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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 für seine positiven 

Eigenschaften und seine Fähigkeit zur Fermentation durch die Produktion natürlicher 

Metaboliten bekannt ist. Seine breitere Anwendung wird jedoch durch zwei 

Einschränkungen begrenzt: i) eine aufwendige genetische Transformation und ii) ein 

begrenztes genetisches Werkzeugset für verbesserte Modifikationen. Diese Arbeit 

identifiziert und überwindet Hindernisse für die genetische Transformation durch die 

Entwicklung einer direkten Klonierungsmethode. Diese Methode dient dazu, die zweite 

Beschränkung zu bewältigen, indem sie die Suche nach genetischen Bausteinen und 

deren Leistungsfähigkeit zur Erweiterung des genetischen Werkzeugsets von L. 

plantarum ermöglicht. 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 

veränderten Bakterien für 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 

führen. Über die Anwendung als lebende Therapeutika hinaus könnten 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 
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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 



   
 

Page | 13 

  

species in the human body, which is particularly relevant for healthcare or therapeutic 

applications.  

 

Figure 1. Illustration 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, Ramírez 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. Illustration 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 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 1 [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].  

 

 
1 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 I 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 
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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 II 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-II 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-II 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, Sørvig 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.  

 

 

 

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 GOI 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 POI 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 mRNA 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, P48, 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 P23 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 

organisms: 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 cI, were part of that genetic 

circuit. These repressors are naturally encoded in the E. coli lambda phage genome [86, 

87].  

In nature, numerous transcriptional repressors can modulate their activity in response to 

external stimuli and are therefore referred to as switchable repressors [88]. The lacI 

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 β-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 sppIP promoter 

(Figure 9) [107].  

 

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 sppIP.  

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 β-

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 GOI 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 SP, 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 SP in L. plantarum WCFS1. They assessed the secretion of two proteins. The 

first one was an α-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 I 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-γ 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. lactis-

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. Identify 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 

WCFS1.  

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.   

 

 

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 

 

 

 

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 WCFS1. 
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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,  PtlpA. Hence, 

strong repressor binding would result in decreased levels of PtlpA-driven reporter gene 

expression. Following rounds of screening and optimization, one repressor, Rep from the 

mv4 prophage in L. delbrueckii, exhibited outstanding levels of PtlpA 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 Ptec, 

was also tested in L. plantarum WCFS1. Not surprisingly, the rep repressor can fully 

repress Ptec’s driven expression. However, a highly interesting finding was observed upon 

the release of Ptec from Rep-mediated repression: Ptec 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 Ptec proves effective at expressing genes 

other than fluorescent reporters.  

 

Graphical Abstract 

 

 

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. 

 



   
 

Page | 59 

  

Publication and contributions 

 

Article Type: Research article. 

Title: Discovery of a high-performance phage-derived promoter/repressor system for 

probiotic lactobacillus engineering 3. 

Year Published: 2024. 

Research Journal: Microbial Cell Factories.  

Authors: Marc Blanch‐Asensio, Varun Sai Tadimarri, Alina Wilk, and 

Shrikrishnan Sankaran. 

First author: Marc Blanch-Asensio. 

Author contributions: Marc Blanch‐Asensio performed all the genetic engineering work. 

Alina Wilk assisted in the genetic engineering experiments Marc Blanch‐Asensio 

conducted most of the experimental procedures. Varun Sai Tadimarri performed the 

experiments involving E. coli and wrote the corresponding sections in the manuscript. 

Marc Blanch‐Asensio made the illustrations and analyzed and plotted the data. Marc 

Blanch‐Asensio wrote most of the draft of the manuscript. Marc Blanch‐Asensio and 

Shrikrishnan Sankaran took part in the conceptualization. Shrikrishnan Sankaran led the 

supervision, reviewed, and edited the manuscript. 

 

 

 
3 The supporting information of this publication is provided in Appendix II.2 at the end of this dissertation. 



   
 

Page | 60 

  



   
 

Page | 61 

  



   
 

Page | 62 

  



   
 

Page | 63 

  



   
 

Page | 64 

  



   
 

Page | 65 

  



   
 

Page | 66 

  



   
 

Page | 67 

  



   
 

Page | 68 

  



   
 

Page | 69 

  



   
 

Page | 70 

  



   
 

Page | 71 

  



   
 

Page | 72 

  

 



   
 

Page | 73 

  

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 Ptec 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 α-melanocyte-stimulating hormone (α-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 Ptec 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 

 

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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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 Ptec. For instance, the sequence-verified recombinant strain 

encoding the elafin gene under Ptec 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 Ptec 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 Ptec-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. 

 

Graphical Abstract 

 

 

 

The strong constitutive promoter Ptec 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 Ptec-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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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-II 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 PtlpA. 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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Graphical Abstract 

 

 

 

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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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 CBRluc 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 CBRluc [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 

CBRluc and Fluc [172]. Despite these positive results, in this last study, a moderate 

promoter (Pldh) 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: α, β, and γ, with the dimeric β-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 β-

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 β-NGF 

production has only been reported in E. coli, and, to date, there are no reports of either 

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

This chapter further focuses on the question of whether the novel genetic parts, namely 

the Ptec promoter and the SP3, can drive high levels of expression and secretion, 

respectively, of other POIs. 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 μL/mL of erythromycin (Carl Roth GmbH, Germany). The 

Ptec_mCherry plasmid (Addgene plasmid # 229145) was the backbone vector for the nLuc 
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and the NGF molecular cloning. The plasmid pLp_Ptec_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 (Köln, 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 5’- gaagataaatcccataaggg-3’ 

Vector NGF/nLuc rev 5’- aagaactctattgaagccc-3’ 

Direct cloning fw 5’- ccgttagcgtagtagtagc-3’ 

Direct cloning rev 5’- cttcaaagggtcaacagc-3’ 

CBRluc rev 5’- tcacgttaagggattttggaaaccacctctaaaaggt-3’ 

CBRluc fw 5’- atgacttattccatggtg-3’ 

Pldh fw 5’- catcgtaatagagcatagacgcaactctgaagtaacgata-3’ 

Double reporter fw 5’- tggacctgtgccgttaa-3’ 

Double reporter rev 5’- ttattgacctgaatcagcg-3’ 

Triple reporter vector fw 5’- aataactagcataaccccttgg-3’ 

Triple reporter vector rev 5’- ttagcttccacctgagcc-3’ 

Triple reporter insert fw 5’- gcggctcaggtggaagctaatggacctgtgccgttaa -3’ 

Triple reporter insert rev 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 (OD600) = 0.01 and grown for 

16 hours at 37°C and 250 rpm. After that, 50 µl of the bacterial cultures were adjusted to 

an OD600 = 2. Then, 50 μL of the cultures were added to a white 96-well plate (µCLEAR®, 

Greiner). The expression of CBRluc 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 OD600 = 0.1 and grown to an OD600 = 1 at 37°C and 250 

rpm. Next, 10 μL of the bacteria were spotted on DNase agar (Altmann Analytik GmbH, 

Germany) plates supplemented with 10 µg/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 µL of the mixture was added to a 96-well 

plate. The microplate reader was used to measure the levels of fluorescence 

(excitation/emission values: Exλ / Emλ = 569 nm/600 nm, gain = 75, and Z-position = 

19000 µm). The values were divided by the OD600 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 β-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% 

NaHCO3. 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 OD600 = 0.1 and grown to an OD600 = 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% NaHCO3, and 10 µg/mL of erythromycin, and incubated at 37°C and 250 

rpm for 20 hours. After that, 1 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 β-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 µL 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 µL of the bacterial supernatants (either NGF-secreting 

bacteria or empty vector-carrying bacteria) or 100 µL 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 Ptec promoter could be used to improve the levels of 

luciferase production and the luminescence signal generated by engineered L. plantarum 

WCFS1, thereby improving imaging quality for in vivo studies [189, 190]. To validate that, 

we generated the variant based on the commonly used CBRluc reporter driven by the Ptec 

promoter. As a control, we cloned the CBRluc gene under the Pldh promoter in the same 

plasmid vector. Additionally, we cloned the nLuc coding gene under the Ptec promoter to 

confirm if higher luminescence can be detected with this more novel luciferase (Figure 

1A). We observed that the CBRluc-derived luminescence is 5.6 times higher when this 

luciferase is under Ptec compared to Pldh (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 Ptec _nLuc strain were very high, 560 times 

higher than the Ptec _CBRluc strain (Figure 1B). Notably, different substrates are needed 
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to generate luminescence from CBRluc (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 Ptec 

_nLuc strain could even be seen by the eye in the dark, which was not possible with any 

of the other constructs  (Figure 1C).   

 

Figure 1. A) Illustration 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 Pldh_CBRluc, Ptec_CBRluc, and Ptec_nLuc 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 OD600 = 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, I aimed to engineer a double reporter strain for in vivo 

mouse experiments based on the co-expression of nLuc and lp_3050NucA by the Ptec 
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promoter (Lp_double), following a similar polycistronic approach already reported by us 

in L. plantarum (Figure 2A) [188]. Additionally, I wanted to investigate if not only two but 

three reporters (including mScarlet3) can be simultaneously expressed by the Ptec 

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.  

 
7  It is 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 β-NGF to the extracellular 

environment, I designed a coding gene composed of three parts: i) the SP3 sequence for 

ensuring protein secretion, ii) the β-NGF coding sequence, and iii) the smBit sequence for 

secreted protein quantification. The gene was expressed under the PtlpA 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 lgBit 

and substrate (Figure 3A). AlphaFold3 predicted the 3D protein structure of β-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 β-NGF in the supernatant of β-NGF-

secreting bacteria (Ns strain). Luminescence was only detected for the β-NGF-secreting 

bacteria upon the addition of substrate (lgBit and Nano-Glo® substrate (furimazine)) 

(Figure 3C). The exact amount of secreted β-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 β-NGF was detected in the supernatant, 

whereas negligible levels of luminescence were detected for EV bacteria (Figure 3D). 
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Figure 3. A) Illustration showing L. plantarum WCFS1 bacteria encoding for the β-NGF-

secreting coding gene, composed of the SP3, the β-NGF coding sequence, and the smBit 

tag. The secretion of β-NGF was confirmed and quantified via the split-nano luciferase 

assay. The smBit tag in the β-NGF protein and the purified lgBit 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-β-NGF-smBit protein. C) Bright and luminescent pictures of a 96-well plate containing 

EV bacteria and three replicates of the β-NGF-secreting bacteria (Ns), with and without 

substrate addition. Bacteria were grown in MRS media for 16 hours. Bacteria with an OD600 

= 3 were used for the assay in the 96-well plate.  D) Plot showing the levels of β-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 β-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 β-NGF, these cells start the process of 



   
 

Page | 139 

  

neurogenesis by developing neurites [198]. To validate this, pure β-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 β-NGF after 96 hours 

of incubation, establishing a reliable experimental setup for assessing the bioactivity of 

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

Figure 4. Images of PC-12 cells grown in optimal media (negative control) and in optimal 

media supplemented with 100 ng/mL of pure β-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 β-NGF.  

 

The supernatant of β-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 β-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 

β-NGF (Figure 5). Interestingly, the cells treated with either EV or β-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 β-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.  
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Figure 5. Images of PC-12 cells grown in optimal media (negative control) and in optimal 

media supplemented with 100 ng/mL of pure β-NGF, supernatant of EV-carrying L. 

plantarum, and supernatant of β-NGF-secreting L. plantarum. 20x magnification images 

were taken after 96 hours of incubation at 37°C and 5% CO2. Neurite formation is indicated 

in orange arrows.  
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This preliminary data suggested that β-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 β-NGF.  

 

Discussion and Conclusions 

In this work, I 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 β-NGF 

secretion by L. plantarum. While β-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 β-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 β-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 β-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 β-NGF supernatants. Altogether, despite the 

interesting observations, further investigation is required to verify the development of a 

β-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, I 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 Ptec 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 Ptec 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 Ptec, 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 Ptec 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. I 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 Ptec-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 PtlpA 

promoter, reporter protein secretion levels were higher than lp_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 α-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 Ptec 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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Abbreviations 
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ELM:  Engineered Living Materials 
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EPS:  Extracellular Polysaccharides 

DNA:  Deoxyribonucleic Acid 

RNA:  Ribonucleic Acid 

mRNA:  Messenger Ribonucleic Acid 

ORI: Origin of replication 

TA:  Toxin/Antitoxin 

GOI:  Gene of Interest 

POI:  Protein of Interest 

PCR:  Polymerase Chain Reaction 

GFP:  Green Fluorescent Protein 

SP:  Signal Peptide 

RBS:  Ribosome-Binding Site 

NucA:  Nuclease A 

GMO: Genetically Modified Organism 

ng: nanograms 

α-MSH:  α-Melanocyte Stimulating Hormone 

PEARL:  Protein Eluting Alginate with Recombinant Lactobacilli 

FACS: Fluorescence-Activated Cell Sorting 

nLuc:  nanoLuc (luciferase) 

RPM:  Revolutions Per Minute 

OD600:  Optical Density at 600 nanometers 
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Appendix I 

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 

 
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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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 / 
Elafin colony PCR rev 

5’-ATACCTGGACAATCAGTATCC-3’ 

Elafin colony PCR fw 5’-CAATGTTCCAAATGCGTG-3’ 

Whole gene sequencing fw/ 
mCherry colony PCR fw 

5’-CGTTACTAAAGGGAATGGAG-3’ 

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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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 PtlpA promoter. The T7 terminator is 

downstream of both the coding gene segments. 

 

 

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 ScientificTM) was used for the reference.    
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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 DpnI-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 DpnI-treatment of the vector backbone. The PCR 

conditions were the same for both experimental setups. Generuler 100 bp Plus DNA Ladder 

(ThermoFisher ScientificTM) was used for the reference. 

  

 

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 ScientificTM) was used 

for the reference. 



   
 

Page | 182 

  

 

Figure S5. Sequencing chromatograms. A) Sequencing chromatogram without an initial 

purification step. B) Sequencing chromatogram with an initial purification step. 

 

 
 
 

 

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 PTlpA 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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II.2. Supporting Information Chapter 2 
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REPRESSOR PHAGE  HOST SEQUENCE  OPERATOR 

cpg øg1e   Lactobacillus plantarum  MASSGIGNRLKELRNMQGKTQDEVAKSIGISRARYS

HLENERNEPDNELLKLLASYYEVSTDYLLGNSEKSH

KSPDWATEADRIDLDKLLQSNTPMGYGGMSMAPE

DKEKVRNVIEGIYWDRLKKLREEGKK 

GATACGATATGTATC 

cng øg1e  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 

cI A2  Lactobacillus casei  MKTNDEIIKTLNDLRNREGISISELARRVDMAKSSVS

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.  

 

 

Figure S1: Placement of the operator in the promoter region. Each operator sequence was placed 

downstream of PtlpA.  
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Figure S2: Fold-changes of PtlpA (unmodified promoter) compared to PtlpA operated with operators 

from each repressor tested in this study. This indicates the effect of placing each operator in PtlpA.  

All the experiments were performed as experimental triplicates (N = 3). Column heights and error 

bars represent the means and SD. 

 

 

 

 

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: OD600 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.  

 

 

 

 

 

 

 

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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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 (2OR_cng). All the experiments were performed as experimental triplicates (N = 3). 

Column heights and error bars represent the means and SD. Ns = not significant. 

 

 

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 P48_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 PtlpA_O3_rep_mCherry,  Ptec _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 Ptec _mCherry and wild-type bacteria after 16 hours of growth in 

the microplate reader. B) OD600 values for Ptec _mCherry and wild-type bacteria after 16 hours of 

growth in the microplate reader. C) Bacterial biomass of Ptec _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 Pcpg cloning. The promoter was amplified from the genome of L. 

plantarum ϕg1e and inserted into the mCherry-encoding plasmid. B) Expression levels of mCherry 

in terms of RFU for the Pcpg_mCherry bacteria. C) Fold changes between Pcpg and PtlpA and Ptec 

promoters in L. plantarum WCFS1. All the experiments were performed in triplicate. Column 

heights and error bars represent the means and SD. 

 

 

 

 

 

 



   
 

Page | 191 

  

“O1” sequence: Modified clone, one operator sequence downstream of Ptlpa, shorter spacer. 

agttagtttatttgttggtttgtttgtgttataatatcccggtctagaacggggtttgtttaactttaagaaggagatataccacgatg 

 

“O2” sequence: Modified clone, one operator sequence within Ptlpa.  

agttagtttattcccggtctagaacggggttgttataatatcctctagaaataattttgtttaactttaagaaggagatataccacgatg 

 

“O3” sequence: Modified clone, two operators, upstream and downstream Ptlpa.  

cccggtctagaacggggttagtttatttgttggtttgtttgtgttataatatcccggtctagaacggggcctctagaaataattttgtttaa
ctttaagaaggagatataccacgatg 

 

“Ptec” sequence: Different promoter, endogenous Ptec promoter from L. delbrueckii 

tttgtgttgactcccggtctagaacggggtattattaaagcatcaagaacgaaaggagaaaacgaaatg 

 

Figure S11: Relevant sequences generated in this study. PtlpA promoter is shown in orange. Ptec 

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.  

 

 

 

 

 

 

 

 

 



   
 

Page | 192 

  

 

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

NAME 
 

SEQUENCE (5’-3’) 

Operator insertion fw atggtttcaaagggtgaagaag 

Operator insertion rev ttacgatgcagatctccg 

Repressor insertion fw ctttctgcgctgcattaagccggtagatcagcatagatct 

Repressor insertion rev ttacgatgcagatctccg 

HiFi PCR repressors fw catatctgacgacttagc 

HiFi PCR repressors rev gtctatgctctattacgat 

Rep operator excision fw cctctagaaataattttgt 

Rep operator excision rev atattataacacaaacaaacc 

Rep optimization fw atggtttcaaagggtgaa 

Rep optimization rev tctatctatatctctagcgag 

HiFi PCR rep optimization fw ccgttagcgtagtagtagc 

HiFi PCR rep optimization rev cttcaaagggtcaacagc 

Sequencing GOI fw cgttactaaagggaatggag 

Sequencing GOI rev agtggaacgaaaactcac 

Cng + operator fw ataatatctagtttatttgttggtttg 

Cng + operator rev atgtatcactaacaaacaaattaaacc 

Cng ϕg1e fw tactaaagggaatggagaccccaactaaatcagcatgactc 

Cng ϕg1e rev ttcttcaccctttgaaaccatagtaccgctccttt 

Pcpg fw ttttgcacctccaattcc 

Pcpg rev ctagtagttgagattgcca 
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Primer name  

 
Sequence 

  
Vector mScarlet3/Nuc/Ela/α-MSH  fw 5’- gaagataaatcccataaggg -3’ 

Vector mScarlet3/Nuc/Ela/α-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/α-MSH/Operon 
fw 

5’-ccgttagcgtagtagtagc-3’ 

Direct Protocol Nuc/ Ela/α-MSH/Operon 
rev 

5’-cttcaaagggtcaacagc-3’ 

     

 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_α-MSH_smBit 

MKKFNFKTMLLLVLASCVFGVVVNVTTSLGPQTAITAQASKKLHHHHHHGGSGGSVSGWRLFKKISG

GSGGSSYSMEHFRWGKPV 

➢ SP3_α-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 α-MSH sequence is shown in yellow. The smBit 

sequence is shown in orange. Linkers are shown in blue.  

 

 

 

 

 

➢ PtlpA promoter 
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TTTAATTTGTTTGTTAGTTAGTTTATTTGTTGGTTTGTTTGTGTTATAATATCCTCTAGAAATAATTTT
GTTTAACTTTAAGAAGGAGGTATACCATG 
 

➢ Ptec promoter 

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

in bold.  

 

 

 

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. c) 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 OD600 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 OD600 values of encapsulated Escherichia coli Nissle 

in PEARLs and non-encapsulated culture control (n=4, mean ± SD). c) 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 cm2 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. c) Plot showing 

both the differences in the levels of fluorescence (i.e., promoter activity) and growth (as OD600) in 

MRS media for empty vector L. plantarum, PtlpA_mCherry L. plantarum, and Ptec_mCherry L. 

plantarum (n=3, mean ± SD).   
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Figure S7. a) NucA secretion rate by PtlpA_3050 in culture and within PEARLs. b) NucA 

secretion rate by PtlpA_SP3 in culture and within PEARLs. c) NucA secretion rate by Ptec_3050 

in culture and within PEARLs. d) NucA secretion rate by Ptec_SP3 in culture and within 

PEARLs. All the experiments were performed as experimental quadruplicates (in culture) (n 

= 4) or quintuplicates (in beads) (n = 5).  

 

 
 

Figure S8. a) Standard curve of smBiT peptide and LgBiT (1 µM) with furimazine substrate. b) 

Quantification of elafin and α-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_Ptlpa_3050_ela, and wcfs1_Ptlpa_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_Ptlpa_sp3_ela, after incubation in DMEM media at 37 °C incubator for 24 

hours; Significant decrease in the fluorescence of wcfs1_Ptlpa_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)). 

 

 

 

 
 

Figure S11. Plot showing the cell densities (as cells/mm2) (n=3, mean ± SD) of human fibroblasts 

obtained 24 hours after the supernatant treatments for all the different conditions.  
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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 Ptec_3050-Nuc 

secreting bacteria. 15 µL of the SNs of bacteria OD600 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 µL were spotted on DNA agar plates and incubated under the same 

conditions. b) Plot showing recovery of bacteria (wcfs1 Ptec_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 Ptec_3050 

nuc) from PEARLs incubated in ZF medium for 14 days (n=3, mean as column height); on the 15th 

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 Sequence 
  

Vector switch fw 5’- atggtttcaaagggtgaa -3’ 

Vector switch rev 5’- tctatctatatctctagcgag -3’ 

Repressor removal fw 5’- gatcgttcgtagagatcg -3’ 

Repressor removal rev 5’- tctatctatatctctagcgag -3’ 

Operon CymR vector fw 5’- aataactagcataacccctt -3’ 

Operon CymR vector rev 5’- ttacttgtataattcatccatacc -3’ 

Operon CymR insert fw 5’- tggatgaattatacaagtaatagaattaaattaaaaagggagg -3’ 

Operon CymR insert rev 5’- aaggggttatgctagttattttagcgtttgaatttagc -3’ 

Promoter swap vector fw 5’- ccaaatataatgtctccaaa -3’ 

Promoter swap vector rev 5’- tctatctatatctctagcgag -3’ 

Promoter swap Ptec fw 5’- tcgctagagatatagatagag -3’ 

Promoter swap Ptec rev 5’- tttggagacattatatttggtctcctttcgttcttgat -3’ 

Promoter swap PtlpA fw 5’- tcgctagagatatagatagaggcttcaatagagttcttag -3’ 

Promoter swap PtlpA rev 5’- tttggagacattatatttggcctccttcttaaagttaaac -3’ 

NucA CymR vector fw 5’- gtccgagactaattcatg -3’ 

NucA CymR vector rev 5’- ttcgttttctcctttcgt -3’ 

 

Table S1: List of primers used in this study.  

 

 

Plasmid Bacteria Promoter Represso

r 

Protein 

P23_tetR_mCherry   E. coli DH5α P23 TetR mCherr

y 

P23_tetR_mCherry   L. plantarum 

WCFS1 

P23 TetR mCherr

y 

P23_vanR_mCherr

y   

E. coli DH5α P23 VanR mCherr

y 

P23_vanR_mCherr

y   

L. plantarum 

WCFS1 

P23 VanR mCherr

y 

P23_cymR_mCherr

y   

E. coli DH5α P23 CymR mCherr

y 

P23_cymR_mCherr

y   

L. plantarum 

WCFS1 

P23 CymR mCherr

y 

PtlpA_cymR_mCher

ry   

E. coli DH5α PtlpA CymR mCherr

y 

PtlpA_cymR_mCher

ry   

L. plantarum 

WCFS1 

PtlpA CymR mCherr

y 

Ptec_cymR_mCher

ry   

E. coli DH5α Ptec CymR mCherr

y 
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Ptec_cymR_mCher

ry   

L. plantarum 

WCFS1 

Ptec CymR mCherr

y 

Ptec_cymR_P_mCh

erry   

E. coli DH5α Ptec CymR mCherr

y 

Ptec_cymR_P_mCh

erry   

L. plantarum 

WCFS1 

Ptec CymR mCherr

y 

P23_cymR_NucA   E. coli DH5α P23 CymR NucA 

P23_cymR_NucA   L. plantarum 

WCFS1 

P23 CymR NucA 

 

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

 

 

➢ aTc genetic switch eBlock 

 

tcgctagagatatagatagataagcgttcggtcagtaaataatagaaataaaaaatcagacctaagactgatgacaaaaag

agaaaattttgataaaatagtcttagaattaaattaaaaagggaggccaaatataatgagtcgtcttgacaaaagtaaagtca

tcaattcagccttagaacttcttaacgaggtaggcattgagggtcttactactagaaaattagcacagaagttaggcgtagaa

caacctacattatattggcatgtaaagaacaaacgtgcattattggatgcccttgcaatcgagatgcttgatcgtcaccacac

tcatttttgccctttggaaggagagagttggcaagattttcttcgcaataacgctaaatcatttcgatgtgctcttctttctcaccg

tgatggagcaaaagttcatttgggaacccgaccaacagagaagcaatacgaaacattagaaaatcagcttgcatttttatgc

caacagggattctctcttgagaatgcactttacgctcttagtgcagtcggccatttcacattgggatgtgtattggaggaccag

gagcaccaggtcgctaaagaagaacgtgagacccctaccaccgactcaatgccaccacttcttcgccaagcaatcgagtt

attcgatcatcaaggtgccgagcctgcattccttttcggccttgaacttatcatttgcggccttgaaaaacaattaaaatgtga

gtctggcagttaaaataaggctcaccttcgggtgggcctttctgcgctgcattaagcttttaaccacaagttgagcaagagat

cgttcgtagagatcgattgtttattttgtgtcattttgtttgacatccctatcagtgatagagatttgtgttgactcccggtctagaa

cggggtattattaaatccctatcagtgatagagagcatcaagaacgaaaggagaaaacgaaatggtttcaaagggtgaag

a 

 

➢ Cumate genetic switch eBlock (mCherry) 

 

tcgctagagatatagatagataagcgttcggtcagtaaataatagaaataaaaaatcagacctaagactgatgacaaaaag

agaaaattttgataaaatagtcttagaattaaattaaaaagggaggccaaatataatgtctccaaaacgccgcacccaggc

agaacgagctatggagacccagggcaaattgattgcagccgctttgggtgtcttacgagagaaaggatacgcaggctttc

gaattgcagacgtaccaggcgccgccggagtttcacgaggtgcccagagtcaccattttccaacaaagcttgaacttttact

tgcaacattcgagtggttgtatgaacaaatcaccgaacgctcacgtgcccgccttgcaaaattaaaaccagaagatgatgt

cattcagcaaatgcttgatgacgctgctgagttttttttagatgacgatttctcaattggcttggatttaatcgtagcagccgacc

gtgatcctgcccttcgagaaggaatccaacgtactgtcgagcgcaaccgattcgtagttgaagatatgtggcttggagtatt

ggtaagtcgtggtttatcacgtgatgatgcagaagatattctttggttgatttttaatagtgtacgtggccttgttgtcagatcatt

gtggcaaaaagataaggaaagattcgagcgtgtccgcaactctactttagaaattgcaagagaacgctacgctaaattcaa

acgctaaaataaggctcaccttcgggtgggcctttctgcgctgcattaagcttttaaccacaagttgagcaagagatcgttcg

tagagatcgaaaacaaacagacaatctggtctgtttgtagaatagttgctcggaatttgagcaaacaaacagacaatctggt
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ctgtttgtatttgtgttgactcccggtctagaacggggtattattaaaaacaaacagacaatctggtctgtttgtagcatcaaga

acgaaaggagaaaacgaaatggtttcaaagggtgaaga 

 

 

 

 

➢ Vanillate genetic switch eBlock 

 

tcgctagagatatagatagataagcgttcggtcagtaaataatagaaataaaaaatcagacctaagactgatgacaaaaag

agaaaattttgataaaatagtcttagaattaaattaaaaagggaggccaaatataatggacatgcctcgtattaaaccgggtc

agcgtgttatgatggcactgcgtaaaatgattgcaagcggtgaaatcaaaagtggtgaacgtattgcagaaattccgaccg

cagcagcactgggtgttagccgtatgccggttcgtatcgcactgcgttcactggaacaagaaggtctggttgttcgtctgggt

gcacgtggttatgcagcccgtggtgttagcagcgatcagattcgtgatgcaattgaagttcgtggtgttctggaaggttttgc

agcacgtcgtctggcagaacgtggtatgaccgcagaaacccatgcacgttttgttgtactgattgcagaaggtgaagcact

gtttgcagccggtcgcctgaatggtgaagatctggatcgttatgccgcatataatcaggcatttcatgataccctggttagcg

cagcaggtaatggtgcagttgaaagcgcactggcacgtaatggttttgaaccgtttgcagcagccggtgcactggccctgg

atctgatggacctgtctgccgaatatgaacatctgctggcagcacatcgtcagcatcaggcagttctggatgcagttagctgt

ggtgatgccgaaggtgcagaacgtattatgcgtgatcatgcactggcagcaattcgtaatgcaaaagtttttgaagcagcag

caagcgcaggcgcaccgctgggtgcagcatggtcaattcgtgcagattgataaaataaggctcaccttcgggtgggccttt

ctgcgctgcattaagcttttaaccacaagttgagcaagagatcgttcgtagagatcgaagaatagttgctcggaatttgagca

attggatccaattttgtgttgactcccggtctagaacggggtattattaaagcatcattggatccaataagaacgaaaggaga

aaacgaaatggtttcaaagggtgaaga 

 

 

➢ NucA genetic switch eBlock 

 

gaacgaaaggagaaaacgaaatgaaaaaatttaactttaaaaccatgttgctattagttttggctagttgtgtcttcggggtc

gtcgttaacgtgactactagtcttggaccacaaaccgcaatcaccgcccaggcctccaagaagctccatcatcaccatcat

cacccattgtcaactaaaaaattacataaagaacctgcgactttaattaaagcgattgatggtgatacggttaaattaatgtac

aaaggtcaaccaatgacattcagactattattggttgatacacctgaaacaaagcatcctaaaaaaggtgtagagaaatatg

gtcctgaagcaagtgcatttacgaaaaaaatggtagaaaatgcaaagaaaattgaagtcgagtttgacaaaggtcaaaga

actgataaatatggacgtggcttagcgtatatttatgctgatggaaaaatggtaaacgaagctttagttcgtcaaggcttggct

aaagttgcttatgtttacaaacctaacaatacacatgaacaacatttaagaaaaagtgaagcacaagcgaaaaaagagaa

attaaatatttggagcgaagacaacgctgattcaggtcaataaaataactagcataaccccttggggcctctaaacgggtctt

gaggggttttttgctgaaaggaggaactatatccgaacgatcctctcagtgcgagtcgtccgagactaattcatgac 

 

Figure S0: List of synthetic genes (eBlocks) used in this study. The start of the mCherry gene 

is indicated in bold and red. The P23 and Ptec 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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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 Ptec 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 OD600nm = 0.05, n 

= 1). D) RFU after inducing with different vanillate concentrations for 6 hours (starting OD600nm 

= 0.05, n = 1). 
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Figure S2: A) Kinetic plots showing the RFU values of the P23_cymR_mCherry variant when 

induced at different starting OD600nm (0.3, 0.1, and 0.01) for 14 hours at 37°C (n = 3, mean ± 

SD). B) Plots showing the kinetic growth (as OD600nm) of the P23_cymR_mCherry variant 

(uninduced and induced) at different starting OD600nm (0.3, 0.1, and 0.01) for 14 hours at 37°C 

(n = 3, mean ± SD). “un” = uninduced condition, “in” = induced condition (5 µM 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 P23 promoter exchange for PtlpA and Ptec, thus generating 

the PtlpA_cymR_mCherry and Ptec_cymR_mCherry variants, respectively. B) RFU values for the 

PtlpA_cymR_mCherry variant after induction for ~10 hours (starting OD600nm = 0.01, n = 3, mean 

± SD). “un” = uninduced condition, “in” = induced condition (5 µM of cumate). C) RFU values 

for the Ptec_cymR_mCherry variant after induction for ~10 hours (starting OD600nm = 0.01, n = 

3, mean ± SD). “un” = uninduced condition, “in” = induced condition (5 µM 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, Ptec (Ptec_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 P23 promoter) was included to ensure translation of the downstream gene 

(underlined). E) RFU values for the Ptec_cymR_P_mCherry variant after induction for ~10 

hours (starting OD600nm = 0.01, n = 3, mean ± SD). “un” = uninduced condition, “in” = induced 

condition (5 µM 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 P23_cymR_mCherry, the Ptec_cymR_P_mCherry, and 

the pSIP_409_mCherry variant. Bacteria were induced at three different OD600nm (0.01, 0.1, and 

0.3) with 5 µM 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 µM 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 Ptec_cymR_P_mCherry variant.  
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Figure S5: A) Thermo-responsiveness in terms of RFU for the Ptec 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 

P23_cymR_mCherry variant (uninduced and induced) when grown at 30°C (starting OD600nm = 

0.01, n = 3, mean ± SD). C) Plot showing the kinetic growth (as OD600nm) of the 

P23_cymR_mCherry variant (uninduced and induced) when grown at 30°C (starting OD600nm = 

0.01, n = 3, mean ± SD). “un” = uninduced condition, “in” = induced condition (5 µM of cumate). 
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Figure S6: A) Kinetic plots showing the RFU values of the P23_cymR_mCherry variant when 

induced at different starting OD600nm (0.3 and 0.1) for 21 hours at 37°C in LB or LBG media (n 

= 3, mean ± SD). B) Plots showing the kinetic growth (as OD600nm) of the P23_cymR variant 

(uninduced and induced) at different starting OD600nm (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 µM 

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 OD600nm of 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 OD600nm of 

0.1 and 0.3 (n = 4). 
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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 OD600nm 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 OD600nm of 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 OD600nm 

of 0.01. The pH values were deducted from the initial pH value (0 h) of each condition (30°C 

and 37°C). 

 

 
 

Figure S8: A) DNase agar plates with 10 µL of spotted P23_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 µM of cumate). B) 

Plot showing the levels of fluorescence intensity that were measured around the spotted area 

using ImageJ (n = 3, mean ± SD). C) Amounts of NucA secreted (in nM) by P23_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 µM of cumate). 



   
 

Page | 216 

  

 
 

Figure S9: A) Fold-changes for the induced state compared to the uninduced state for the 

P23_cymR_mCherry variant over 70 hours of growth at 37°C. B) RFU values of P23_cymR-based 

PEARLs after induction with cumate for 24 hours (n = 3, mean ± SD). C) RFU values of 

Ptec_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 µM of 

cumate). E) BioRad Gel Documentation System images of EV-based PEARLs and the induced 

and uninduced conditions of P23_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 µM of cumate). 
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Figure S10: A) Fold-changes between the induced (with 100 µM of vanillate) and uninduced 

states of the P23_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 P23_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 µM 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 ± 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 

P23_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 µM of 

cumate). C) Microscopy images at 4X of induced micro-PEARLs after 24 hours of incubation 

at 37°C in a 12-well plate. “in” = induced condition (100 µM 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 µM of cumate). 
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lasmid Construction Scheme    

 

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 PtlpA promoter showing the best performance 

(highlighted). The activity of the toxin/antitoxin modules was checked in the pTlpA mCherry 

plasmid with the combo TA system, showing the best plasmid retention (highlighted). 

 

 

➢ Origin p256 

ttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagc

taccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagccgtagttaggccacca

cttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtctt

accgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttg

gagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcgg

acaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtc

ctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaa 
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➢ eryR 

ttgaacaaaaatataaaatattctcaaaactttttaacgagtgaaaaagtactcaaccaaataataaaacaattgaatttaaaagaa

accgataccgtttacgaaattggaacaggtaaagggcatttaacgacgaaactggctaaaataagtaaacaggtaacgtctattga

attagacagtcatctattcaacttatcgtcagaaaaattaaaactgaatactcgtgtcactttaattcaccaagatattctacagtttcaa

ttccctaacaaacagaggtataaaattgttgggaatattccttacaatttaagcacacaaattattaaaaaagtggtttttgaaagccgt

gcgtctgacatctatctgactgttgaagaaggattctacaagcgtaccttggatattcaccgaacactagggttgctcttgcacactc

aagtctcgattcagcaattgcttaagctgccagcggaatgctttcatcctaaaccaaaagtaaacagtgtcttaataaaacttaccc

gccataccacagatgttccagataaatattggaagctatataagtactttgtttcaaaatgggtcaatcgagaatatcgtcaactgttta

ctaaaaatcagtttcgtcaagcaatgaaacacgccaaagtaaacaatttaagtaccattacttatgagcaagtattgtctatttttaata

gttatctattatttaacgggaggaaataa 

➢ mCherry 

atggtttcaaagggtgaagaagataacatggctatcatcaaggaattcatgcgtttcaaggttcacatggaaggttcagttaacggt

cacgaattcgaaatcgaaggtgaaggtgaaggtcgtccatacgaaggtactcaaactgctaagttaaaggttactaagggtggtc

cattaccattcgcttgggatatcttatcaccacaattcatgtacggttcaaaggcttacgttaagcacccagctgatatcccagattact

taaagttatcattcccagaaggtttcaagtgggaacgtgttatgaacttcgaagatggtggtgttgttactgttactcaagattcatcat

tacaagatggtgaattcatctacaaggttaagttacgtggtactaacttcccatcagatggtccagttatgcaaaagaagactatgg

gttgggaagcttcatcagaacgtatgtacccagaagatggtgctttaaagggtgaaatcaagcaacgtttaaagttaaaggatggt

ggtcactacgatgctgaagttaagactacttacaaggctaagaagccagttcaattaccaggtgcttacaacgttaacatcaagtta

gatatcacttcacacaacgaagattacactatcgttgaacaatacgaacgtgctgaaggtcgtcactcaactggtggtatggatgaa

ttatacaagtaa 

➢ RBS 

tttgtttaactttaagaaggaga 

➢ PtlpA  

tttaatttgtttgttagttagtttatttgttggtttgtttgtgttataatat 

 

➢ Pspp  

gcccatattaacgtttaaccgataaagttgaacgttaatatttttttt 

➢ P48 

tcgtaagttgttgacatggaacgaggaatgtgataatctgtgagt 

➢ P23  

ctgatgacaaaaagagaaaattttgataaaatagtcttagaattaaattaaaaa 

➢ Ptuf 

tctgtttacaaatcagattaggctatatataatatttaagga 
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➢ PL  

ttgacataaataccactggcggtgatact 

➢ PR 

ttgactattttacctctggcggtgataa 

➢ Phamp 

caaaatgtcgttgacgtttatgttggttatttacgtaataaaatcacgac 

➢ Phamp 

caaaatgtcgttgacgtttatgttggttatttacgtaataaaatcacgac 

➢ T7 ter 

ctagcataaccccttggggcctctaaacgggtcttgaggggttttttg 

 

Supplementary Table S1. Nucleotide Sequences of the common genetic parts and 

interchangeable promoter sequences tested in this study. 

 

 

➢ YafQ/DinJ 

agatggcagttacgcttccatttgtgcgaagaaaaagccagaaatccggttgaattcatctcacatgatgttatcccactgtgtttaca

ttgggataattcgtgatataattaggttgttagataggaaggagtggttagcaatggcagccacaaagaaagaaactcgcttgaata

ttcgtgttgatccggaattaaaaagtgctgctcaaatcgtagcaaatgatatgggcatcgacttgaccgcagctgttactatgttcat

gacgaaaatggtgaaagatcacgccctcccgtttaccccaacaagtctaccagttgaaaccttacaggcgctgaaagaagcaa

agcacccagagctgctcaaaaaatacagcacgcctgatgacatgtggagagacttgaatgtatagtctggttccgacgcctacat

ttaagcgcgatctaaaacgactctccaagaagcattggccgatggacgaactaaagacggctgttaatctcctagctgctggtac

aaatgctgaactattaagcaaaaagtatgcagatcatgccttgtcttcaagcagcgagtggaaaggatatcgtgaactacatgttg

acggccctcgtggcgactggttgctaatctataaaattaagcagcaagatctcattttgaccctggttagaactggatctcatcataa

ccttttgggtaaatagaactacgaaaggccgtccaaaaaaggcggcttttgtgttgtggtcaaccagcagattcattcgtcaatatac

acgtgacttaacgccaatcttcaatcagagattagaaaccgcgaactcgtcggcccagtaaaaatgttcagctatcgagatgagtt

gggtgatctggggaagtgagcatcaataagatgccaatctttatcatgcagggttggaacgaaaatttaacccaatg 

 

➢ MazF/MazE 

gaaggatttacggtcaacgagtgtctttcggacacgtccgttgatattgttatttgactcgtggtcttactccaatcaattatactgacaa

gcatcgcaaatataaaaccgccctacctaacctgagtaagttacagggcgaagtagtgctgattagaatggaaagtcgaagttgta

atacaccgtttgcgcgacgtgataaaaatcggcactgcgcatggtttcgatgtatgtgatactccgtcctgctctgggggtcgcatca

aacgaataaatttgggcagcagcaatttgtccgtgggtattgtaaccattaagactaaagtagccgggcaaatcacgcattgtaga

cgtaattggtgaaacaattacaaacccggtgttctgagtgtagagattactactaagaactacagctggccgacgtttctttatttcgc

ggccacgttgtgggtcaaaatcaatccagatgatgtctttttgtttaggtaaataagtcattactcgacctcattccagtcgacatcgg

accatgcttcagtcattggccgtttcggcttggagccggcataaggattctcgatacgtggtacgagtgtatatgactcaccatcact

tgatgggatgagtaaccatcgttgtcctttcttaaaacgaccgtctttaggtagacttaatgccaatgaattaccacgactaactgtct
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ttacctcaatcatatcaaggcctcctcgtattaataaacacactatttatgcaacgagtataacacgtattacgaaataagacagcta

aagcaatcgcgataactaattgataagcacacggtttttagtaattcatcaataaaggaagaga 

 

➢ HicA/HicB 

tactgatgatgaacatgccccagcctgttgtagctctttgcgcaataaatcatttattttgtctggattgaatagagcttgagcaaaatct

ttggtaaaatcattcatgaaggagttcttctttctgtatgtgtttttttgttcaaaccaatcatacgagaaaggaactcctttttctaatgttt

aaagaaataaatttaaggaatcattcatccttacacaaactattttacagtctcattcttcataaaccacatcctagaaaagaactatt

accatatcaaatcaaacaaattcaagataaaatcaaagagatgaataaagatgaaaaaaactaatcaatatatgaagtataagg

gttatgaaggttcaattgaatatactttggaggataagattctttttggtaaggttcaggggattaagagtcttatttcttacgaaggtaat

acaatagatgaattggagaaggattttcaaggagccattgatgattatctaatgagctgtaaggaagatggagttataccagagaaa

ccttttaaaggtaattttaatgtgcgcattgatccttcattacatgaaaaattggctaattatgctgcaacgaagcaccaatcattgaat

gctagtgtagaagaagctataaaaagatttttggcttaggtgaaagacgcttggaatttttcaagcgtttttttcatgaaaacaattgct

aaattcattgaatgagtgtactattttagtataacaatagttgaacgggtgatgtcggcgatatagg 

 

➢ HigB/HigA 

tactgatgatgaacatgcccactctggttggttcctagctaaaataggggtcgtactagtcgggtaatcagatgaattggatatttgg

gtgtggtcagctaataataggagcaagagtcggatggattgagatatacacgtgatacgggtataatcgattaagaattttgcagat

aaggaaactcacaaggtttaccaacaaaaattctctaaacaattgccaccaaccattcagcaattagcattgcgaaaattactaat

gattgatcatgcggaaacaattaatgatttgagcctaccgcctgccaatcacttggaaaaattaagtcatgatcgccaagggcaat

atagcatcaggattaataatcagtatcggatatgttttgcaattcgaaatggtaatgagttttatgatgttgaaatagtcgattatcatca

tggttaggagaccaaaaaatgaatgaaatcccaacacctaaaattagtgaaattcttgaagaagagtttatggctcccttgcatatc

tctgcatattttttggctcaacagattggggtacccacgtcacggattcaagacttactacatgatcgtcgacaggtgacggttgatac

atcgctgcggctaggacgattctttggagtgtcggatcgttatttcttggaacttcaaaatgatattgaaattcgtaatttgaaacagat

acatggtgctgaatatgcacagataaaaaagtatcaagtcagttaaataaggacgtagaccgtagttgcttggtagcgtactacgg

tttttgcaaatataacctaaactgataagcagcagatcttaaattttaaggttatcaacaggtggataaagcagtggcgtttgtattatc

cacctgttgataatcattgagttggttaattgtactttcactactgggttaactggtcgtgagaaaaatggtcaagcattagtttcgtggt

gatgtcggcgatatagg 

 

➢ Txe/Axe 

acgcgtaacaaacacattcattaataacaatcaacactaagctatattagctttttaaatgactagggtaaataaaataaggatcaa

aaacttttaagtttctgaccctttccttacttccgattggttaatagtgatcttttgcagaataaataaatatcgtttcattttcaactctata

tatcagtctatgttcatctgtaattcttctggaccattttccagataaatcatgctttaatggctcaggttttcctaatccagcaaagggg

gaacgatcgatatcttttattaacttgttaatcttttttatattgcttttgtttccttgctcatgccaataaagataatcatcccaagcatcat

cagaccaagccttaatcatcagattcaacctcgattaagtcatgtgttttaaatgcacctttggagaattgttcatctcctcgacgaatt

ttttccatgacgtaattattagaaagtgttctcaacgtttcttgcatagaatcataatctctttttgataatacaacaactgtatcttctacat

ctttacttgttacaataagtgtttcagcatcctcattaacttgtttcatataactacgtaaattttggcggaaatttgaataagctactgct

tccattcctttcaccccttatttatttctataaaacaattgtacattatattgtacaattaagcaaatgattaatattctaacttcttataatt

aaaagtgctatcacttttagtttttaggataaaaggtgacgtcactttttgagtgctggtacctcaaatcctgctttt 

 

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
R
, P

L, and P
tlpA 

driven mCherry 

expression in L. plantarum WCFS1 after 18 h incubation at 37°C. (B) Fluorescence Spectroscopy 

analysis of the P
R
, P

L, and P
tlpA 

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 P
tlpA

 driven 

mCherry expression in comparison to P
R
 and P

L
 promoters at 37°C (D) RFU Plot of mCherry 

production by plasmids pTlpA and pTlpA39 after 18 h incubation at thermal gradients ranging 

from 31°C to 41°C. The pTlpA39 plasmid encodes for additional P48 promoter-driven codon-

optimized TlpA39 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 P
tlpA

, P
23

, P
48

, P
spp,

 P
tuf 

driven mCherry expression and Empty Vector constructs in L. plantarum WCFS1 

cultivated at 37°C for 18 h (Scale = 10µm). (B) Fold Change of the P
tuf

, P
23

, P
48

, P
spp,

 driven 

mCherry expression normalized to the expression level of the P
tlpA 

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 P
23

, P
48, and P

tuf
 driven mCherry expression showing 

enhanced fluorescence expression in contrast to P
spp

 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 P

tlpA 
promoter-driven mCherry expression with 9 bp spacer 

(between the RBS and the start codon) in comparison to the P
tlpA 

-6 bp spacer construct.  

 

 

Supplementary Figure S5. (A) Flow cytometry plots showing that strains with P
23

-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 P

tlpA
 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 -35 to -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 

P41 -35 -TGACAGGGCTGTGATGGTGTGGTATTGT -10 0.50 

P43 -35 TTGACAGGATAAAGGTCGCCTGGTATGGT -10 0.74 

P40 -35 TCAACATACATGGATCG---TGGTATGTT -10 0.91 

P44 -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 

P5 -35 TTGACACACAAAACCAGACATGGTATTAT -10 2.75 

P33 -35 TTGACATGTGACCCGTTTTATGGTATTAT -10 4.58 

P21 -35 TTGACATTCGGGGCATCTCGTGGTATAAT -10 4.84 

P26 -35 TGGACAAGTGATAAAACGGGTGATATGAT -10 5.06 

P22 -35 TTGACAGATTAGGGCGGTCATGGTAAAAT -10 5.23 

P18 -35 TTGACAGGGAGGCTTCGTTGTGATAAGAT -10 5.79 

P47 -35 TTGACAGACGCGGGAGAATATGGTAAAGT -10 5.65 

P16 -35 TTGACATCCCCCTCTCTTTCTGGTATAAT -10 5.76 

P3 -35 TTGACAAAGAAGCCGGGTTTTGGTATAAT -10 5.93 

P29 -35 TTGACAGTTCTGGCTGGATATGGTAAACT -10 6.51 

P6 -35 TTGACAGGCAGCCATCTCTATGGTAAAAT -10 7.04 

P38 -35 TTGACAGAATGTTTTTGTAGTGGTATAAT -10 7.56 

P30 -35 TTGACAGCCGAGGTACCATGTGGTATAAT -10 7.69 

P31 -35 TTGACAAAAGTCCCAGGGTATGATATACT -10 8.04 

P8 -35 TTGACAAATTCCGGTGTCTATGGTATTCT -10 8.64 
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P25 -35 TTGACATTAAGGCACATCATTGATATGGT -10 8.94 

P35 -35 TTGACATGCAGGGAGTTTGTTGGTATAAT -10 9.49 

P1 -35 TTGACAGGGATATTAGAGTATGGTATGCT -10 10.74 

P4 -35 TTGACACGCGCAGCAAGGCATGATATAAT -10 14.60 

P11 -35 TTGACAGAATGGACATACTATGATATATT -10 15.70 

P48 -35 TTGACATGGAACGAGGAATGTGATAATCT -10 15.79 

P23 -35 ATGACAAAAAGAGAAAATTTTGATAAAAT -10 19.86 

PTuf -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, I., 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 PTuf from this study were estimated based on the 

expression levels we determined in relation to P48. 

 

    

Supplementary Figure S7. (A) Results obtained after screening the entire genome of L. plantarum 

WCFS1 for a PtlpA-like sequence. (B) Sequence alignment of PHAMP and PtlpA promoters. (C) Flow 

Cytometry analysis of PtlpA and PHAMP driven mCherry expression in L. plantarum WCFS1 after 18 

h incubation at 37°C. 
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