L. plantarum strains
has identified 1141 protein families whose genes are
uniquely encoded within plasmids and are not pres-
ent in the chromosome (Davray & Bawane 2023).
Such genes could potentially be promising candi-
dates to positively contribute to plasmid retention in
L. plantarum when cloned to a different vector. Fur-
thermore, cryptic plasmids often contain highly stable
plasmid retention strategies that are host-dependent
and are not yet well understood. Thus, cryptic plas-
mids can be used as vector backbones themselves
in which genes of interest can be encoded and sta-
bly retained in the host. Such a strategy has been
recently demonstrated in the probiotic E. coli Nissle
1917 (Kan et al., 2020).

Biocontainment modules

Lastly, any genetically altered microbe must be care-
fully designed to prevent its escape and proliferation
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into the natural environment. Specific guidelines have
been set by regulatory agencies to control the release
and disposal of genetically engineered microbes and
transgenes post-application (Wilson, 1993). Abiding
by these regulations, there have been several suc-
cessful attempts to establish kill-switch-based ge-
netic circuits in conventional microbial chassis like
E. coli and L. lactis. Kill switches mainly rely on pro-
teins that modulate the growth and survival of the
microbe post-production (Wright et al., 2013). The
inducer-regulated expression of this protein creates
non-permissive growth conditions for the microbe.
Although there has been no report of a kill-switch-
based biocontainment strategy for L. plantarum,
several candidates can be tested for creating such
modules.

One of the most promising candidates for develop-
ing such ‘kill-switches’ can be the natural (endo)lysins
which are an integral part of the bacteriophage genome
(Figure 4). When the lytic cycle is induced, lysins are
expressed and these enzymes start degrading the bac-
terial cell wall (Schmelcher et al., 2012). This results in
the lysis of the cell and promotes the release of virions
outside the bacterium. Despite these fundamental dis-
coveries, not many of these lysins have progressed for
translational applications. This provides an opportunity
to explore potential kill switch candidates from multiple
phages (Figure 6A).

Toxins from orthogonal toxin—antitoxin systems are
additional interesting candidates for kill switches in
L. plantarum. Toxins have been used as part of Kill
switches in other bacteria. Well-known examples are
the ‘Deadman’ kill switch and the ‘GeneGuard’ sys-
tem in E. coli (Chan et al., 2016; Wright et al., 2015).
For L. plantarum, an interesting approach could be
to integrate the toxin within the genome under a con-
stitutive promoter and then transform these bacteria
with a plasmid carrying the antitoxin under an in-
ducible system. Therefore, the expression of the an-
titoxin would depend on the presence of an inducer
(permissive conditions) and without the inducer (non-
permissive conditions), the toxin would trigger cell
death (Figure 6B).

CRISPR/Cas9 could also be an attractive alterna-
tive to toxic proteins that trigger cell death. The use
of CRISPR/Cas9 in a kill switch was successfully
employed in the probiotic E. coli Nissle 1917, where
chemical and temperature-responsive switches were
designed to induce the production of the Cas9 and
several guide RNAs targeting different regions of the
genome (Rottinghaus et al., 2022). The same approach
could be implemented in L. plantarum (Figure 6C). Be-
sides, CRISPR has been widely used in L. plantarum
as a genome editing tool (Myrbraten et al., 2019; Zhou
et al., 2019), which strengthens the potential use of
CRISPR as a kill switch in these bacteria.
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CONCLUDING REMARKS

As the world is increasingly looking to synthetic bi-
ology for solving major global challenges, lactoba-
cilli, with their numerous benefits and ubiquity in our
lives, are the ideal chassis to lead this bioengineer-
ing revolution. However, the vast diversity within this
bacterial family and their poorly understood bio-
chemistry have greatly limited progress in expand-
ing their genetic programmability. Nevertheless, a
strong foundation has been laid in a few select spe-
cies, among which L. plantarum is at the forefront.
This mini-review makes the case for establishing
L. plantarum as a model species among lactobacilli
by (i) enumerating the genetic parts established to
achieve food-grade recombinant protein production
and (ii) suggesting novel strategies and sources to
identify parts that will enable reliable regulation of
gene expression and improved biosafety. There are
numerous unexplored avenues to expand the genetic
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induced, triggering the cell lysis of the
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expression of the antitoxin is stopped, and
the toxin, which is constitutively produced,
triggers cell death. (C) CRISPR/Cas9-
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targeting gRNAs are expressed, which
causes the cleavage of the genomic DNA
and cell death.
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toolkit in these bacteria, which have shown promis-
ing results in other model organisms like E. coli and
B. subtilis. This knowledge combined with advances
in computational tools and automation technolo-
gies promises the possibility for rapid development
in lactobacilli engineering and the elevation of
L. plantarum to a model synthetic biology host. In
turn, this will expand their applicability in fields such
as bioprocess engineering, agritechnology, living
therapeutics and engineered living materials.
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Primer name Sequence

Vector mCherry fw 5-GAAGATAAATCCCATAAGGG-3'

Vector mCherry rev 5-AAGAACTCTATTGAAGCCC-3'

Insert mCherry fw 5-GGGGCTTCAATAGAGTTCTTGGTGATGTCGGCGATATAG-3’
Insert mCherry rev 5-CCCTTATGGGATTTATCTTCGACTCGCACTGAGAGGAT-3’
mCherry full amp fw 5-TTACAAGGCTAAGAAGCCAG-3’

mCherry full amp rev 5-GTAGTCTTAACTTCAGCATCG-3’

Vector elafin fw 5-AATAACTAGCATAACCCC-3'

Vector elafin rev 5-CATGGTATATCTCCTTCTT-3'

Insert elafin fw 5-TAAGAAGGAGATATACCATGATGCGTGCTTCATCATTC-3’
Insert elafin rev 5-AAGGGGTTATGCTAGTTATTTTAGTGATGGTGATGGTG-3’
Elafin full amp fw 5-CAAGAAGTGTTGTGAAGGT-3'

Elafin full amp rev / 5-ATACCTGGACAATCAGTATCC-3'

Elafin colony PCR rev

Elafin colony PCR fw 5-CAATGTTCCAAATGCGTG-3’

Whole gene sequencing fw/ 5-CGTTACTAAAGGGAATGGAG-3'

mCherry colony PCR fw

Whole gene sequencing rev 5-AGTGGAACGAAAACTCAC-3

mCherry colony PCR rev 5- AGTTCATAACACGTTCCCAC -3’

Table S1. List of primers used in this study.

» mCherry

ATGGTTTCAAAGGGTGAAGAAGATAACATGGCTATCATCAAGGAATTCATGCGTTTCAAGGTTCACATGGAAGGTTCAGTT
AACGGTCACGAATTCGAAATCGAAGGTGAAGGTGAAGGTCGTCCATACGAAGGTACTCAAACTGCTAAGTTAAAGGTTACT
AAGGGTGGTCCATTACCATTCGCTTGGGATATCTTATCACCACAATTCATGTACGGTTCAAAGGCTTACGTTAAGCACCCAG
CTGATATCCCAGATTACTTAAAGTTATCATTCCCAGAAGGTTTCAAGTGGGAACGTGTTATGAACTTCGAAGATGGTGGTGT
TGTTACTGTTACTCAAGATTCATCATTACAAGATGGTGAATTCATCTACAAGGTTAAGTTACGTGGTACTAACTTCCCATCAG
ATGGTCCAGTTATGCAAAAGAAGACTATGGGTTGGGAAGCTTCATCAGAACGTATGTACCCAGAAGATGGTGCTTTAAAGG
GTGAAATCAAGCAACGTTTAAAGTTAAAGGATGGTGGTCACTACGATGCTGAAGTTAAGACTACTTACAAGGCTAAGAAGC
CAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAGTTAGATATCACTTCACACAACGAAGATTACACTATCGTTGAACA
ATACGAACGTGCTGAAGGTCGTCACTCAACTGGTGGTATGGATGAATTATACAAGTAA

> Elafin

ATGCGTGCTTCATCATTCTTAATCGTTGTTGTTTTCTTAATCGCTGGTACTTTAGTTTTAGAAGCTGCTGTTACTGGTGTTCC
AGTTAAGGGTCAAGATACTGTTAAGGGTCGTGTTCCATTCAACGGTCAAGATCCAGTTAAGGGTCAAGTTTCAGTTAAGGG
TCAAGATAAGGTTAAGGCTCAAGAACCAGTTAAGGGTCCAGTTTCAACTAAGCCAGGTTCATGTCCAATCATCTTAATCCG
TTGTGCTATGTTAAACCCACCAAACCGTTGTTTAAAGGATACTGATTGTCCAGGTATCAAGAAGTGTTGTGAAGGTTCATGT
GGTATGGCTTGTTTCGTTCCACAAGGTGGTTCACATCACCATCACCATCACTAA

Table S2. Genetic Sequences of the mCherry and Elafin coding segments used in this study.
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pLp_mCherry
3738 bp

pLp_elafin
3546 bp

A A

Figure S1. Schematic representation of the pLp_mCherry and pLp_elafin plasmids constructed in
this study. The plasmid backbone is derived from the pLp3050sNuc plasmid (Mathiesen et al.,
2009) and contains the p256 ORI and the erythromycin resistance gene cassette. The coding
sequences of mCherry and elafin are under the strong Pups promoter. The T7 terminator is
downstream of both the coding gene segments.

5000 bp
3000 bp s

1500 bp

Figure S2. Agarose gel showing the PCR product (3728 bp) amplified from the assembled
plasmid construct obtained after the Gibson Assembly Reaction. 1 kb Plus DNA ladder
(ThermoFisher Scientific™) was used for the reference.
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cl cl2 cI3 cl4 cI5 cl6 cl7 cI8 cl9 cl10

+ Dpnl Digestion

cll cl2 cI3 cl4 cI5 cl6 cl7 cl8 cl9 cl10

- Dpnl Digestion

Figure S3. The agarose gel (top) is showing the colony PCR amplicon (558 bp) of 10 red L.
plantarum colonies obtained through direct cloning with Dpnl-treatment of the vector backbone.
The agarose gel (bottom) is showing the colony PCR amplicon (558 bp) of 10 red L. plantarum
colonies obtained through direct cloning without Dpnl-treatment of the vector backbone. The PCR
conditions were the same for both experimental setups. Generuler 100 bp Plus DNA Ladder
(ThermoFisher Scientific™) was used for the reference.

Amplification of GOI region showing different mutation patterns

cll cl2 <cI3 <cl4 cI5 clé cl7 cl8 cl9 cl10

Figure S4. Agarose gel showing the colony PCR products corresponding to the GOI region from
10 non-red L. plantarum colonies obtained after direct cloning. The primer set used for
amplification was the same as in Figure 2C. The different mutation patterns can be visualized for
the respective colonies. Generuler 100 bp Plus DNA Ladder (ThermoFisher Scientific™) was used
for the reference.
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Figure S5. Sequencing chromatograms. A) Sequencing chromatogram without an initial
purification step. B) Sequencing chromatogram with an initial purification step.
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PT1pA_elafin E.coli_clone 2 TTCCAT TTICAGT
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Figure S6. Multiple sequence alignments of the sequencing results (MSA). The genetic sequence
of the elafin gene was aligned to the gene sequences of the three pLp_elafin clones obtained
through E. coli. All three clones showed deletions in the Prjpa promoter and RBS region. Clones 1
and 3 also showed additional deletions from the elafin coding sequence. The multiple sequence
alignment tool (MUSCLE) was used for the comparative analysis of theSanger Sequencing
results.
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REPRESSOR

PHAGE

HOST

SEQUENCE

OPERATOR

cpg

ggle

Lactobacillus plantarum

MASSGIGNRLKELRNMQGKTQDEVAKSIGISRARYS
HLENERNEPDNELLKLLASYYEVSTDYLLGNSEKSH
KSPDWATEADRIDLDKLLQSNTPMGYGGMSMAPE

DKEKVRNVIEGIYWDRLKKLREEGKK

GATACGATATGTATC

cng

ggle

Lactobacillus plantarum

MKRERLIAERNRNGWSQNSVAKLLDIAEITVRSIENG
SRNPSSKLIAKFSYLFEVKPEILFPDIFLPDKDTKRIIS
AKANKLTKEAAK

GATACACAATGTATC

rep

mv4

Lactobacillus delbrueckii

MPRANYTPQEKQLKSVIAGNLNALLSKTAYKKADVV
RQTGISESTVYDYFNGKVLPSPKNVEKLADFFRVSN
EEIDPRFATMPENMVPVDQSHLVKIPLIGHIACGEPIT
ADQNIEGYITEYFPDHVDPDSIFALKCEGDSMEPYIL
DGDIAYIRQQPEVEDGEIAAVLVDGDTRASLKRVKKV
GNQVFLLPDNPHYSPIVLDQDHPGKIIGKMIKMSRF
Q

CCCGGTCTAGAACGG
GG

tec

mv4

Lactobacillus delbrueckii

MPKISVRAARVNAGFSQDEAAKKLGISRFTLQRYES
DPKQIRQGMLEKMRLVYNMDHDNLFFKI

ACAAAAAGTCAACTT
TTTTCAACTTTTTGT

cl

A2

Lactobacillus casei

MKTNDEHKTLNDLRNREGISISELARRVDMAKSSVS
RYFNGTREFPLNYVDKFASALHTTPESLIGVSPVDPF
KVKKLNVHSYPYIPAEISAGILCNVDPLTSDDVETIQL
PDSVMGRYAGDSSILMMHINGESMNQTIPDGSLIAV
KQYNDIQDLKDGDIVVFADDGDYAVKYFYNDRQKQIV
TFIPDSTDKRFSPIMYTYEDLEEENIKIIGRVVVYTVVL

CCCAAAAGGAAACG
AAAGGA

cro

A2

Lactobacillus casei

MGTRMIFFRCSQKETKGGNPMTLNLKRLRAERIAK
GMNQDEMAKAMGWHTRSSYAKRENGITTISATELV
KMASILGYGTNQLDLFFTNNVPDRERKGMTV

CCCTATTGTGCACAA
TCGGG

Table S1: List of all the repressors included in this study. The origin, host, sequence, and
corresponding operator are indicated per repressor.

operator

nnnnnnnnnnnnnnnnncctctagaaataattttgtttaactttaagaaggagatataccacgATG
-10 operator RBS

Figure S1: Placement of the operator in the promoter region. Each operator sequence was placed
downstream of Pypa.
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Figure S2: Fold-changes of Py (unmodified promoter) compared to Pypa operated with operators
from each repressor tested in this study. This indicates the effect of placing each operator in Pypa.
All the experiments were performed as experimental triplicates (N = 3). Column heights and error
bars represent the means and SD.
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Figure S3: Flow cytometry data showing the comparison between bacteria carrying the rep
repressor (repressing mCherry) and wild-type bacteria.
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Figure S4: OD¢oo values after 16 hours of growth in the microplate reader for wild-type bacteria
and bacteria encoding for each repressor. Column heights and error bars represent the means
and SD. Ns = not significant.

-35 10 forward primer _
agttagtttatttgttggtttgtitgtgttataatatcceggtetagaacggggcectctagaaataattttgtttaactttaagaaggagatataccacgATG
> reverse primer operator RBS

+ DIRECT CLONING

agttagittatitgttggtitgttigtgitataatatcctctagaaataattttgtttaactttaagaaggagatataccacgATG

Figure S5: A) Scheme of the site-directed mutagenesis PCR to remove the operator sequence
from the promoter region of the plasmid.
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+ additional operator by PCR
—  primers

P ., P
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Pis Prpa @ Py Pripa @
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=
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Figure S6: A) Scheme of the additional PCR to insert an additional operator sequence upstream
of the promoter. B) Expression levels of mCherry in terms of RFU for the clones based on single
cng operator (O_cng), cng operator plus repressor (OR_cng), and double cng operators plus
repressor (20R_cng). All the experiments were performed as experimental triplicates (N = 3).
Column heights and error bars represent the means and SD. Ns = not significant.

M —
esssse 1000 bp
— s - 750 bp
500 bp
250 bp

Figure S7: Agarose gel showing that the excision of rep from the plasmid by site-directed
mutagenesis took place as expected. The “+ rep” product (1524 bp) is 891 bp bigger than the “-
rep” product (633 bp) due to the excision of the Ps_rep gene. Bacterial pellets were used as a
template for the PCR. Generuler 1 Kb DNA Ladder was used for the reference.
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Figure S8: Growth curves of Pypa_03_rep_mCherry, P« _rep_mCherry, and wild-type bacteria over
16 hours. Experiments were performed as experimental duplicates, each with two technical
replicates (N=2, n=2). Data points and error bars represent the means and SD.
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Figure S9: A) Growth curves of P.. _mCherry and wild-type bacteria after 16 hours of growth in
the microplate reader. B) ODsoo values for P _mCherry and wild-type bacteria after 16 hours of
growth in the microplate reader. C) Bacterial biomass of P... _mCherry and wild-type bacteria after
overnight growth in the incubator. Each sample is based on a 5-mL culture. Experiments for
Figures A and B were performed as experimental duplicates, each with two technical replicates
(N=2, n=2). Experiments for Figure C were performed as experimental triplicates (N=3). Symbols
or column heights and error bars represent the means and SD. ns = not significant, * p < 0.05.
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Figure S10: A) Scheme of the P4 cloning. The promoter was amplified from the genome of L.
plantarum ¢g1e and inserted into the mCherry-encoding plasmid. B) Expression levels of mCherry
in terms of RFU for the Pc,g_mCherry bacteria. C) Fold changes between P,y and Pipa and Piec
promoters in L. plantarum WCFS1. All the experiments were performed in triplicate. Column
heights and error bars represent the means and SD.
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“01"” sequence: Modified clone, one operator sequence downstream of Py, Shorter spacer.

agttagtitatttgtiggttigtitgtgtiataatatcccggtctagaacggggtttgtttaactttaagaaggagatataccacgatg

“02" sequence: Modified clone, one operator sequence within Pijpa.

agttagtitaticccggtctagaacggggtigitataatatcctctagaaataattttgtttaactttaagaaggagatataccacgatg

“03" sequence: Modified clone, two operators, upstream and downstream Pipa.

cccggtctagaacggggttagtttatitgttggtttgtttgtgttataatatccecggtctagaacggggcctctagaaataattttgtttaa
ctttaagaaggagatataccacgatg

“P:ec” sequence: Different promoter, endogenous Pic promoter from L. delbrueckii

tttgtgttgactcceggtctagaacggggtattattaaagcatcaagaacgaaaggagaaaacgaaatg

Figure S11: Relevant sequences generated in this study. Puypa promoter is shown in orange. Piec
promoter is shown in violet. The Rep operator is shown in violet and bold. The -35 and -10 boxes
are underlined. The RBS sequence is shown in blue and in bold. The mCherry start codon is shown
in red and bold.
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NAME

Operator insertion fw
Operator insertion rev
Repressor insertion fw
Repressor insertion rev

HiFi PCR repressors fw

HiFi PCR repressors rev

Rep operator excision fw
Rep operator excision rev
Rep optimization fw

Rep optimization rev

HiFi PCR rep optimization fw
HiFi PCR rep optimization rev
Sequencing GOI fw
Sequencing GOI rev

Cng + operator fw

Cng + operator rev
Cng ¢pgle fw
Cng ¢pglerev

P cpg fW

Pcpg rev

SEQUENCE (5'-3)

atggtttcaaagggtgaagaag
ttacgatgcagatctccg
ctttctgcgctgcattaagccggtagatcagcatagatct
ttacgatgcagatctccg
catatctgacgacttagc
gtctatgctctattacgat
cctctagaaataattttgt
atattataacacaaacaaacc
atggtttcaaagggtgaa
tctatctatatctctagcgag
ccgttagcgtagtagtage
cttcaaagggtcaacagc
cgttactaaagggaatggag
agtggaacgaaaactcac
ataatatctagtttatttgttggtttg

atgtatcactaacaaacaaattaaacc

tactaaagggaatggagaccccaactaaatcagcatgactc

ttcttcaccctttgaaaccatagtaccgctecttt
ttttgcacctccaattce

ctagtagttgagattgcca

Table S2: List of all the primers used in this study.
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Primer name Sequence

Vector mScarlet3/Nuc/Ela/a-MSH fw 5'- gaagataaatcccataaggg -3’
Vector mScarlet3/Nuc/Ela/a-MSH rev 5'- aagaactctattgaagccc -3’
Vector Operon fw 5'-aataactagcataacccc-3’
Vector Operon rev 5'-ttattgacctgaatcagcg-3’
Insert mScarlet3 Operon fw 5’-acgctgattcaggtcaataaaagaacgaaaggagaaaac
_3'
Insert mScarlet3 Operon rev 5'-ggggttatgctagttatt-3’
Direct Protocol mScarlet3 fw 5'-gatcgttcgtagagatcg-3’
Direct Protocol mScarlet3 rev 5'-cttgctcaacttgtggtt-3’
Direct Protocol Nuc/ Ela/a-MSH/Operon 5'-ccgttagcgtagtagtage-3’
fw

Direct Protocol Nuc/ Ela/a-MSH/Operon 5'-cttcaaagggtcaacagc-3’
rev

Table S1. List of the primers used in this study

>
>
> SP1_Nuc

MKLLLVLLQQLLVHFEASSKALLCKHHHHHHPLSTKKLHKEPATLIKAIDGDTVKLMYKGQPMTFRLLL
VDTPETKHPKKGVEKYGPEASAFTKKMVENAKKIEVEFDKGQRTDKYGRGLAYIYADGKMVNEALVRQ
GLAKVAYVYKPNNTHEQHLRKSEAQAKKEKLNIWSEDNADSGQ

> SP2_Nuc

MQKKTVGLLLASAGPFLWGSSGTVAQHLFHHHHHHPLSTKKLHKEPATLIKAIDGDTVKLMYKGQPM
TFRLLLVDTPETKHPKKGVEKYGPEASAFTKKMVENAKKIEVEFDKGQRTDKYGRGLAYIYADGKMVNE
ALVRQGLAKVAYVYKPNNTHEQHLRKSEAQAKKEKLNIWSEDNADSGQ

> SP3_Nuc

MKKIVNWLLGSVLMIAAVTMLSSVSANASTYYHHHHHHPLSTKKLHKEPATLIKAIDGDTVKLMYKG
QPMTFRLLLVDTPETKHPKKGVEKYGPEASAFTKKMVENAKKIEVEFDKGQRTDKYGRGLAYIYADGK
MVNEALVRQGLAKVAYVYKPNNTHEQHLRKSEAQAKKEKLNIWSEDNADSGQ

> SP4_Nuc

MKKFMNSNWSMRLLALLCALVLFAYVNSLKTTHHHHHHPLSTKKLHKEPATLIKAIDGDTVKLMYKG
QPMTFRLLLVDTPETKHPKKGVEKYGPEASAFTKKMVENAKKIEVEFDKGQRTDKYGRGLAYIYADGK
MVNEALVRQGLAKVAYVYKPNNTHEQHLRKSEAQAKKEKLNIWSEDNADSGQ

> SP5_Nuc
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MKKWSTYNKNTSHKIVELSSIVVMSSVLGIILAKPVQGKADQTSHHHHHHPLSTKKLHKEPATLIKAID
GDTVKLMYKGQPMTFRLLLVDTPETKHPKKGVEKYGPEASAFTKKMVENAKKIEVEFDKGQRTDKYGR
GLAYIYADGKMVNEALVRQGLAKVAYVYKPNNTHEQHLRKSEAQAKKEKLNIWSEDNADSGQ

> Lp_3050_Nuc

MKKFNFKTMLLLVLASCVFGVVVNVTTSLGPQTAITAQASKKLHHHHHHPLSTKKLHKEPATLIKAID
GDTVKLMYKGQPMTFRLLLVDTPETKHPKKGVEKYGPEASAFTKKMVENAKKIEVEFDKGQRTDKYGR
GLAYIYADGKMVNEALVRQGLAKVAYVYKPNNTHEQHLRKSEAQAKKEKLNIWSEDNADSGQ

> Lp_3050_ela_smBit

MKKFNFKTMLLLVLASCVFGVVVNVTTSLGPQTAITAQASKKLEAAVTGVPVKGQDTVKGRVPFNGQ
DPVKGQVSVKGQDKVKAQEPVKGPVSTKPGSCPIILIRCAMLNPPNRCLKDTDCPGIKKCCEGSCGMA
CFVPQGGGGSGGGGSVSGWRLFKKIS

> SP3_ela_smBit

MKKIVNWLLGSVLMIAAVTMLSSVSANASTYYEAAVTGVPVKGQDTVKGRVPFNGQDPVKGQVSVK
GQDKVKAQEPVKGPVSTKPGSCPIILIRCAMLNPPNRCLKDTDCPGIKKCCEGSCGMACFVPQGGGGS
GGGGSVSGWRLFKKIS

> Lp_3050_a-MSH_smBit

MKKFNFKTMLLLVLASCVFGVVVNVTTSLGPQTAITAQASKKLHHHHHHGGSGGSVSGWRLFKKISG
GSGGSSYSMEHFRWGKPV

> SP3_a-MSH_smBit

MKKIVNWLLGSVLMIAAVTMLSSVSANASTYYVSGWRLFKKISGGGGSGGGGSHHHHHHGGGGSG
GGGSSYSMEHFRWGKPV

Figure S1. Protein sequences from all the secretion modules used in this study. Signal peptides
are shown in bold and red. The histidine tag is shown in purple. The NucA sequence is shown in
green. The elafin sequence is shown in pink. The a-MSH sequence is shown in yellow. The smBit
sequence is shown in orange. Linkers are shown in blue.

» Puypa promoter
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TTTAATTTGTTTGTTAGTTAGTTTATTTGTTGGTTTGTTTGTGTTATAATATCCTCTAGAAATAATTTT
GTTTAACTTTAAGAAGGAGGTATACCATG

» Piec promoter

ACAAAAAGTTGAAAAAAGTTGACTTTTTGTGTTGACTCCCGGTCTAGAACGGGGTATTATTAAAGC
ATCAAGAACGAAAGGAGAAAACGAA

Figure S2. DNA sequences of the promoters used in this study. Ribosome-binding sites are shown
in bold.

Phrec Phrec

wild-type mCherry mScarlet3
i | =

230

-

Count
., 130

wild-type mCherry

"
(R
[N
[N
[
[
[
[
] \
] [}
] 1
] 1
] \
/ [
’ ]
\

\

\
\

(=8

LN
‘ mScarlet3 1
(@n

10° 10* 10> 10° 10*

Fluorescence Intensity

Figure S3. a) Scheme of the reporter change from mCherry to mScarlet3. b) Bacterial pellets from
wild-type L. plantarum WCFS1, L. plantarum WCFS1 producing mCherry and L. plantarum WCFS1
producing mScarlet3. ¢) Flow cytometry plot showing the fluorescence intensity of wild-type L.
plantarum WCFS1, L. plantarum WCFS1 producing mCherry, and L. plantarum WCFS1 producing
mScarlet3.
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Figure S4. a) Alginate beads containing either wild-type L. plantarum or E. coli Nissle at an
initial ODeoo of 0.1 and 1 were placed on an LB-kanamycin agar plate (for E. coli Nissle) and
an MRS-erythromycin agar plate (for L. plantarum) after 24 hours of incubation. b) 72-hour
growth kinetic measurements depicting ODsgo values of encapsulated Escherichia coli Nissle
in PEARLs and non-encapsulated culture control (n=4, mean + SD). ¢) pH values, measured
with pH paper strips, from the supernatants (in LB media) of L. plantarum cultures and L.
plantarum beads after 24 hours of growth at 37°C. Experiments were performed as triplicates

(n=3)
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Figure S5. a) The left plot shows the decrease in fluorescence intensity caused by the
discoloration of the DNA agar plate due to the halo formation of each NucA clone (n=3, mean +
SD). The right plot shows the area in cm? of the halos formed in the DNA agar plate by the three
clones that secreted NucA (n=3, mean + SD). b) The plot on the left shows the decrease in
fluorescence intensity by each promoter/signal peptide combination (n=3, mean + SD). The right
plot shows the area in cm2 by each promoter/signal peptide combination (n = 3, mean + SD).
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Figure S6. a) Standard curve for pure NucA after 3, 6, and 24 hours of incubation at 37 °C in
shaking conditions (n=3, mean + SD). b) Pie charts showing the percentage of the total NucA
secreted after 3, 6, and 24 hours by each promoter/signal peptide combination. ¢) Plot showing
both the differences in the levels of fluorescence (i.e., promoter activity) and growth (as ODego) in
MRS media for empty vector L. plantarum, Pya_mCherry L. plantarum, and Pwc_mCherry L.

plantarum (n=3, mean * SD).
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Figure S7. a) NucA secretion rate by P:ps_3050 in culture and within PEARLs. b) NucA
secretion rate by Py,a_SP3 in culture and within PEARLSs. c¢) NucA secretion rate by Pic_3050
in culture and within PEARLs. d) NucA secretion rate by Pw._SP3 in culture and within
PEARLs. All the experiments were performed as experimental quadruplicates (in culture) (n

= 4) or quintuplicates

(in beads) (n = 5).
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Figure S8. a) Standard curve of smBiT peptide and LgBiT (1 pM) with furimazine substrate. b)
Quantification of elafin and a-MSH secreted by non-encapsulated bacteria incubated in DMEM

media after 24 hours.
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Figure S9. Elafin quantification and bioactivity assessment: a) Western blot of different
concentrations of commercial elafin (purchased from R&D Biotechne GmbH) to check the
sensitivity, using anti-elafin H2 antibody (Alexa fluor-647) (Santa Cruz Biotechnology) and Spectra
Multicolor Broad range protein ladder (Cat 26634, Thermo Scientific). b) Western blot of culture
supernatants of wcfs1_EV, wcfs1_Pyya_3050_ela, and wcfs1_Pypa_sp3_ela after incubation in
DMEM at 37 °C incubator for 24 hours. c¢) Time-based kinetics of Neutrophil elastase inhibition
(NE) by different concentrations of commercial elafin in DMEM media in the presence of
fluorescent substrate. (n=3) D) Time-based kinetics of NE inhibition by culture supernatants of
wcfs1-EV and wcfs1_Pupa_sp3_ela, after incubation in DMEM media at 37 °C incubator for 24
hours; Significant decrease in the fluorescence of wcfs1_Puya_sp3_ela culture supernatant in
comparison to wcfs1_EV and enzyme control (negative control) confirms the bioactivity of elafin.
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Figure S10. a) Percentage of cell death quantified after supernatant treatment via LDH assay
(mean + SD). b) Fluorescence intensity measured during alamarBlue assay after supernatant
treatment (mean + SD, arbitrary units (a.u)).
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Figure S11. Plot showing the cell densities (as cells/mm?) (n=3, mean + SD) of human fibroblasts
obtained 24 hours after the supernatant treatments for all the different conditions.
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Supernatant Test n mean pH +SD
Negative control 20 7.5 0.107
SN EV (100 %) 20 6.1 0.110
SN EV (50 %) 20 6.0 0.188
SN EV (25 %) 20 6.9 0.604

Alginate Beads Test n mean pH +SD
Negative control 8 7.6 0.005
Empty Beads 8 75 0.046
Beads + EV 8 7.6 0.045
Beads + P,,. 3050 8 7.5 0.021
Beads + P,,._3050 (96h) 8 7.5 0.035

Table S2. pH values from the different conditions assessed during the zebrafish embryo toxicity
tests.
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Figure S12. a) DNA agar plates showing NucA secretion in ZF medium by EV and P:c_3050-Nuc
secreting bacteria. 15 pL of the SNs of bacteria ODego of 1 (growing in ZF medium for 24 hours)
were spotted in DNA agar plates and incubated at 37 °C for 24 hours. The SNs were also
concentrated, and 15 pL were spotted on DNA agar plates and incubated under the same
conditions. b) Plot showing recovery of bacteria (wcfs1 P 3050 nuc) from two sets of PEARLs
incubated in LB medium. One set (n=3, mean as column height) of PEARLs were lysed and
recovered using 25 mM EDTA solution after 1 hour of encapsulation on Day 1, and another set
(n=3, mean as column height) of PEARLs were lysed and recovered using 25 mM EDTA solution
after 14 h days of encapsulation on Day 15 c) Plot showing recovery of bacteria (wcfs1 Prc 3050
nuc) from PEARLs incubated in ZF medium for 14 days (n=3, mean as column height); on the 15t
day, PEARLs were incubated in 25 mM EDTA solution for 30 minutes with shaking, followed by
plating of spun down bacterial pellet resuspended in MRS nutrient broth; d) Images of DNase +
methyl green agar plates with bacteria streaked from randomly selected colonies recovered from
PEARLs; Halo formation for most of the recovered colonies indicates the active secretion of
nuclease.
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Primer name

Vector switch fw

Vector switch rev
Repressor removal fw
Repressor removal rev
Operon CymR vector fw
Operon CymR vector rev
Operon CymR insert fw
Operon CymR insert rev
Promoter swap vector fw
Promoter swap vector rev
Promoter swap P fw
Promoter swap Py rev
Promoter swap Pypa fw
Promoter swap Pipa rev
NucA CymR vector fw
NucA CymR vector rev

Table S1: List of primers used in this study.

Sequence

5'- atggtttcaaagggtgaa -3’

5'- tctatctatatctctagcgag -3’
5’- gatcgttcgtagagatcg -3’

5'- tctatctatatctctagcgag -3’
5'- aataactagcataacccctt -3’
5'’- ttacttgtataattcatccatacc -3’
5'- tggatgaattatacaagtaatagaattaaattaaaaagggagg -3’
5’- aaggggttatgctagttattttagcgtttgaatttage -3’
5'- ccaaatataatgtctccaaa -3’
5'’- tctatctatatctctagcgag -3’
5'- tcgctagagatatagatagag -3’

5'- tttggagacattatatttggtctcctttcgttcttgat -3’

5'- tcgctagagatatagatagaggcttcaatagagttcttag -3’
5'- tttggagacattatatttggcctccttcttaaagttaaac -3’
5’- gtccgagactaattcatg -3’

5'- ttegttttctectttegt -3

Plasmid Bacteria Promoter Represso Protein
r

P2;_tetR_mCherry E. coli DH5a ) TetR mCherr
y

P2;_tetR_mCherry L. plantarum P3 TetR mCherr
WCFS1 y

P»;_vanR_mCherr E. coli DH5a P23 VanR mCherr
y y

P2;_vanR_mCherr L. plantarum ) VanR mCherr
y WCFS1 y

P>;_cymR_mCherr E. coli DH5a P33 CymR mCherr
y y

P2;_cymR_mCherr L. plantarum P23 CymR mCherr
y WCFS1 y

Pypa_cymR_mCher E. coli DH5a Pripa CymR mCherr
ry y

Pypa_cymR_mCher L. plantarum Pripa CymR mCherr
ry WCFS1 y

Pic_cymR_mCher E. coli DH5a Prec CymR mCherr
ry y
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Ptec_cymR_mCher L. plantarum Prec CymR mCherr
ry WCFS1 y
Ptec_cymR_P_mCh E. coli DH5a Prtec CymR mCherr
erry y
Piec_cymR_P_mCh L. plantarum Prec CymR mCherr
erry WCFS1 y
P23;_cymR_NucA E. coli DH5a P23 CymR NucA
P23_cymR_NucA L. plantarum P23 CymR NucA
WCFS1

Table S2: Plasmids and engineered strains generated in this study.

» aTc genetic switch eBlock

tcgctagagatatagatagataagcgttcggtcagtaaataatagaaataaaaaatcagacctaagactgatgacaaaaag
agaaaattttgataaaatagtcttagaattaaattaaaaagggaggccaaatataatgagtcgtcttgacaaaagtaaagtca
tcaattcagccttagaacttcttaacgaggtaggcattgagggtcttactactagaaaattagcacagaagttaggcgtagaa
caacctacattatattggcatgtaaagaacaaacgtgcattattggatgcccttgcaatcgagatgcttgatcgtcaccacac
tcatttttgccctttggaaggagagagttggcaagattttcttcgcaataacgctaaatcatttcgatgtgctcttctttctcaceg
tgatggagcaaaagttcatttgggaacccgaccaacagagaagcaatacgaaacattagaaaatcagcttgcatttttatge
caacagggattctctcttgagaatgcactttacgctcttagtgcagtcggecatttcacattgggatgtgtattggaggaccag
gagcaccaggtcgctaaagaagaacgtgagacccctaccaccgactcaatgccaccacttcttcgccaagcaatcgagtt
attcgatcatcaaggtgccgagcctgcattccttttcggcecttgaacttatcatttgcggecttgaaaaacaattaaaatgtga
gtctggcagttaaaataaggctcaccttcgggtgggcectttctgcgetgceattaagettttaaccacaagttgagcaagagat
cgttcgtagagatcgattgtttatittgtgtcattttgtitgacatccctatcagtgatagagatttgtgtigactcccggictagaa
cgggatattattaaatcectatcagtgatagagagcatcaagaacgaaaggagaaaacgaaatggtttcaaagggtgaag
a

> Cumate genetic switch eBlock (mCherry)

tcgctagagatatagatagataagcgttcggtcagtaaataatagaaataaaaaatcagacctaagactgatgacaaaaag
agaaaattttgataaaatagtcttagaattaaattaaaaagggaggccaaatataatgtctccaaaacgccgcacccagge
agaacgagctatggagacccagggcaaattgattgcagccgctttgggtgtcttacgagagaaaggatacgcaggctttc
gaattgcagacgtaccaggcgccgcecggagtttcacgaggtgcccagagtcaccattttccaacaaagcttgaacttttact
tgcaacattcgagtggttgtatgaacaaatcaccgaacgctcacgtgcccgcecttgcaaaattaaaaccagaagatgatgt
cattcagcaaatgcttgatgacgctgctgagttttttttagatgacgatttctcaattggcttggatttaatcgtagcagccgacce
gtgatcctgcccttcgagaaggaatccaacgtactgtcgagcgcaaccgattcgtagttgaagatatgtggcettggagtatt
ggtaagtcgtggtttatcacgtgatgatgcagaagatattctttggttgatttttaatagtgtacgtggccttgttgtcagatcatt
gtggcaaaaagataaggaaagattcgagcgtgtccgcaactctactttagaaattgcaagagaacgctacgctaaattcaa
acgctaaaataaggctcaccttcgggtgggcctttctgegcetgceattaagettttaaccacaagttgagcaagagatcgttcg
tagagatcgaaaacaaacagacaatctggtctgtttgtagaatagttgctcggaatttgagcaaacaaacagacaatctggt
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ctgtttgtatttgtgttgacicccagictagaacgggatattattaaaaacaaacagacaatctggictgtitgtagcatcaaga
acgaaaggagaaaacgaaatggtttcaaagggtgaaga

» Vanillate genetic switch eBlock

tcgctagagatatagatagataagcgticggtcagtaaataatagaaataaaaaatcagacctaagactgatgacaaaaag
agaaaattttgataaaatagtcttagaattaaattaaaaagggaggccaaatataatggacatgcctcgtattaaaccgggtc
agcgtgttatgatggcactgcgtaaaatgattgcaagcggtgaaatcaaaagtggtgaacgtattgcagaaattccgaccg
cagcagcactgggtgttagccgtatgccggttcgtatcgcactgcgttcactggaacaagaaggtctggttgttcgtctgggt
gcacgtggttatgcagcccgtggtgttagcagcgatcagattcgtgatgcaattgaagttcgtggtgttctggaaggttttge
agcacgtcgtctggcagaacgtggtatgaccgcagaaacccatgcacgttttgtigtactgattgcagaaggtgaagcact
gtttgcagccggtcgcctgaatggtgaagatctggatcgttatgccgcatataatcaggcatttcatgataccctggttageg
cagcaggtaatggtgcagttgaaagcgcactggcacgtaatggttttgaaccgtttgcagcagccggtgcactggccctgg
atctgatggacctgtctgccgaatatgaacatctgctggcagcacatcgtcagcatcaggcagttctggatgcagttagetgt
ggtgatgccgaaggtgcagaacgtattatgcgtgatcatgcactggcagcaattcgtaatgcaaaagtttttgaagcagcag
caagcgcaggcgcaccgctgggtgcagcatggtcaattcgtgcagattgataaaataaggctcaccttcgggtgggcecttt
ctgcgctgcattaagcttttaaccacaagttgagcaagagatcgttcgtagagatcgaagaatagttgctcggaatttgagcea
attggatccaattttgtgtigactcccggtctagaacggggtatiattaaagcatcatiggatccaataagaacgaaaggaga
aaacgaaatggtttcaaagggtgaaga

» NucA genetic switch eBlock

gaacgaaaggagaaaacgaa
tccaagaagctccatcatcaccatcat
cacccattgtcaactaaaaaattacataaagaacctgcgactttaattaaagcgattgatggtgatacggttaaattaatgtac
aaaggtcaaccaatgacattcagactattattggttgatacacctgaaacaaagcatcctaaaaaaggtgtagagaaatatg
gtcctgaagcaagtgcatttacgaaaaaaatggtagaaaatgcaaagaaaattgaagtcgagtttgacaaaggtcaaaga
actgataaatatggacgtggcttagcgtatatttatgctgatggaaaaatggtaaacgaagctttagttcgtcaaggcettggct
aaagttgcttatgtttacaaacctaacaatacacatgaacaacatttaagaaaaagtgaagcacaagcgaaaaaagagaa
attaaatatttggagcgaagacaacgctgattcaggtcaataaaataactagcataaccccttggggcctctaaacgggtctt
gaggggttttttgctgaaaggaggaactatatccgaacgatcctctcagtgcgagtcgtccgagactaattcatgac

Figure SO: List of synthetic genes (eBlocks) used in this study. The start of the mCherry gene
is indicated in bold and red. The P and P promoters are shown underlined and in green
and orange, respectively. The tetR, cymR, and vanR genes are shown in bold and in yellow,
blue, and purple, respectively. The tetR, cymR, and vanR operator sequences are underlined
and in yellow, blue, and purple, respectively. NucA coding sequence is shown in bold and
green. Lp_3050 signal peptide sequence is shown in bold and light grey.
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A) aTc system cumate system vanillate system

tetR operators cymR operators vanR operators

mCherry

N8 cymR vanR
Piec-mCherry Piec-mCherry Piec.mCherry
P23-tetR 0\ P23.CymR Ps3.vanR
s p256
origin

erythromycin resistance

B)
Prec CTGTGTTGACTCCCGGTCTAGACGGGGTATTATT A AACGAAAGGAGAAAACGAAATG
sequence pdtiaam -35 -10 downstream RBS
operator insertion operator insertion
C) D)
60001 6000+
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> >
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Figure S1: A) Plasmid maps for the aTc, cumate, and vanillate switches. All the relevant
genetic parts are depicted. B) Insertion of the operator sequences into the P:c promoter. The
upstream and downstream operators were inserted within the areas marked in red. C) RFU
values after inducing with different aTc concentrations for 6 hours (starting ODeoonm = 0.05, n
=1). D) RFU after inducing with different vanillate concentrations for 6 hours (starting ODsoonm
=0.05,n=1).
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Figure S2: A) Kinetic plots showing the RFU values of the P,s_cymR_mCherry variant when
induced at different starting ODeoonm (0.3, 0.1, and 0.01) for 14 hours at 37°C (n = 3, mean t
SD). B) Plots showing the kinetic growth (as ODesoonm) Of the Pz;_cymR_mCherry variant
(uninduced and induced) at different starting ODsoonm (0.3, 0.1, and 0.01) for 14 hours at 37°C
(n =3, mean = SD). “un” = uninduced condition, “in” = induced condition (5 uM of cumate). C)
The left plot is the same as shown in Fig. S2A. The right plot is based on the fluorescence
intensity values of the yellow square shown in the left plot. The EV values are not subtracted
from the “un” (uninduced) and “in” (induced) conditions. Induction of the induced conditions
started after 2 hours of growth, whereas the leakiness for the uninduced conditions started
after 6.5 hours of growth (n = 3, mean + SD).
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Figure S3: A) Scheme showing the P2; promoter exchange for Pypa and P, thus generating
the Pypa_cymR_mCherry and P«c_cymR_mCherry variants, respectively. B) RFU values for the
P:pa_cymR_mCherry variant after induction for ~10 hours (starting ODegonm = 0.01, n =3, mean
+ SD). “un” = uninduced condition, “in” = induced condition (5 uM of cumate). C) RFU values
for the Pc_cymR_mCherry variant after induction for ~10 hours (starting ODsgonm = 0.01, n =
3, mean + SD). “un” = uninduced condition, “in” = induced condition (5 uM of cumate). D)
Scheme showing the feedback circuit approach based on cloning the cymR gene after the
mCherry gene, both driven by the same (operated) promoter, Piwc (Prec_CymR_P_mCherry
variant). The exact DNA sequence between the mCherry STOP codon (highlighted in red) and
the cymR ATG codon (highlighted in blue) is shown at the bottom. An additional RBS (the one
used for the P,; promoter) was included to ensure translation of the downstream gene
(underlined). E) RFU values for the Pwc_cymR_P_mCherry variant after induction for ~10
hours (starting ODsgonm = 0.01, n = 3, mean * SD). “un” = uninduced condition, “in” = induced
condition (5 pM of cumate). F) Fold-changes for all the cymR variants when grown at 37°C
and induced, and compared to 37°C and uninduced.
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Figure S4: A) Comparison between the Pz_cymR_mCherry, the Pw.c_cymR_P_mCherry, and
the pSIP_409_mCherry variant. Bacteria were induced at three different ODsoonm (0.01, 0.1, and
0.3) with 5 uM of cumate (for the cumate variants) and 100 ng/mL of IP673 (for the pSIP
system) (n = 3, mean = SD). “un” = uninduced condition, “in” = induced condition (5 pM of
cumate). B) RFU values corresponding to the overall expression after 12 hours of induction
for all three genetic switches (n = 3, mean * SD). In these experiments, the microplate reader
gain was set at 85 instead of 100 to avoid oversaturation of the detector by the mCherry
expression of the Piwc_cymR_P_mCherry variant.
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Figure S5: A) Thermo-responsiveness in terms of RFU for the Pi. promoter when grown at
30°C and 37°C for 16 hours (n = 3, mean * SD). B) Kinetic plot showing the RFU values of the
P2;_cymR_mCherry variant (uninduced and induced) when grown at 30°C (starting ODsgonm =
0.01, n = 3, mean * SD). C) Plot showing the kinetic growth (as ODsgonm) Of the
P2;_cymR_mCherry variant (uninduced and induced) when grown at 30°C (starting ODsgonm =
0.01,n =3, mean + SD). “un” = uninduced condition, “in” = induced condition (5 yM of cumate).
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Media pH pH pH pH Media pH pH pH pH
(0h) (10h) (15h) (20h) (Oh) (10h) (15h) (20h)
LB 0.1 6.79 5.93 5.86 5.74 LBG 0.1 6.77 4.04 3.72 3.61
LB 0.3 6.76 5.86 5.62 5.59 LBG 0.3 6.73 3.79 3.61 3.50

Figure S6: A) Kinetic plots showing the RFU values of the P,;_cymR_mCherry variant when
induced at different starting ODegonm (0.3 and 0.1) for 21 hours at 37°C in LB or LBG media (n
= 3, mean t SD). B) Plots showing the kinetic growth (as ODsgonm) Of the P2;_cymR variant
(uninduced and induced) at different starting ODeoonm (0.3 and 0.1) for 21 hours at 37°C in LB
or LBG media (n = 3, mean % SD). “un” = uninduced condition, “in” = induced condition (5 pM
of cumate). C) Table showing the pH values after 0, 10, 15, and 20 hours of incubation at 37°C
in LB medium and at starting ODeoonm 0f 0.1 and 0.3 (n = 4). D) Table showing the pH values
after 0, 10, 15, and 20 hours of incubation at 37°C in LBG medium and at starting ODgoonm Of
0.1and 0.3 (n =4).
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A) B) C)

Fold change Drop in pH
Media Temp. pH pH pH 80 -
(Oh) (10h) (15h) 10 h 2.07 60 10h
MRS 30°C 5.90 5.34 4.62 40 1
15h| 268 1.13 20 15h
MRS 37°C 5.90 5.18 4.12
0

30°C¢ 37°C : 30°C 37°C
Figure S7: A) Table showing the pH values after 0, 10, and 15 hours of incubation at 30°C and
37°C in MRS medium at starting ODsoonm Of 0.01 (n = 4). B) Heatmap plot depicting the fold-
changes between the induced and uninduced conditions after 10 and 15 hours of growth at
30°C and 37°C in MRS medium and a starting ODsoonm 0f 0.01. C) Heatmap depicting the drop
in pH after 10 and 15 hours of growth at 30°C and 37°C in MRS medium and a starting ODsoonm
of 0.01. The pH values were deducted from the initial pH value (0 h) of each condition (30°C
and 37°C).
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Figure S8: A) DNase agar plates with 10 pL of spotted P»;s_cymR_NucA bacteria, previously
uninduced and induced for 8 hours in MRS medium at both 30°C and 37°C, and incubated at
37°C for 40 hours. “un” = uninduced condition, “in” = induced condition (5 uM of cumate). B)
Plot showing the levels of fluorescence intensity that were measured around the spotted area
using ImageJ (n = 3, mean t SD). C) Amounts of NucA secreted (in nM) by P,;_cymR_NucA
bacteria after growing in DNase medium for 24 hours at both 30°C and 37°C and in the

presence and absence of cumate (n = 3, mean  SD). “un” = uninduced condition, “in” =
induced condition (5 uM of cumate).
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Figure S9: A) Fold-changes for the induced state compared to the uninduced state for the
P2s_cymR_mCherry variant over 70 hours of growth at 37°C. B) RFU values of P2;_cymR-based
PEARLs after induction with cumate for 24 hours (n = 3, mean = SD). C) RFU values of
P:c_cymR_P-based PEARLs after induction with cumate for 24 hours (n = 3, mean + SD). D)
RFU for the mCherry-expressing pSIP409-based PEARLs when induced with IP673 for 24
hours (n = 3, mean % SD). “un” = uninduced condition, “in” = induced condition (100 pM of
cumate). E) BioRad Gel Documentation System images of EV-based PEARLs and the induced
and uninduced conditions of P»;_cymR-based PEARLs after 24 hours of growth in DMEM cell

culture medium and at 37°C (n = 3, mean * SD). “un” = uninduced condition, “in” = induced
condition (100 pM of cumate).
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Figure S10: A) Fold-changes between the induced (with 100 uM of vanillate) and uninduced
states of the P,s_vanR_mCherry variant with and without encapsulation in PEARLs and grown
at 37°C for 23 hours. B) RFU values corresponding to the induced and uninduced states of
non-encapsulated Py;_vanR bacteria when grown at 37°C for 23 hours in culture (MRS
medium) (n = 4, mean + SD). “un” = uninduced condition, “in” = induced condition (100 uM of
vanillate). C) Comparison in the overall drop in fluorescence by single- and dual-mode
PEARLs after 24 hours of incubation at 37°C (n = 4, mean t SD).
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Figure S11: A) DNase agar plates with micro-PEARLs after 1 and 5 days of incubation at 37°C.
Images taken using the BioRad Gel Documentation System. B) Fold-changes of the
P2;_cymR_mCherry variant when encapsulated in micro-PEARLs and induced with cumate for
19 hours (n = 3, mean + SD). “un” = uninduced condition, “in” = induced condition (100 pM of
cumate). C) Microscopy images at 4X of induced micro-PEARLs after 24 hours of incubation
at37°Cin a 12-well plate. “in” = induced condition (100 uM of cumate). D) Microscopy images
at 10X of uninduced and induced micro-PEARLs after 24 hours of incubation at 37°C in a 12-
well plate. “un” = uninduced condition, “in” = induced condition (100 uM of cumate).
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Supplementary Figure S1. Construction of plasmid variants using the direct cloning approach
developed in this study. The p256 ORI and the erythromycin resistance marker have been
amplified from the pSIP403 vector backbone. The interchangeable promoter sequences were
upstream of the mCherry reporter gene with Py,» promoter showing the best performance
(highlighted). The activity of the toxin/antitoxin modules was checked in the pTIpA mCherry
plasmid with the combo TA system, showing the best plasmid retention (highlighted).

> Origin p256

ttgagatcctttttttctgcgegtaatctgetgcttgcaaacaaaaaaaccaccgctaccageggtggtttgtttgccggatcaagage
taccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagecgtagttaggccacca
cttcaagaactctgtagcaccgcectacatacctcgcetctgctaateetgttaccagtggetgetgeccagtggegataagtegtgtctt
accgggttggactcaagacgatagttaccggataaggcgcageggtcgggcetgaacggggggttcgtgcacacageccagcettg
gagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcegg
acaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcectggtatctttatagte
ctgtcgggtttcgecacctetgacttgagegtegatttttgtgatgetcgtcaggggggeggagectatggaaa
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> eryR

ttgaacaaaaatataaaatattctcaaaactttttaacgagtgaaaaagtactcaaccaaataataaaacaattgaatttaaaagaa
accgataccgtttacgaaattggaacaggtaaagggcatttaacgacgaaactggctaaaataagtaaacaggtaacgtctattga
attagacagtcatctattcaacttatcgtcagaaaaattaaaactgaatactcgtgtcactttaattcaccaagatattctacagtttcaa
ttccctaacaaacagaggtataaaattgttgggaatattccttacaatttaagcacacaaattattaaaaaagtggtttttgaaagcecegt
gcgtctgacatctatctgactgttgaagaaggattctacaagegtaccttggatattcaccgaacactagggttgctcttgcacactc
aagtctcgattcagcaattgcttaagctgccagcggaatgctttcatcctaaaccaaaagtaaacagtgtcttaataaaacttacce
gccataccacagatgttccagataaatattggaagctatataagtactttgtttcaaaatgggtcaatcgagaatatcgtcaactgttta
ctaaaaatcagtttcgtcaagcaatgaaacacgccaaagtaaacaatttaagtaccattacttatgagcaagtattgtctatttttaata
gttatctattatttaacgggaggaaataa

> mCherry

atggtttcaaagggtgaagaagataacatggctatcatcaaggaattcatgcgtttcaaggticacatggaaggttcagttaacggt

cacgaattcgaaatcgaaggtgaaggtgaaggtcgtccatacgaaggtactcaaactgctaagttaaaggttactaagggtggtc

cattaccattcgcttgggatatcttatcaccacaattcatgtacggttcaaaggcttacgttaagcacccagcetgatatcccagattact
taaagttatcattcccagaaggtttcaagtgggaacgtgttatgaacttcgaagatggtggtgttgttactgttactcaagattcatcat
tacaagatggtgaattcatctacaaggttaagttacgtggtactaacttcccatcagatggtccagttatgcaaaagaagactatgg

gttgggaagcttcatcagaacgtatgtacccagaagatggtgctttaaagggtgaaatcaagcaacgtttaaagttaaaggatggt

ggtcactacgatgctgaagttaagactacttacaaggctaagaagccagttcaattaccaggtgcttacaacgttaacatcaagtta

gatatcacttcacacaacgaagattacactatcgttgaacaatacgaacgtgctgaaggtcgtcactcaactggtggtatggatgaa
ttatacaagtaa

> RBS
tttgtttaactttaagaaggaga

> PtipA
tttaatttgtttgttagttagtttatttgttggtttgtttgtgttataatat

> Pspp
gcccatattaacgtttaaccgataaagttgaacgttaatatttttttt

> P48
tcgtaagttgttgacatggaacgaggaatgtgataatctgtgagt

> P23
ctgatgacaaaaagagaaaattttgataaaatagtcttagaattaaattaaaaa

> Ptuf

tctgtttacaaatcagattaggctatatataatatttaagga
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> PL

ttgacataaataccactggcggtgatact
> PR

ttgactattttacctctggeggtgataa
> Phamp
caaaatgtcgttgacgtttatgttggttatttacgtaataaaatcacgac
> Phamp
caaaatgtcgttgacgtttatgttggttatttacgtaataaaatcacgac
» 17 ter

ctagcataaccccttggggcectctaaacgggtettgaggggttttttg

Supplementary Table S1. Nucleotide Sequences of the common genetic parts and
interchangeable promoter sequences tested in this study.

> /DinJ
agatggcagttacgcttccatttgtgcgaagaaaaagccagaaatceggttgaattcatctcacatgatgttatcccactgtgtttaca
ttgggataattcgtgatataattaggttgttagataggaaggagtggttagcaatggcagccacaaagaaagaaactcgcetigaata
ttcgtgttgatccggaattaaaaagtgetgctcaaatcgtagcaaatgatatgggcatcgacttgaccgeagcetgttactatgttcat
gacgaaaatggtgaaagatcacgccctcecgtttaccccaacaagtctaccagttgaaaccttacaggcgctgaaagaagcaa
agcacccagagctgctcaaaaaatacagcacgcctgatgacatgtggagagacttga

aactacgaaaggccgtccaaaaaaggcggcttttgtgttgtggtcaaccagcagattcattcgtcaatatac
acgtgacttaacgccaatcttcaatcagagattagaaaccgcgaactcgtcggcccagtaaaaatgttcagctatcgagatgagtt
gggtgatctggggaagtgagcatcaataagatgccaatctttatcatgcagggttggaacgaaaatttaacccaatg

» MazF/
gaaggatttacggtcaacgagtgtctttcggacacgtccgttgatattgttatttgactcgtggtcttactccaatcaattatactgacaa
gcatcgcaaatataaaaccgccctacctaacctgagtaagttacagggcgaagtagtgctgatiagaatggaaagtcgaagtigta
atacaccgtttgcgcgacgtgataaaaatcggcactgcgceatggtttcgatgtatgtgatactcegtectgetctgggggtegeatca
aacgaataaatttgggcagcagcaatttgtccgtgggtattgtaaccattaagactaaagtagccgggcaaatcacgcattgtaga
cgtaattggtgaaacaattacaaacccggtgttctgagtgtagagattactactaagaactacagctggccgacgtttctttatttcge
ggccacgttgtgggtcaaaatcaatccagatgatgtctttttgtttaggtaaataagtcatt
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atcaaggcctcctcgtattaataaacacactatttatgcaacgagtataacacgtattacgaaataagacagcta
aagcaatcgcgataactaattgataagcacacggtttitagtaattcatcaataaaggaagaga

» HicA/HicB
tactgatgatgaacatgccccagcctgttgtagcetctttgcgcaataaatcatttattttgtctggattgaatagagcettgagcaaaatct
ttggtaaaatcattcatgaaggagttcttctttctgtatgtgttttittgttcaaaccaatcatacgagaaaggaactcctttttctaatgttt
aaagaaataaatttaaggaatcattcatccttacacaaactattttacagtctcattcttcataaaccacatcctagaaaagaactatt
accatatcaaatcaaacaaattcaagataaaatcaaagagatgaataaagatgaaaaaaactaatcaatatatgaagtataagg
gttatgaaggttcaattgaatatactttggaggataagattcttittggtaaggttcaggggattaagagtcttatttcttacgaaggtaat
acaatagatgaattggagaaggattttcaaggagccattgatgattatctaatgagctgtaaggaagatggagttataccagagaaa
ccttttaaaggtaattttaatgtgcgcattgatccttcattacatgaaaaattggctaattatgctgcaacgaagcaccaatcattgaat
gctagtgtagaagaagcetataaaaagattittggcettaggtgaaagacgcttggaatttttcaagegtttttttcatgaaaacaattget
aaattcattgaatgagtgtactattttagtataacaatagttgaacgggtgatgtcggcgatatagg

> HigB/
tactgatgatgaacatgcccactctggttggttcctagctaaaataggggtcgtactagtcgggtaatcagatgaattggatatttgg
gtgtggtcagctaataataggagcaagagtcggatggattgagatatacacgtgatacgggtataatcgattaagaattttgcagat
aaggaaactcacaaggtttaccaacaaaaattctctaaacaattgccaccaaccattcagcaattagcattgcgaaaattactaat
gattgatcatgcggaaacaattaatgatttgagcctaccgcectgccaatcacttggaaaaattaagtcatgatcgccaagggceaat
atagcatcaggattaataatcagtatcggatatgttttgcaatticgaaatggtaatgagttttatgatgttgaaatagtcgattatcatca
tggttaggagaccaaaaa

ataaggacgtagaccgtagttgcttggtagcgtactacgg
tttttgcaaatataacctaaactgataagcagcagatcttaaattttaaggttatcaacaggtggataaagcagtggegtttgtattatc
cacctgttgataatcattgagttggttaattgtactttcactactgggttaactggtcgtgagaaaaatggtcaagcattagtttcgtggt

gatgtcggcgatatagg

» Txe/Axe
acgcgtaacaaacacattcattaataacaatcaacactaagctatattagctttttaaatgactagggtaaataaaataaggatcaa
aaacttttaagtttctgaccctttccttacttccgattggtitaatagtgatctitigcagaataaataaatatcgtticattttcaactctata
tatcagtctatgttcatctgtaattctictggaccatttticcagataaatcatgctttaatggctcaggttttcctaatccagcaaagggg
gaacgatcgatatcttttattaacttgttaatctttittatattgctttigtitccttgctcatgccaataaagataatcatcccaagcatcat
cagaccaagccttaatcatcagattcaacctcgattaagtcatgtgttttaaatgcacctttggagaattgttcatctcctcgacgaatt
ttttccatgacgtaattattagaaagtgttctcaacgtticttgcatagaatcataatctctitttgataatacaacaactgtatcttctacat
ctttacttgttacaataagtgtttcagcatcctcattaactigtticatataactacgtaaattttggcggaaatttgaataagctactgct
tccattcctitcaccccttatttatttctataaaacaattgtacattatattgtacaattaagcaaatgattaatatictaacttcttataatt
aaaagtgctatcacttttagtttttaggataaaaggtgacgtcactttttgagtgctggtacctcaaatcctgcttit

Supplementary Table S2. Nucleotide Sequences of the toxin/antitoxin modules tested in this
study.
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Supplementary Figure S2. (A) Flow Cytometry analysis of P, P, and PﬂpA driven mCherry

expression in L. plantarum WCFS1 after 18 h incubation at 37°C. (B) Fluorescence Spectroscopy
analysis of the PR, PL and PﬂpA driven mCherry expression after 18 h incubation in the

Thermocycler setup at thermal gradients ranging from 31°C to 41°C (See Materials and Methods
section “Microplate reader Setup for Thermal Gradient Analysis”). (C) Fold Change of PﬁpA driven

mCherry expression in comparison to P_ and P, promoters at 37°C (D) RFU Plot of mCherry

production by plasmids pTIpA and pTIpA39 after 18 h incubation at thermal gradients ranging
from 31°C to 41°C. The pTIpA39 plasmid encodes for additional Pss promoter-driven codon-
optimized TIpA39 repressor. The data in B, C, and D, corresponds to three independently
conducted biological replicates with column heights representing means and whiskers
representing SD.
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Supplementary Figure S3. (A) Fluorescence microscopy images of Pﬂp o P P Pspp’ P

driven mCherry expression and Empty Vector constructs in L. plantarum WCFS1
cultivated at 37°C for 18 h (Scale = 10pm). (B) Fold Change of the P, ,P_, P, Pspp driven

mCherry expression normalized to the expression level of the PﬂpA promoter at 31°C and

39°C, respectively. The data corresponds to three independently conducted biological

replicates with whiskers as SD.
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Supplementary Figure S4. (A) RFU Plot of P23, P48 and Ptuf driven mCherry expression showing
enhanced fluorescence expression in contrast to Pspp within the thermal gradients ranging from

31°C to 41°C. The data corresponds to three independently conducted biological replicates with
whiskers as SD. (B) Fold Change of the PHPA promoter-driven mCherry expression with 9 bp spacer

(between the RBS and the start codon) in comparison to the PﬂpA -6 bp spacer construct.

A

Supplementary Figure S5. (A) Flow cytometry plots showing that strains with P ,-driven mCherry

expression produce relatively low intensities, with part of the population overlapping with the
signal gained from bacteria that do not express any fluorescent proteins (control). In comparison,
the signal from PHPA is clearly demarcated from that of control. (B) Agar-plate-based analysis of

plasmid retention provided by the different TA systems. The total number of colonies can be
determined from the brightfield images, and the red colonies visible in the fluorescent images
represent the plasmid-retaining bacteria.
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Supplementary Figure S6. Plots representing relative promoter strengths of 34 promoters in
Table S3 vs (A) number of C bases in the -35to -10 region and (B)number of A bases in the spacer
between the -35 and -10 region (non-bold region in Table S3).

Promoter Sequence Relative
strength
P20 -35 TTGACAACCTGTGGGCGGTTTGATTTGTT -10 0.33
P17 -35 TTGACACTGATCCCGGCTGGTGGTAAATT -10 0.35
P13 -35 TTGACAGCGTGGGTTGGTGCTGGTAATTT -10 0.48
P4 -35 -TGACAGGGCTGTGATGGTGTGGTATTGT -10 0.50
Pas -35 TTGACAGGATAAAGGTCGCCTGGTATGGT -10 0.74
Pao -35 TCAACATACATGGATCG---TGGTATGTT -10 0.91
Pas -35 TTGACACTTGGAGGGTTTGATGGTAATCT -10 1.02
P10 -35 TTGACATTGTTAATGGCCCCTGATATATT -10 1.15
P34 -35 TTGACAGACAAACATAAGGATGATATGCT -10 1.80
P9 -35 TTGACAGGGCTGAGCTGACCTGGTATGGT -10 2.33
P42 -35 TTGACA GAGTTGTCTGGTATTGATATTGT -10 2.60
Ps -35 TTGACACACAAAACCAGACATGGTATTAT -10 2.75
Pss -35 TTGACATGTGACCCGTTTTATGGTATTAT -10 4.58
P2 -35 TTGACATTCGGGGCATCTCGTGGTATAAT -10 4.84
P2s -35 TGGACAAGTGATAAAACGGGTGATATGAT -10 5.06
P22 -35 TTGACAGATTAGGGCGGTCATGGTAAAAT -10 5.23
P1s -35 TTGACAGGGAGGCTTCGTTGTGATAAGAT -10 5.79
P47 -35 TTGACAGACGCGGGAGAATATGGTAAAGT -10 5.65
P1s -35 TTGACATCCCCCTCTCTTTCTGGTATAAT -10 5.76
Ps -35 TTGACAAAGAAGCCGGGTTTTGGTATAAT -10 5.93
P29 -35 TTGACAGTTCTGGCTGGATATGGTAAACT -10 6.51
Ps -35 TTGACAGGCAGCCATCTCTATGGTAAAAT -10 7.04
P3s -35 TTGACAGAATGTTTTTGTAGTGGTATAAT -10 7.56
P30 -35 TTGACAGCCGAGGTACCATGTGGTATAAT -10 7.69
P31 -35 TTGACAAAAGTCCCAGGGTATGATATACT -10 8.04
Ps -35 TTGACAAATTCCGGTGTCTATGGTATTCT -10 8.64
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Pas -35 TTGACATTAAGGCACATCATTGATATGGT -10 8.94

P3s -35 TTGACATGCAGGGAGTTTGTTGGTATAAT -10 9.49

P -35 TTGACAGGGATATTAGAGTATGGTATGCT -10 10.74
P4 -35 TTGACACGCGCAGCAAGGCATGATATAAT -10 14.60
P11 -35 TTGACAGAATGGACATACTATGATATATT -10 15.70
Pas -35 TTGACATGGAACGAGGAATGTGATAATCT -10 15.79
P23 -35 ATGACAAAAAGAGAAAATTTTGATAAAAT -10 19.86
Prur -35 TTTACAAATCAGATTAGGCTATATATAAT -10 5.49

Supplementary Table S3: Promoter sequences included in Figure S7 and their relative strengths.
Sequences and strengths derived from reference “Rud, 1., et al., A synthetic promoter library for
constitutive gene expression in Lactobacillus plantarum. Microbiology, 2006. 152(4): p. 1011-
1019.” The relative strengths of P23 and P from this study were estimated based on the
expression levels we determined in relation to Ps.

A
Hit | Upstream a gene Position Sequence Sequence length  Identity Matrix
Hit 1 Yes 257,256..257,284 GTTTATGTTGGTTATTTACGTAATAAAAT 29 82.76
Hit 2 No 1,292,083..1,292,110  ATTTTTAAAACAACTAACAAAAATGAAC 28 69.23
Hit 3 No 1,5641,627..1,541,653 GTTATTTTTTAGTTTGTTGTGAAATTT 27 77.78
Hit 4 No 2,772,508..2,772,536 ATACTTAAACACAACAAAAAACACTTAAC 29 32.82
Hit 5 No 3,129,614..3,129,645 ATATGGTCAGTCAATGAAATCAACAAATAAAC 32 60.00
Hit6 No 3,209,426..3,209,455 ATAGTAACCACCAGCACACCACAAGTAAAC 30 71.43
B Cc
4 == Empty vector
p o ; pty
HAMP  GTTTA--TGTTGG-TTATTTACGTAATAAAAT m‘ = TTiea
P-”pA -TTTATTTGTTGGTTTGTTTGTGTTATAATAT Pramp
EEE 23 EEEE T T TS Hk kR KR KK 7
5 4
E
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(@)
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Supplementary Figure S7. (A) Results obtained after screening the entire genome of L. plantarum
WCFS1 for a Ptjpa-like sequence. (B) Sequence alignment of Puawe and Pypa promoters. (C) Flow
Cytometry analysis of Pyya and Puame driven mCherry expression in L. plantarum WCFS1 after 18
h incubation at 37°C.
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