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Abstract  

Extracellular vesicles (EVs) are non-replicable proteoliposome nanostructures. The 

release of EVs is a transversal, but still overlooked, mechanism of secretion. These 

nanostructures can traffic biologically active molecules to distant targets in a concentrated, 

protected and targeted manner. Cyanobacteria are a relevant group of Gram-negative 

prokaryotes, which remarkably pioneered oxygenic photosynthesis. Knowledge on 

cyanobacterial EVs lags far behind compared to that of other bacteria. The goal of this work 

was therefore to study cyanobacterial EVs, addressing fundamental aspects of their 

biogenesis, composition and biological roles. Therefore, a solid and reproducible protocol 

for isolating and characterizing cyanobacterial EVs was established, namely for 

Synechocystis sp. PCC 6803 (hereafter Synechocystis). This well-characterized unicellular 

cyanobacterium, known as the “Green E. coli”, was the model organism used throughout 

this study. 

Basic protein analysis of Synechocystis EVs revealed a group of outer membrane (OM) 

proteins. These are SLH/OprB porins that interact with the peptidoglycan, suggesting a link 

between this layer and the OM. In silico analysis confirmed a total of six genes encoding 

these porins in the genome of Synechocystis. Using a genetic-based approach, five single 

deletion mutants were successfully generated, whereas one gene was found to encode an 

essential protein (Slr1841), under the tested conditions. Among the remaining mutants, 

slr1908, the mutant deleted in the gene encoding the second most abundant OM porin, 

produced more vesicles and presented alterations in iron uptake. Hence, in addition to their 

classical function as porins allowing inorganic ions diffusion, these proteins may play a role 

in OM structural stability and vesiculation. 

Identification of a copper binding metallochaperone, CopM, in Synechocystis EVs 

released from a copper-sensitive hyper-vesiculating strain, tolC, initiated the investigation 

of EVs as a novel and alternative copper-secretion mechanism. Metal homeostasis is 

crucial for optimal performance of cell metabolic pathways. When exposed to growth-

challenging copper concentrations, Gram-negative bacteria quickly trigger copper-

detoxification mechanisms. Along the activation of classical-detoxification systems, this 

study demonstrates that copper-stressed cells release EVs loaded with CopM. Analyses of 

tolC EVs isolated from cells cultivated under standard conditions indicated the presence 

of copper therein, in significantly higher levels as compared to those from wild-type EVs. 

Remarkably, increased vesiculation upon exposure to high levels of copper occurs in 

bacteria inhabiting completely different ecological niches, as determined for Escherichia coli 

and Pseudomonas aeruginosa. Altogether, vesiculation appears to be a common bacterial 
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response mechanism in transporting copper out of the cell, playing a role in copper-

homeostasis. 

The first steps to tweak cyanobacteria to load a protein of interest into EVs were taken. 

As proof of concept, the super folder Green Fluorescent Protein (sfGFP) reporter was used. 

A construct was assembled holding a strong, heterologous, synthetic promoter, and a native 

signal peptide, which targeted sfGFP to the Synechocystis periplasm. Characterization of 

EVs isolated from fully-segregated mutants revealed the presence of sfGFP therein. 

Accordingly, the use of Synechocystis EVs as protein carriers systems was tested, namely 

for fish. Synechocystis EVs were shown to be biocompatible with zebrafish larvae, neither 

inducing mortality nor significant inflammatory responses. Remarkably, upon immersion 

treatment with sfGFP-packed Synechocystis EVs, an accumulation of fluorescent signal 

could be detected in the gastrointestinal tract of zebrafish larvae. This work cracks open the 

potential of Synechocystis EVs for carrying proteins/enzymes to fish, potentially modulating 

their nutritional status or stimulating specific adaptive immune responses. 

Altogether, this thesis is a showcase of cyanobacterial EVs biology and biotechnology, 

paving the way for future work towards the clarification of other possible biological roles and 

as customized and targeted protein-carrier systems. 

Keywords: Extracellular vesicles; Secretion; Cyanobacteria; Synechocystis; SLH/OprB 

porins; Metal homeostasis; Copper secretion; Protein carrier. 
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Resumo 

Vesículas extracelulares (VEs) são nano-estruturas proteolipossómicas não replicáveis. 

A libertação de VEs representa um mecanismo de secreção transversal que ainda é 

negligenciado. Estas nano-estruturas podem transportar moléculas biologicamente activas 

para alvos distantes de forma concentrada, protegida e direcionada. As cianobactérias são 

um grupo de procariontes Gram-negativos relevantes, pioneiros da fotossíntese oxigénica. 

O conhecimento sobre VEs de cianobactérias fica muito aquém comparativamente a outras 

espécies bacterianas. O objetivo deste trabalho foi estudar VEs de cianobactérias, 

abordando aspetos fundamentais sobre a sua biogénese, composição e relevância 

fisiológica. Para o efeito, foi estabelecido um protocolo para isolar e caracterizar VEs de 

cianobactérias, nomeadamente para Synechocystis sp. PCC 6803 (daqui em diante 

Synechocystis). Esta é uma cianobactéria unicelular bem caracterizada, conhecida como 

a “E. coli verde”, e foi o organismo modelo utilizado ao longo deste estudo. 

Análises proteicas básicas de VEs de Synechocystis revelaram um grupo de proteínas 

de membrana externa (ME). Essas proteínas são porinas SLH/OprB que interagem com o 

peptidoglicano, sugerindo uma ligação entre esta camada e a ME. A análise in silico 

confirmou um total de seis genes que codificam essas porinas no genoma de 

Synechocystis. Usando uma abordagem de base genética, cinco mutantes de deleção 

única foram gerados com sucesso, enquanto um destes genes codifica uma proteína 

essencial (Slr1841) para a célula, nas condições testadas. Entre os restantes mutantes, 

slr1908, o mutante no qual se deletou o gene que codifica a segunda porina mais 

abundante da ME, produziu não só mais vesículas como apresentou alterações na 

captação de ferro. Assim, além da sua função clássica como porinas permitindo a difusão 

de iões inorgânicos, aqui relatamos que essas proteínas também podem desempenhar um 

papel na estabilidade estrutural da própria ME e na vesiculação.  

A identificação de uma metalochaperona que se liga ao cobre, CopM, em VEs de 

Synechocystis produzidas por uma estirpe super-produtora de vesículas e sensível ao 

cobre, tolC, iniciou a investigação das VEs como um mecanismo novo e alternativo para 

a secreção de cobre. A homeostasia de metais é crucial para o bom desempenho das vias 

metabólicas celulares. Quando expostas a concentrações de cobre que desafiam o seu 

crescimento, as bactérias Gram-negativas despoletam rapidamente mecanismos de 

desintoxicação de cobre. A par da activação de sistemas clássicos de desintoxicação, este 

estudo demonstra que células stressadas com cobre libertam VEs carregadas com CopM. 

Análises de VEs isoladas de células cultivadas em condições padrão revelaram a presença 

de cobre em vesículas da estirpe tolC, em níveis significativamente superiores 
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comparando com VEs isoladas da estirpe selvagem. Notavelmente, o aumento da 

vesiculação após exposição a altos níveis de cobre ocorre em bactérias que habitam nichos 

ecológicos completamente diferentes, como Escherichia coli e Pseudomonas aeruginosa. 

Englobando tudo, sugere-se que a vesiculação é um mecanismo de resposta comum em 

bactérias para transportar cobre para fora da célula, desempenhando assim um papel na 

homeostasia do cobre. 

Os primeiros passos para carregar uma proteína de interesse em VEs de cianobactérias 

foram efectuados. Como prova de conceito foi utilizada a proteína repórter sfGFP. Um 

constructo foi gerado possuindo um promotor forte, heterólogo, e um péptido sinal nativo, 

que direciona a sfGFP para o periplasma de Synechocystis. A caracterização de VEs 

isoladas de mutantes completamente segregados revelou a presença de sfGFP. Nesse 

sentido, foi abordada a utilização de VEs de Synechocystis como novos sistemas 

transportadores de proteínas, nomeadamente para peixes. Aqui, demonstra-se não só que 

as VEs são biocompatíveis com as larvas do peixe-zebra, assim como não induzem 

mortalidade ou respostas inflamatórias significativas. Notavelmente, após tratamento de 

imersão com VEs de Synechocystis carregagas com sfGFP, observa-se uma acumulação 

de vesículas no trato gastrointestinal de larvas de peixe-zebra. Este trabalho revela o 

potencial de VEs de Synechocystis para transportar proteínas/enzimas em peixes, 

potencialmente para modular o seu estado nutricional ou estimular respostas imunes 

adaptativas específicas.  

Ao todo, esta tese é um mostruário sobre biologia e biotecnologia de VEs de 

cianobactérias, abrindo o caminho para futuros trabalhos para o esclarecimento de outros 

possíveis papéis biológicos e ao uso de VEs como sistemas de transporte personalizados 

e direcionados de proteínas. 

Palavras-chave: Vesículas extracelulares; Secreção; Cianobactérias; Synechocystis; 

Porinas SLH/OprB; Homeostasia de metais; Secreção de cobre; Transporte de proteínas. 
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Chapter I | 3 

1. Extracellular vesicles (EVs) 

 

Extracellular vesicles (EVs) are nanostructures actively secreted by cells from all 

domains of life (Deatherage & Cookson, 2012). Protected by a lipid bilayer and unable to 

replicate, EVs are implicated in a myriad of biological functions, as secretion and 

communication. Here, the topic of EVs is introduced and a broad overview of the field 

presented, emphasizing on bacterial EVs from Gram-negative bacteria and their potential 

for bioengineering. 

1.1 EVs as fossils of the origin of life 

What is life? How did it emerge and develop? Could the original formula that gave rise 

to life be replicated? Particularly since the Age of Enlightenment, these are undeniably 

among the most intriguing questions ever concocted by curiosity. Memorable scientists, 

from the French naturalist Buffon (1707–1788) to the geneticist Haldane (1892–1964) and 

biochemist Oparin (1894–1980), passing through Lamarck (1744–1829), Darwin (1809–

1882) and Huxley (1825–1895), all devoted part of their attention to articulate plausible 

hypotheses to answer them (Tirard, 2010). Present-day researchers on the origin of life, 

armed with state-of-the-art technology, continue this quest. Here, a brief overview on life 

genesis is addressed, with a focus on the relevance of the membrane, as the ultimate 

frontier able to package life.  

Albeit not decisive for research purposes, finding a unified definition for life was deemed 

beneficial. According to its working definition, life is “a self-sustaining chemical system 

capable of Darwinian evolution” (Joyce, 1994). Thus, molecules able to self-replicate were 

suggested to fulfil a key role for the origin of life. RNA is one of such molecules (Mizuuchi 

et al., 2022). Indeed, under the RNA world hypothesis, RNA acts simultaneously as 

molecule of inheritance capable of evolution, and biocatalyst necessary for its replication 

and growth (Bernhardt, 2012). However, a cell membrane is still required to perform 

essential homeostatic, metabolic and motility functions (Cantine & Fournier, 2018). In 

agreement, a Lipid world theory was proposed in which protocells, developed in a prebiotic 

environment abundant in lipids, were shaped from natural occurring primordial membrane 

vesicles (pMVs) (Segré et al., 2001). 

 Fatty acids-rich pMVs could have displayed the mandatory compartmentalization for 

nascent cells to concentrate key prebiotic chemical components, enabling natural selection 

to follow (Szostak et al., 2001). Moreover, as lipid vesicles were shown to be stable between 

0 and 100 degrees Celsius, these temperature variations were suggested to occur in pMVs, 

supporting the occurrence of initially distinct cellular processes (Mansy & Szostak, 2008). 

For instance, RNA primitive replication could have benefited from these temperature 
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variations, performing strand separation at higher temperatures and a template-copying 

mechanism at lower temperatures (Mansy & Szostak, 2008). Also, improved nutrient uptake 

at elevated temperatures, due to increased pMVs fluidity, could have augmented the lumen 

concentration of relevant molecules, revealing an incipient membrane selectivity (Mansy & 

Szostak, 2008). How this equilibrium was maintained remains puzzling. In addition, under 

particular growing conditions, lipid vesicles exhibit fission behaviour, pointing towards a 

rudimentary self-sustaining capacity (Svetina, 2009). Theoretically, this mock self-

reproducing mechanism allowed transference of compositional information to the sibling 

vesicles, as a similar membrane and lumen content are inherited from the parent vesicle. 

Therefore, pMVs were suggested to be tightly coordinated with the development of 

protocells and their gradually evolving metabolism. These pMVs are the best candidates as 

original vessels that concentrated and dramatically increased the chances for life to occur. 

During the course of evolution, membrane vesicles (MVs) continued to be involved in 

relevant biological roles, such as cellular compartmentalization (e.g. organelles), storage 

(e.g. spatially limited accumulation of energetically favourable compounds) and molecular 

transit (e.g. endocytosis and exocytosis). Indeed, part of the intracellular (e.g. transport via 

lysosomes) and intercellular [e.g. secretion of extracellular vesicles (EVs)] trafficking are 

MVs-mediated processes (Fernández-Trillo et al., 2017).  

Interestingly, EVs release is ubiquitous to all domains of life (Deatherage & Cookson, 

2012). They invariably present a similar architecture – a lipid membrane limiting a soluble 

lumen. EVs are regarded as a non-classical secretion route, by which organisms can 

exchange both soluble and insoluble material with their environment.  

 

This chapter will now focus on a historical perspective of the EVs field as a way to 

position and lead the reader through this incredible journey that started more than 80 years 

ago. Afterwards, the spotlight will move on to bacterial EVs, mainly derived from Gram-

negative bacteria. All paving the way to introduce a relevant evolutionary group of Gram-

negative oxygenic photosynthetic prokaryotes – Cyanobacteria – and their EVs. 

1.2 Storytelling overview of the field  

Today, extracellular vesicles are commonly regarded as non-replicating nanostructures 

that are delimited by a lipid bilayer (Théry et al., 2018). Nevertheless, this consensual and 

standard concept of EVs was challenging to define (Couch et al., 2021). It is necessary to 

grasp the full history behind this designation to comprehend the present mentality in the 

field. To do so, we need to board on a past time travel, going beyond the bacterial EVs 

niche area. 
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The first unknowingly isolations of EVs were performed in the 1940s in the eukaryotic 

field, with studies of blood coagulation by the duo Chargaff and West (Chargaff, 1945; 

Chargaff & West, 1946). To evaluate the effect of high speed centrifugation on clotting time 

of human plasma, Chargaff enigmatically observed that increasing the centrifugation speed 

and adding the resultant pellet to the supernatant plasma shortened considerably the 

clotting time (Chargaff, 1945). Shortly after, they unveiled a ‘particulate fraction’, pelleted at 

31,000 g, possessing high clotting potential. They went on suggesting that it included a 

myriad of sub-micron size “blood corpuscles” (Chargaff & West, 1946). However, these 

reports did not trigger the attention of the scientific community. Almost 20 years passed until 

Peter Wolf described a similar particulate material originated from platelets and similarly 

obtained by high-speed centrifugation – what is referred now to as the extracellular vesicle 

(EV) fraction (Wolf, 1967). Analysing it by transmission electron microscopy, Wolf labelled 

what he saw as “platelet dust” (Wolf, 1967). In fact, “EVs” as a catch-all term is frankly 

recent but follows the International Society for Extracellular Vesicles (ISEV) implemented 

guidelines (Théry et al., 2018). As the field developed, various types of EVs were 

discovered, being clear the necessity for a precise nomenclature. These names are based 

on biogenesis pathways, being exosomes and microvesicles (or ectosomes) the most 

famous. Within the current Minimal Information for Studies of EVs (MISEV) 

recommendations, the term ‘exosome’ is used to describe vesicles released following the 

fusion of multivesicular bodies (MVBs) with the plasma membrane, while 

“microvesicle/ectosomes” refers to vesicles that are produced directly by outward budding 

at the plasma membrane.  

Practically at the same time that Wolf was studying “platelet dust”, bacterial EVs were, 

for the first time ever, documented (Knox et al., 1966). It should be highlighted that, in earlier 

bacterial ultrastructural works, EVs were already distinguishable, but not clearly reported 

[e.g. (Bladen & Waters, 1963)]. The original observation undoubtedly pointing to bacterial 

EVs as differentiate “particles” were performed by Knox and colleagues in Escherichia coli 

(Knox et al., 1966). In this work, transmission electron micrographs depicting the cell wall 

ultrastructure seemed to indicate detachment of nanospherical structures characterized by 

a single membrane surrounding an electron-dense centre. It was suggested that these 

particles participated in the secretion of lipopolysaccharides (LPS) and lipoproteins (Lpp). 

More observations quickly followed, namely in the oral bacterium Veillonella parvula 

(Mergenhagen et al., 1966) and in the human pathogen Vibrio cholera (Chatterjee & Das, 

1967). Interestingly, V. cholera released EVs possessing toxins, mainly during its log growth 

phase (Chatterjee & Das, 1967). Despite these promising observations, bacterial EVs were 

primarily disregarded, considered as mere artefacts of growth and deemed not relevant for 
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bacteria (Zavan et al., 2020). It took almost ten years and the identification of “extracellular 

membranous material” in the spinal fluid of meningococcal patients (Devoe & Gilchrist, 

1973, 1975) to ignite definitely the interest on bacterial EVs. Again, the hypothesis was that 

Neisseria meningitidis EVs were enriched in toxins, and produced in the log phase. At least 

in the context of pathogenesis, it seemed imperative to understand bacterial EVs’ formation 

processes, their functions within the host and how they benefited bacteria. Today, EVs are 

accepted as part of the normal bacterial functioning, as a continuous and fundamental 

homeostatic secretory mechanism, and are crucial in various physiologically relevant 

settings (Zavan et al., 2020).   

Bacterial EVs nomenclature is equally controversial. It is worthwhile mentioning that, in 

1976, as these nanostructures seemed to derive exclusively from the outer membrane (OM) 

of the Gram-negative cell wall, they were proposed to be named outer membrane vesicles 

(OMVs) (Hoekstra et al., 1976). The term OMVs was coined then and it prevailed, as most 

of the bacterial field advanced for many years on top of that terminology. Nevertheless, and 

like their eukaryotic counterparts, recent findings unveiled new types of bacterial EVs based 

on their formation routes (Toyofuku et al., 2019) (further discussed in section 1.3 EVs in 

Gram-negative bacteria – 1.3.1 Biogenesis). “Bacterial EVs” is a fits-all term. Several types 

of EVs can be simultaneously released through different biogenesis mechanisms. Those 

EVs can share, or not, defining characteristics, such as size and buoyant density. Hence, it 

is challenging to clearly discriminate between them using the implemented isolation “bulk” 

methods (Couch et al., 2021). Implementing further purification steps can positively 

increase the purity of the vesicle sample, for instance by removing soluble extracellular 

proteins (Klimentová & Stulík, 2015). Nevertheless, if not performed properly, purification 

could bring an unintentional bias towards particular types of EVs by enriching them in the 

final vesicle fraction. Importantly, in a single vesicle population, not all cargoes may be 

contained in the same vesicle, and different types of EVs with distinct cargo profiles may 

result from diverse production pathways (McMillan & Kuehn, 2021). Moreover, bacterial EVs 

derived from Gram-positive bacteria were also discovered and called membrane vesicles 

(MVs), as bacteria lack an outer membrane. Although far behind in terms of accumulated 

knowledge in comparison with Gram-negative bacteria, they are taking advantage of related 

research already performed (Palacios et al., 2020). Strikingly, although fundamental 

differences between the architecture of their cell envelope exist, mounting evidence show 

similarities on cell wall remodelling processes governing bacterial EVs formation (McMillan 

& Kuehn, 2021). Altogether, the term “bacterial EVs” is used here to refer to the whole 

population of vesicles released by cells at a specific phase of growth, irrespective of their 

formation pathway. 
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Since the early years of the 21st century, the interest on EVs skyrocketed, as mirrored 

by number of publications and related grants, patents and emerging companies (Bazzan et 

al., 2021). The foundation of this interest is the capacity of vesicles to safely and specifically 

transport multiplex biological cargoes to distant cells. Yet, this is also a consequence of a 

massive organization of the EVs’ field community, which culminated with the formation, in 

2011, of the ISEV. Mainly, ISEV plays a key role on the standardization of the field, which 

is best exemplified by “position papers”, such as the previously mentioned MISEV 

guidelines, out in 2014, updated in 2018 (Lötvall et al., 2014; Théry et al., 2018), being the 

next revision planned to 2022. On top of that, they weave international collaborations by 

organizing meetings and workshops, and propelled the formation of numerous national local 

networks. Those, in their turn, conduct their own local meetings and support EV research 

within their own countries (Couch et al., 2021). In Portugal, the first Portuguese Network on 

Extracellular Vesicles (PNEV) meeting happened in 2021, leaving as prospect the formation 

of an official national entity. Nevertheless, it should be highlighted that ISEV, and nascent 

national entities, are unintentionally pushed to research eukaryote derived EVs. Even 

though a considerable recent effort to balance this “eukaryotic vs prokaryotic” EVs attention 

was implemented, this movement imperatively needs to speed up.  

The field of EVs is now well established. However, its fast escalation promoted some 

inconsistencies, namely in best practices for isolation and analytical methods, which 

complicates comparisons between studies. To report findings properly and consistently is 

the key factor, as no universal agreement on these topics exists. All protocols to isolate and 

characterize EVs have their pros and cons, being the driving compass to choose one 

particular method that will enable a certain level of homogeneity for an intended 

downstream application (Gardiner et al., 2016).  

 

Bacterial EVs as a distinct and regulated secretion pathway is now openly accepted. 

This notion comes from rising evidence regarding their mechanisms of release, composition 

and their implication in a myriad of biological roles. But, how are bacterial EVs formed? 

What are they made of? Why do bacteria vesiculate? Do they have any biotechnological 

applicability? These questions have catalysed different works, whose results are 

summarized below. 

1.3 EVs in Gram-negative bacteria 

Bacterial EVs are resistant and discrete spherical lipid bilayered nanostructures, ranging 

between 20 and 500 nm in diameter, derived from the cell envelope and unable to replicate 

(McMillan & Kuehn, 2021). Discovered more than 50 years ago, it was initially postulated 
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that they were mere artefact remnants of bacterial growth, originated from dead cell debris. 

Nonetheless, further investigations demonstrated that vesicles production was not solely a 

consequence of cell lysis, or even loss of membrane integrity (McBroom et al., 2006; 

Schertzer & Whiteley, 2012). Detection of bacterial vesicles in laboratorial and, above all, 

natural settings, aided in the validation of this secretion system (Biller et al., 2014). Evidence 

of their involvement in triggering genetic regulation (Roier et al., 2016) and in stress 

response pathways also contributed to this notion (Kulp et al., 2015). Nowadays, studies 

regarding their compositional aspect and biogenesis pathways continue, and are crucial to 

understand bacterial EVs biological roles. 

1.3.1 Biogenesis 

 

How are Gram-negative bacterial EVs formed? Biogenesis studies mainly address the 

classical concept of OMVs, and so, most of the models describing vesicle formation and 

release derive from this perspective. However, new types of vesicles have been discovered 

and characterized, namely outer–inner-membrane vesicles (OIMVs), explosive outer-

membrane vesicles (EOMVs) and tube-shaped membranous structures (TSMSs) 

(Toyofuku et al., 2019). As research advances, due to better-suited technology, it would not 

be a surprise to discover in the future even more types/subtypes of bacterial EVs. 

EVs originate from the cell envelope. A detailed understanding of the bacterial cell wall 

composition and architecture is key to analyse the mechanisms involved in vesicle 

formation. Gram-negative cell envelope (Figure 1) subdivides into three main structures: 

the inner membrane (IM), the outer membrane (OM), and the peptidoglycan (PG) layer, 

found in the periplasmic space (Silhavy et al., 2010). While the IM is a typical lipidic bilayer 

that acts as an electrochemical barrier, the OM is composed of two different leaflets, being 

the innermost commonly composed of lipids and the outermost of lipopolysaccharides 

(LPS) (Silhavy et al., 2010). LPS consist of an interior hydrophobic lipid A portion, a core 

oligosaccharide and an exterior hydrophilic O-antigen, and are also known as endotoxins 

(Schwechheimer & Kuehn, 2015). The periplasm is an oxidative environment that allows 

protein folding, but it is deprived of nucleotide sources of energy, such as ATP or GTP 

(Silhavy et al., 2010). The thin-net-like PG layer found in the periplasm gives bacteria their 

shape and protection from osmotic and sheer stresses. Moreover, envelope proteins can 

be soluble (found in the periplasmic space), partially anchored to the leaflet of either 

membrane via covalently attached bridges [e.g. Braun’s lipoproteins (Lpp)], or 

transmembrane proteins. Envelope stability derives from various crosslinks, namely the 

Braun’s Lpp connecting the OM to the PG, the non-covalent interactions between the PG 

and the porin outer-membrane protein A (OmpA), and the non-covalent interactions 
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between the PG and the Tol–Pal complex that spans from the IM across the periplasm to 

the OM (Schwechheimer & Kuehn, 2015).  

A selective permeable cell membrane is the ultimate frontier against an often-harsh 

extracellular milieu, shielding it from physical and chemical stresses. However, bacterial 

cells are not static entities. They are constantly integrating and reacting to a myriad of 

environmental stimuli. Hence, cell walls are firm barriers showing an essential degree of 

plasticity, allowing EVs generation and release. Accordingly, various not mutually exclusive 

vesicles formation pathways have been proposed (Figure 2). They are based essentially 

on: i) the modulation of OM-peptidoglycan links, ii) the existence of nanoterritories and iii) 

lipid microdomains. 

 Regarding the modulation of outer membrane-peptidoglycan links one can give the 

examples of porin OmpA and Braun’s Lpp, which are distributed over the cell envelope, and 

have PG binding sites (McMillan & Kuehn, 2021; Schwechheimer & Kuehn, 2015). When 

these connections are locally broken, either by a temporary decrease in overall abundance, 

or a localized displacement of linkages, small OM portions bulge away, resulting in 

vesiculation. In agreement, several reports show hypervesiculation phenotypes in OmpA-

deficient mutants (Deatherage et al., 2009; Park et al., 2012) and when the abundance of 

Figure 1. Representative schematic of the Gram-negative cell envelope. The cell 

envelope is subdivided into three main structures: inner membrane, outer membrane (OM), 

and peptidoglycan layer, found in the periplasm. Lipopolysaccharides (LPS) constitute the 

outer leaflet of the OM. Adapted  from (Matinha-Cardoso et al., 2022). 
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Braun’s Lpp is reduced (Deatherage et al., 2009; Schwechheimer & Kuehn, 2013). 

Interestingly, the inverse is also true, i.e., increasing the number of linkages results in a 

reduction of vesicle production (Schwechheimer et al., 2014; Schwechheimer et al., 2015). 

Some argue that the absence of these major players directly affect membrane stability, and 

so generate vesicles that otherwise would not be produced. Nevertheless, one can claim 

that tweaking their abundance is a potential form to modulate vesiculation. 

Another vesiculation model involves periplasmic nanoterritories, areas of the cell 

envelope with distinct biophysical properties, in which misfolded proteins and other affected 

cellular components accumulate, like PG fragments and LPS (McMillan & Kuehn, 2021; 

Schwechheimer & Kuehn, 2015). Following this abnormal confined build-up of biomolecules 

in the periplasm, envelope integrity decreases locally, resulting in the blebbing of the OM 

loaded with lumen content, which eventually pinches off, and a vesicle is released. Thus, 

this model serves to relieve membrane pressure, and is generally coincident with stress 

response pathways (McBroom & Kuehn, 2007; Schwechheimer et al., 2014). 

Another hypothesis has been proposed in which changes in the chemical features in 

lipids of the OM may promote vesiculation. Local integration of specific LPS or 

phospholipids, and/or specific LPS-associated molecules, leads to a fluidity and flexibility 

alteration in membrane microdomains (Schwechheimer & Kuehn, 2015). Selective export 

of hydrophobic molecules via EVs is used by bacteria to rapidly and bulkily detach lipid 

molecular forms, allowing cell envelope remodelling (McMillan & Kuehn, 2021). For 

instance, vesicle release linked to temperature alterations was shown in various bacterial 

species (Frias et al., 2010; McBroom & Kuehn, 2007). However, Pseudomonas aeruginosa 

does not display EVs production variations in response to temperature (Macdonald & 

Kuehn, 2013). Indeed, responses to environmental shifts, like temperature variations, are 

affected by bacterial cell envelope particularities, which differ between species. In addition, 

specific extracellular LPS-associated molecules can promote vesiculation (Toyofuku, 

2019). After binding, and due to their chemical nature, they force the membrane to curve 

and the outer-leaflet of the outer membrane to expand. This creates a disequilibrium that 

facilitates vesicle budding and release. For example, P. aeruginosa vesiculation is promoted 

by the quorum-sensing molecule Pseudomonas quinolone signal (PQS), following this route 

(Mashburn & Whiteley, 2005), which is independent of stress responses (more about PQS 

below, in section 1.3.3 Biological roles). 

Other vesicle biogenesis mechanisms have been described (Toyofuku et al., 2019). One 

is particularly important to explain the presence of cytoplasmic material in bacterial EVs. 

Outer-inner membrane vesicles (OIMVs) originate from a localized complete cell envelope 
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detachment, which involves both the IM and the OM (Pérez-Cruz et al., 2015; Reimer et al., 

2021). At the base of their formation is an in situ perturbation of the PG layer performed by 

autolysins, which enable the invasion of the periplasm by the IM. This creates a local 

pressure to pinch-off an OIMV, whose envelope is similar to that of the producing cell. 

Despite putting forward an explanation for the presence of nucleic acids and cytoplasmic 

proteins in bacterial EVs, potential mechanisms of OIMV selective packaging are unknown. 

In addition, vesicle production can result from explosive cell lysis in P. aeruginosa (Turnbull 

et al., 2016). Explosive outer-membrane vesicles (EOMVs) result from a general endolysins 

attack on the PG layer that trigger cell lysis. Afterwards, there is a recognized lipid self-

aggregation phenomenon of membrane cell debris into EOMVs. As they randomly capture 

buoyant cellular material, their composition may vary greatly from other EVs types. Tube-

shaped membranous structures (TSMSs) are considered a different type of EVs. These 

include nanotubes, nanowires and nanopods. TSMSs are biological structures found 

between cells, and can be encountered in Myxococcus xanthus (Remis et al., 2014). As 

they connect the periplasm of neighbouring cells and can exchange biological material, 

TSMSs seem relevant in biofilms (Zingl et al., 2020). Notably, EVs have also been observed 

to be released from nanotubes in the opportunistic pathogen Vibrio vulnificus (Hampton et 

al., 2017).  
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Taken all together, no single and universal bacterial EVs’ biogenesis route exists. 

Instead, several pathways have been described, some pointing to a general and 

independent stress response pathway (McMillan & Kuehn, 2021). Yet, all these 

mechanisms of vesicle production and release can occur simultaneously. Accordingly, the 

absence of EVs null-mutants could be due to the impossibility to suppress all EV production 

Figure 2. Gram-negative extracellular vesicles biogenesis models. Different types of 

EVs (upper left panel) have been described: the classical outer-membrane vesicles 

(OMVs), outer–inner-membrane vesicles (OIMVs), explosive outer-membrane vesicles 

(EOMVs) and tube-shaped membranous structures (TSMSs). OIMVs (upper right panel) 

have been proposed to form as a result of the action of peptidoglycan hydrolases in specific 

regions of the cell envelope, promoting the protrusion of the inner membrane into the 

periplasm and forcing the outer membrane to bulge. Different hypotheses have been 

formulated to explain the formation of OMVs (lower panels), including modulation of the 

outer membrane–peptidoglycan links (left lower panel), lipid/LPS differential composition in 

specific regions of the outer membrane, termed lipid microdomains (middle lower panel), 

and accumulation of misfolded periplasmic proteins or envelope components in 

nanoterritories (right lower panel). Inset in each panel highlights different key components 

putatively involved in OMV formation, as per the respective model. Retrieved from (Lima et 

al., 2020). 
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mechanisms at the same time (Coelho & Casadevall, 2019). Abolishment of a mere 

subpopulation of vesicles would go unnoticed. Most protocols to isolate bacterial EVs are 

“bulk” methods, which mean that the isolated vesicle fraction is highly heterogeneous 

(Couch et al., 2021). This highlights the complexity and careful evaluation that a vesicle 

fraction analysis requires, and anticipates an intricate genetic background. Moreover, the 

physiological state of the cells at the moment of harvest is another key parameter. These 

are all crucial factors to consider when analysing the molecular composition of bacterial 

EVs.  

1.3.2 Composition 

 

What are Gram-negative bacterial EVs made of? EVs composition is directly related to 

their biogenesis process. In agreement, these spherical nanostructures are enriched in OM 

components, namely LPS and OM proteins. In addition, vesicles have also been shown to 

contain periplasmic proteins, PG fragments, metabolites, and even cytoplasmic proteins 

and nucleic acids (DNA and RNA) (Figure 3) (McMillan & Kuehn, 2021; Schwechheimer & 

Kuehn, 2015; Zingl et al., 2020).  Procedures to isolate, purify and characterize vesicles are 

now constantly improving, refining compositional analyses. Several examples show EVs’ 

selective cargo enrichment comparing to the producing cell. Hence, compositional data 

contributed drastically to the view of EVs as a bona fide secretory process.  

 

Figure 3. General composition of EVs from Gram-negative bacteria. Vesicles are 

composed mainly of outer-membrane components (lipopolysaccharides (LPS); outer-

membrane proteins; and lipids), periplasmic content (proteins; peptidoglycan fragments; 

metabolites), and, in some instances, even cytoplasmic proteins and nucleic acids (DNA 

and/or RNA). Retrieved from (Lima et al., 2020).  
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Packaging EVs with proteins upon environmentally stressful conditions contributes 

ultimately to bacterial viability. For instance, in response to oxidative stress, it was 

demonstrated a preferential allocation of oxidized proteins in E. coli’s vesicles (Orench-

Rivera & Kuehn, 2021). This could be regarded as a mechanism to avoid deleterious effects 

caused by the damaged proteins, if not actively secreted. Moreover, selective export of 

lipids through EVs can also occur. The pathogen Salmonella typhimurium, the principal 

culprit of food poisoning in Western countries (Chimalizeni et al., 2010), was subjected to 

biochemical conditions that replicated the transition from an extracellular to an intracellular 

host setting (Bonnington & Kuehn, 2016). Interestingly, when shifted to “intracellular 

conditions”, cells secreted EVs with less-modified LPS species. Consequently, S. 

typhimurium cell envelope retained preferentially more-modified LPS species, helping in the 

adaptation towards new challenging conditions. Still in the pathogenesis context, various 

reports show the traffic of virulence factors, like toxins, by bacterial EVs. Perpetrator of most 

cases of traveler's diarrhoea and children's diarrhoea worldwide, the enterotoxigenic E. coli 

(ETEC) secretes the heat-labile enterotoxin (LT), both by classical (mediated through 

protein complexes integrated in the cell envelope) and non-classical (EVs-mediated) 

secretion mechanisms (Horstman et al., 2004; Horstman & Kuehn, 2000). In summary, 

soluble LT and LT-EVs trigger different responses and act through different mechanisms 

(Chutkan & Kuehn, 2011). Bacterial EVs contain molecules, such as LPS, known to trigger 

host immune responses (Wang et al., 2019). Thus, it is not surprising that vesicle associated 

toxins elicit distinct reactions as compared when available in their free form, determining 

the type and magnitude of host response. Besides LT, other toxins from different pathogens 

are enriched in their EVs, as the major outer membrane porin (PorB) from Neisseria 

gonorrhoeae (Deo et al., 2018), the cholera toxin from Vibrio cholera (Zingl et al., 2021) and 

the vacuolating toxin (VacA) from Helicobacter pylori (Chew et al., 2021), just to mention a 

few. Nucleic acids have also been detected in bacterial EVs, both in laboratorial and 

environmental settings (Biller et al., 2017; Biller et al., 2014; Pérez-Cruz et al., 2015). DNA, 

which can be on the surface and in the lumen of EVs, have been linked to bacterial and 

bacteria-host cell interactions. Notably, in P. aeruginosa, complete DNA fragments 

encompassing regions that encode proteins involved in virulence, stress response, 

antibiotic resistance and metabolism were detected in EVs (Bitto et al., 2017). Interestingly, 

bacterial DNA associated with vesicles was able to enter eukaryotic cells (Bitto et al., 2017). 

Regarding RNA, all classes were already detected in bacterial EVs (Lécrivain & Beckmann, 

2020). Using a new modified RNA-sequencing protocol in E. coli O6:K15:H31 536 (UPEC), 

three EV-RNA libraries were generated: small - 15–50 nucleotides (nt), medium - 50-200 nt 

and large - >200 nt. While rRNA was present in all of them, 27% of the RNA found in the 

small library was tRNA (Blenkiron et al., 2016). In any case, it remains unclear how these 
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nucleic acids are packed into EVs, and after entrance into the host or neighbouring bacteria, 

even if these fragments can be transcribed and/or translated.  

To sum up, all major macromolecules were detected in Gram-negative bacterial EVs. 

Notably, bacterial cells can, when necessary, regulate vesiculation to secrete selected 

compounds. Particular vesicle composition found in different bacterial species derives 

essentially from their cell envelope characteristics and how they react to distinct 

environmental settings. As these nano-vessels recreate within their lumen a cell-like 

microenvironment, safer and distant transport of their cargoes can occur. Moreover, most 

of the studies addressing the topic of EV composition focus on analysing the effects of 

relatively pure EVs samples, recognized today to be mainly a mixture of subtypes of vesicles 

(Couch et al., 2021). Allied to the advance of isolation techniques, it is expected that 

different subpopulations of vesicles have differential composition and specific roles. 

However, one should not forget that, in the true environmental stage, bacteria secrete 

simultaneously a variety of EVs, as well as soluble biomolecules, which can in their turn 

interact with vesicles. Therefore, even if a solid and independent investigation of all these 

individual characters is required, using the entire complex mixture could bring novelties and 

reveal the full scene about their physiological relevance.  

1.3.3 Biological roles 

 

Why do bacteria vesiculate? This is a fundamental question. Today, vesicle release is 

a well-accepted secretory process. Evidence of distinct formation mechanisms and 

differential packaging of EVs support this view. Obviously, these topics are not yet 

completely comprehended, as many open questions persist about their mechanisms of 

action, and whether they are fully shared across bacterial species. Yet, the beneficial or 

detrimental aspect of vesiculation to bacteria is a pressing topic (McMillan & Kuehn, 2021). 

One should not forget that releasing EVs is energetically demanding for the bacterial cell. 

Also, EVs trigger host immune responses (Johnston et al., 2020), ultimately aiming to 

decrease bacterial survival. This creates a paradox towards the benefits of vesiculation, 

which deserves further comment. Why do bacteria would invest time and energy in 

something that could turn into a disadvantage? McMillan and Kuehn have recently reviewed 

this question from the “bacterial point of view” (McMillan & Kuehn, 2021). Ultimately, from 

a Darwinian perspective and as transversal mechanism, the price of releasing EVs should 

outweigh their costs. Here, an overview of the pros and cons inherent to bacterial EVs 

production is presented, emphasizing their physiological relevance for fulfilling various 

biological roles (Figure 4).  
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One of the main advantages is to allow a swift and sustainable membrane remodelling 

capacity. In this regard, EVs are a way of removing in bulk unwanted lipid species. To adapt 

to an ever-changing environment, bacteria need to regulate the composition of the cell 

envelope. These include LPS biochemical alterations – lipid A decoration, core 

modifications and/or O-antigen length - that render the membrane more suitable to specific 

environmental settings (Bonnington & Kuehn, 2016; Simpson & Trent, 2019). However, 

these are all cytoplasmic occurrences and there are no reported degradation and recycling 

processes for LPS (McMillan & Kuehn, 2021). Accordingly, cells require an efficient “in situ-

outer-membrane” LPS discarding mechanism, to incorporate cytoplasmic newcomers and 

better suited molecules. To date, the release of EVs represents the only known process 

capable of this feat (McMillan & Kuehn, 2021). However, limitations of this strategy is the 

considerable amount of energy dispended. Assuming a positive energetic balance, EVs 

release can allow specific and mass removal of undesirable lipids/LPS. As they ease key 

envelope restructuration under ambient shifts, vesicles have a protective role. 

Similar reasoning applies to export selected compounds, being some of them noxious 

when accumulated intracellularly, as misfolded proteins, antimicrobials and virulence 

factors. In the particular case of pathogenesis, as mentioned earlier, EVs loaded with 

virulence factors benefit bacteria by augmenting the chances of successful host invasion 

(Nadeem et al., 2020). Instead of being promptly diffused, these cargoes exit the cell 

protected within an organic shield against environmentally and host lytic mediated 

degradation. They are safely trafficked in a concentrated manner to long-distance and 

otherwise inaccessible targets. Furthermore, EVs can pack multiple cargoes at once, which 

allow the simultaneous distribution of potent cocktails with different modes of action. Also, 

EVs’ lumen acts as native microenvironment that facilitates and preserve original properties 

of cargoes (Bonnington & Kuehn, 2014). Drawbacks of this strategy lies on the consequent 

activation of host immune responses, evolved to eliminate bacterial intruders (McMillan & 

Kuehn, 2021). Yet, one should remember that bacteria too evolved several forms to resist 

and surpass host attacks. Remarkably, bacterial EVs fulfil a key role in these 

counteroffensives. As previously discussed, fast EV-mediated bacterial cell membrane 

restructuring is an effective form of resistance. On one side, the host offensive is designed 

against protein and lipid species of EVs that no longer dominate the bacterial envelope 

landscape. On the other side, enriched in those amphiphilic molecules and antigens, EVs 

are themselves decoys packed with substances that can actively degrade host’s 

antimicrobial compounds. Worthwhile noticing that, in these particular cases, host antibody 

response is not fully against the bacterial cell, so allowing momentarily pathogen evasion 

(Band & Weiss, 2015; Nadeem et al., 2020). The benefits for releasing EVs are not limited 
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to the context of pathogenesis. Aggressive environments are often replete with 

antimicrobials and phages. Comparable tactics are employed there, as EVs bind and 

inactivate these threats, protecting the vesicle-producing bacteria (Biller, 2020). In complex 

microbial communities, like biofilms, some microbial members can cheat the system being 

favoured by these nano-decoys, without any energetic cost. Actually, some of them can 

even use EVs as source of carbon and energy (Biller et al., 2014). Therefore, on top of 

being involved in bacterial protection, EVs are in some cases directly implicated in 

pathogenesis, and in complex environmental niches can act as public-goods. 

Another level of the benefits of EVs concerns bacterial communication. Bacterial 

quorum-sensing is a process described to metabolically synchronize local microbial 

populations to manage extracellular resources (Waters & Bassler, 2005). Thought to occur 

solely using diffusible signalling molecules through bulk gene regulation, today, it is known 

that quorum-sensing can be triggered by EVs (Toyofuku, 2019). Actually, one single vesicle, 

loaded with signalling molecules above the threshold concentration, is enough to activate 

this type of communication (Toyofuku et al., 2017). This shifted the chemical gradient 

paradigm, in which free-diffusion results in infinite dilution of the signal, to a binary system 

approach (Toyofuku, 2019). In the latter, loaded vesicles are distributed more randomly, 

leading to heterogeneous gene expression amid the population. Long-distance signalling is 

thus viable, as signal concentration is temporally and spatially maintained within EVs. 

Moreover, the implication of vesicles in these processes uncovered the possibility of 

hydrophobic molecules to work as quorum-sensing molecules. This was unconceivable 

under the classical approach, as these molecules have trouble diffusing freely in aqueous 

environments, namely the ones with higher molecular weight or with unfavourable chemical 

properties. Signals like N-acyl homoserine lactones (AHLs) are widely used among Gram-

negative bacteria (Toyofuku et al., 2020). AHLs consist in a lactone ring and a modifiable 

acyl side chain with length ranging from 4 to 20 carbons (Arashida et al., 2018). 

Interestingly, these hydrophobic signalling molecules are carried by EVs. This was first 

demonstrated in the human pathogen P. aeruginosa, which evolved an elegant loop 

mechanism of communication (Mashburn & Whiteley, 2005). P. aeruginosa vesicles 

associate with a highly hydrophobic molecule, PQS. PQS elicits vesicle formation by 

intercalating into the outer leaflet of the outer membrane. Released vesicles, containing 

PQS in their envelope, can then simultaneously induce the expression of genes involved in 

the synthesis of siderophores and further promote vesiculation in other cells (Toyofuku et 

al., 2020). As PQS has also high affinity for ferric ions (Fe3+), EVs act as sequestors of this 

micronutrient (Bredenbruch et al., 2006; Diggle et al., 2007), conferring a nutrient acquisition 

role to EVs. Remarkably, exogenous addition of PQS promotes vesicle formation in other 
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bacterial species (Tashiro et al., 2010). Additional cases of quorum-sensing mediated by 

EVs are reported. For instance, Paracoccus denitrificans, a denitrifying bacterium inhabiting 

sludge, produces the strongly membrane associated C16-HSL (Schaefer et al., 2002). P. 

denitrificans C16-HSL-vesicles have been shown to preferentially attach to cells of the same 

type, keeping away the signal from other bacteria. Yet, P. denitrificans recognizes AHLs 

signals from other bacteria, such as C12-HSL to C18-HSL, which also bind to their vesicles 

(Morinaga et al., 2018). Hence, this bacterium can hack the microbial communication 

system, by tweaking the quorum-sensing response in its favour. From the “bacterial point 

of view”, this can be regarded both as an advantage and disadvantage. The same applies 

when addressing bacterial biofilms, which are composed of several bacterial species locally 

competing for resources. Thanks to their features, vesicles are used to communicate 

through the biofilm matrix. In this context, vesicles can promote biofilm dispersal by 

regulating bacterial adhesion, by blocking or not attachment sites. Xylella fastidiosa, a 

serious crop-threatening pathogen, colonizes plant xylem vessels. Modulating EVs release 

and thus attachment sites availability, X. fastidiosa spreads within the plant host, or stops 

when ideal for aphid transmission (Ionescu et al., 2014). Altogether, these examples 

highlight the bacterial communication role fulfilled by EVs and their impact on using 

available resources for survival or host invasion. 
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In summary, benefits for bacteria producing EVs seem to largely compensate their 

intrinsic energetic cost. Why? Because vesiculation is a key and distinct secretory process. 

As any other biological relevant mechanism, EVs production was progressively streamlined 

by natural selection. Understanding their regulation and formation processes, and how 

these reflect vesicle composition, is fundamental. 

Figure 4. Examples of biological roles proposed for extracellular vesicles from Gram-

negative bacteria. EVs have been described to be involved: in infection, by eluding the 

host immune response; as public goods, as they may carry catalytic enzymes that help 

deconstructing complex extracellular biomolecules, making them available for the EVs-

releasing bacteria and for other organisms; in horizontal gene transfer, as they transport 

nucleic acids that can be transferred between organisms; in communication, e.g., in the 

context of biofilms; in the uptake of nutrients; as decoy, for example to evade phage 

infection; and in the secretion of antibiotics. Retrieved from (Lima et al., 2020) 
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1.3.4 Biotechnological applicability  

 

We live in an era when the interactions between Human and surrounding world are 

being progressively unveiled, particularly related with the microbial world. Now, conscious 

that the first steps of human speciation were engaged with our microbial partners, there is 

an increasing awareness of their contribution for a wide range of processes. From health- 

related to ecological and industrial ones, which also directly affect us, these microbial allies 

are everywhere. Hence, the use of these microbes to advance human society is an 

attractive topic of research (Caruana et al., 2020). Bacterial EVs, due to their intrinsic and 

distinctive characteristics, display potential to be bioengineered. Accordingly, EVs have 

been associated with several technological purposes, such as to develop novel 

vaccines/vaccine platforms, to employ them as therapeutics capable of specialized drug 

delivery, or even exploring their innate potential for commercial applications (Caruana et 

al., 2020). In this work, the potential of bacterial EVs as nano-carrier systems are presented, 

with a particular focus on vaccine and bioremediation research. 

The vaccine concept is based on the capacity to acquire protective immunity against a 

particular pathogen. Inactivated/attenuated pathogens or parts that mimic it provoke the 

activation of the host natural immune system, never actually triggering the related disease 

(Caruana & Walper, 2020). It is worthwhile noticing that most of the effective known 

vaccines that have been commercialized apply a general Pasteur’s principle determining 

the strain isolation, inactivation and injection, or the use of attenuated strains. Inactivated 

biomolecules such as proteins, carbohydrates or peptides can also be used (Zepp, 2010). 

Despite being one of the best implemented and proven health technologies of our existence, 

these methods can always be enhanced. For instance, vaccines based on an antigen that 

has a feeble reaction need to be combined with adjuvants or conjugated with specific 

carriers to ignite a satisfactory immune reaction (Coffman et al., 2010). Classical adjuvants, 

such as aluminium, often leads to uncontrolled immune responses like inflammation. 

Therefore, a consensus is reached today that a vaccine must combine the minimum 

possible side effects with the maximum efficiency. Now, popular DNA/RNA vaccines are 

based on particular isolated genetic sequences that encode a protein from a target 

pathogen. Uptake of specific DNA/RNA by antigen-presenting cells, will lead to the 

transcription and/or translation into a protein, normally one presented at the cell envelope 

of that pathogen, which stimulates an immune response. However, the correct combination 

with adjuvants is still necessary.  

An “all in one” approach of the 21st century to circumvent this for vaccine development 

is the use of nano/micro-acellular systems (e.g. virus-like particles, polymeric/inorganic 
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nanoparticles, liposomes, bacterial EVs) (Grandi et al., 2016). Currently, bacterial EVs 

present exciting benefits for vaccine research comparing to other nano-systems, which still 

require the involvement of adjuvants. EVs are by nature enriched with immunomodulatory 

components (e.g. LPS, OM proteins) that act as pathogen-associated molecular patterns 

(PAMPs), which are introduced to the host innate immune system and detected by specific 

pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) (Kaparakis-Liaskos 

& Ferrero, 2015). Hence, EVs are able to naturally trigger an immune response. Beyond 

this often disregarded self-adjuvanticity, it is not necessary to treat them with inactivating 

agents because EVs are unable to replicate. Also, they are normally regarded as the best 

candidates to target the lymph nodes, where particular immune cells inhabit, and once 

there, in promoting their phagocytic uptake, all due to their natural size range and 

composition (Gerritzen et al., 2017). Moreover, the ability to engineer the loading of specific 

antigens into EVs (lumen and/or surface), to manipulate their envelope decoration and so, 

the delivery to target cells, and to tweak when necessary the expected level of immune 

response by LPS remodelling, are other attractive advantages to explain the substantial 

amount of dedication to this topic (Caruana et al., 2020). 

To obtain EV-based vaccines, two alternative approaches have been employed. On one 

hand, the pathogenic bacterium of interest can be cultivated to produce EVs (either EVs 

artificially formed in solution or EVs spontaneously released) that can be directly 

administered to the subject (in some cases, further chemical treatments are required). The 

best example of this technology is the case of the EV-containing meningococcal vaccine 

against Neisseria meningitidis, for which already exists a commercially available product for 

human usage, Bexsero® (Balhuizen et al., 2021; Gnopo et al., 2017; Vernikos & Medini, 

2014). On the other hand, recombinant EVs can be obtained directly from a more user-

friendly bioengineered non-pathogenic bacterium model, harbouring heterologous 

antigen(s) derived from the target pathogenic bacterium, leading EVs to work as modular 

multiplex antigen delivery platforms (Gnopo et al., 2017).   

Despite the hype regarding the use of bacterial EVs for vaccination, nearly all 

highlighted advantages for their use are valid for an array of distinctive technological 

applications, including bioremediation (Caruana et al., 2020). In this case, there is this 

notion that native microorganisms should be privileged and employed to degrade the 

contaminant at the polluted site. As spills occur in random locations, it is complicated to 

follow this approach. Instead, it is possible to understand their enzymatic action and 

replicate it at the laboratory scale, despite the cost of manufacture using recombinant 

technologies. Then, deploying these tailored enzymes will help decontaminate the polluted 

site. Unfortunately, when free enzymes face non-ideal extracellular conditions (e.g. salinity 
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and pH variations), they show stability and activity performance limitations. Bacterial EVs 

are able to shield their soluble cell-like microenvironment against extracellular threats. 

Therefore, loading these enzymes within vesicles would aid in local decontamination by 

extending their period of action. It is even possible to isolate EVs directly from 

decontamination suitable bacteria, surpassing the cost of bioengineering another 

bacterium, if these enzymes are naturally loaded. Moreover, bacterial EVs have extended 

shelf-periods, can be lyophilized for storage and/or distribution (Caruana et al., 2020). As a 

proof of concept study, Alves et al. (Alves et al., 2018) demonstrated the functionalization 

of E. coli EVs to degrade the organophosphate chemical warfare agent simulant paraoxon, 

not only in environmental water samples, but also in potential sites of contamination like 

glass, painted metal, and textiles. This was possible through an elegant engineering 

approach to packing phosphotriesterase (PTE) into vesicles. Directing a recombinant PTE 

enzyme, harbouring a C-terminal fusion SpyCatcher (PTE-SC), to the periplasmic space, in 

a cell coexpressing an engineered form of the abundant transmembrane porin OmpA, 

holding a Spy-catcher complementary periplasmic peptide tag (OmpA-SpyTag), PTE-SC is 

pulled into the vesicle during its formation, ultimately packaging in its lumen. Then, isolated 

EVs packed with PTE-SC are ready to hydrolyse the organophosphate compound at the 

contaminated site (Alves et al., 2018; Alves et al., 2015). In addition, authors showed that 

the heterologous expression of PTE, and its targeting to EVs, helped mitigate the often toxic 

effect that production of heterologous proteins result in the respective expressing bacteria. 

Notably, coexpression of OmpA-SpyTag with PTE-SC greatly enhanced the overall PTE 

production levels (Alves et al., 2015). Taken together, bioremediation using bacterial EVs 

appear as a valid and environmentally friendly approach, even more assuming the still 

existing distrust from society regarding the use of genetically modified organisms (GMOs) 

(Caruana et al., 2020). 

Before these technological applications are realized with bacterial EVs, some issues still 

need to be addressed. For instance, neither all bacterial species possess the capacity to be 

genetically edited, nor the bioengineering tools to do so are available. For the ones where 

a genetic editing toolbox is accessible, there is still a need to understand and control 

vesiculation, as well as to evaluate EVs triggered immune response. In cases of host 

immune overstimulation, LPS-remodelling was already demonstrated to be a functional 

strategy (Gnopo et al., 2017). Also, the recurrent question of industrial scalability will be at 

stake. Hyper-vesiculating mutants need to be created and streamlined to improve 

recovering yields, being selected heterologous proteins more efficiently expressed and 

packaged into EVs. Only after meeting all these requirements, will bacterial EVs become 
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sufficiently attractive to respond to diverse technological challenges in several areas of 

human society. 

 

After this overview about bacterial EVs, this thesis will now focus on cyanobacteria, an 

evolutionary relevant group of microorganisms. In a challenging world, where circular 

economy and right sustainable ecological choices should dictate the path of Human future, 

cyanobacteria show attractive green features. Their environmentally friendly characteristics, 

allied with a capacity to be genetically edited and regulated through a still developing 

toolbox, could unroll novel avenues in the bacterial EVs field, namely for technological 

applications. 

2. Cyanobacteria: a crown group of prokaryotes 

 

Cyanobacteria are a crown group of Gram-negative prokaryotes. They pioneered, at 

least 2800 Ma ago, oxygenic photosynthesis. As true alchemists, they converted, using 

sunlight energy and reducing power extracted from water molecules, a common substrate, 

carbon dioxide, into precious reduced carbon compounds, rich in chemical energy 

(McFadden, 2014). They are the only known prokaryotes capable of this biochemical feat 

(Sánchez-Baracaldo & Cardona, 2020). In addition, by releasing molecular oxygen as a by-

product of this process, they altered drastically the early atmosphere and contributed to the 

emergence of new life forms. This oxygenic photosynthetic ability was later acquired, via 

endosymbiosis, by eukaryotes. Cyanobacteria are generally accepted as present-day green 

algae and higher plants chloroplasts’ ancestors, underlining their relevance through the 

course of eukaryotic evolution (McFadden, 2014). They are also one of the most 

morphologically diverse groups of prokaryotes, ranging from unicellular to filamentous or 

multicellular forms. In some cases, cyanobacteria are even capable of cellular differentiation 

(Herrero et al., 2016). Moreover, their minimal nutritional requirements, namely sunlight, 

water, air and a few minerals, sustain their cosmopolitan distribution. They virtually can 

occupy almost all illuminated aquatic and terrestrial habitats. Cyanobacteria have been 

detected in the most inhospitable environments, including hot springs and Antarctic ponds 

(Singh, 2018). Accordingly, these prokaryotes present a great metabolic plasticity. On top 

of carbon dioxide fixation, several strains have the remarkable capacity to perform 

dinitrogen fixation (Eigemann et al., 2019). Cyanobacterial impact on carbon and nitrogen 

global cycles is significant. These primary producers are one of the most abundant 

organisms on Earth (Flombaum et al., 2013). Unsurprisingly, all these relevant biological, 

evolutional and ecological aspects attracted the attention of the bioindustry. 
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World’s thirst for sustainable biotechnologies is, comprehensibly, at its peak. Their 

implementation will certainly cause economic shifts and disrupt petrified lifestyles. Yet, 

policies to replace fossil fuels and investing in greener technologies are compulsory for 

Earth inhabitants’ wellbeing. Accordingly, this immense challenge could have the aid of 

cyanobacteria (Sutherland et al., 2021). Performing oxygenic photosynthesis, presenting 

minimal culture conditions and being genetically tractable, are seductive biotechnological 

characteristics. One should not forget that most biotechnological processes have elevated 

production costs, as they rely on microorganisms that require expensive carbohydrate 

compounds to grow (Ducat et al., 2011). Also, massive cultivation of cyanobacteria does 

not require arable land, limiting the competition with food production. Several species can 

grow in seawater or are genetically amenable to do so, thereby avoiding the use of 

freshwater supplies. Cyanobacteria have been shown to synthesize a wide range of high-

value commercial products, including antioxidants, biodegradable polymers, biofertilizers, 

nutrient supplements, colour substances and biofuels (Zahra et al., 2020). Therefore, 

initiatives are ongoing toward the development of cyanobacteria as robust, self-sustaining, 

microbial cell factories.  

 But, why are we not widely using these sustainable biotechnologies based on 

cyanobacteria yet? What is the catch? It is not quite ready to fully triumph at an industrial 

scale. A certain number of technical limitations need to be tackled, which include 

cyanobacterial cultivation, genetic engineering and harvesting. Limited cyanobacterial 

species are efficiently and independently cultured in open pond conditions, as they adapt 

to resist environmental shifts and do not direct their energy for desired compound 

production. Actually, most species are unable to grow competently in highly selective 

environments, resulting in low biomass productivity (Zahra et al., 2020). Closed systems 

with suitable dimensions and parameters control, as outdoor industrial photobioreactors are 

the solution. However, they are expensive to design and assemble, as they need to consider 

aspects like light exposure, intensity and distribution. Sunlight varies around the planet, so 

photobioreactors need to be adjustable (Chisti, 2007; Zahra et al., 2020). In addition, they 

need to consider and overcome the self-shading effect as the culture optical density 

increases (Richmond, 2004). Regarding strains bioengineering, the cyanobacterial genetic 

toolbox needs to expand, thereby allowing regulation and production of commercial 

quantities of the desired compound (Sun et al., 2018). Biomass and/or product of interest 

harvesting are laborious, costly and problematic to apply at a large scale. Ingenious 

approaches as streamline product secretion to the culture medium to ease recovery could 

be employed (Gonçalves et al., 2019). Only investing in all these scattered cyanobacterial 

aspects will the leap from bench to large-scale industrial production be possible. 
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2.1 Cyanobacterial EVs as non-classical secretion mechanism 

 

One of the ways by which cyanobacteria interact with their surroundings is through the 

secretion of a wide range of compounds. Classical membrane protein-dependent gates or 

portals, located at the cell envelope, has always been recognized as intrinsic to survival 

(Costa et al., 2015). However, non-classical EV-mediated secretion have been largely 

overlooked. This last topic was addressed under the form of a review article, which 

corresponds to the second chapter of this thesis (Chapter II - Extracellular vesicles: An 

overlooked secretion system in cyanobacteria). This chapter summarises the state-of-the-

art on cyanobacterial EVs as it was in the beginning of this doctoral thesis work, since it 

was written before the main results were obtained and reported. More, it identifies a number 

of aspects that represented the starting point for establishing the main goals of this work. 

3. Thesis aims/Objectives  

 

Cyanobacteria are a diverse group of Gram-negative prokaryotes. Pioneers of oxygenic 

photosynthesis, they not only are an evolutionary relevant group of bacteria, but continue 

to significantly influence Earth’s ecology. Unveiling cyanobacterial secrets and developing 

technologies associated with these microorganisms will certainly contribute to greener 

sustainable solutions. Knowledge on cyanobacterial EVs lags behind compared to that of 

other bacterial species. Aspects regarding the biogenesis, composition and biological roles 

of cyanobacterial EVs are still incipient, as well as their potential to be bioengineered. 

Synechocystis sp. PCC 6803 (Figure 5) is a unicellular model cyanobacterium, 

considered by some as the “Green E. coli” (Branco dos Santos et al., 2014). Holding plenty 

of genetic editing tools at hand, and with genome-scale metabolic network models available 

describing and predicting metabolic fluxes, Synechocystis was shown to secrete vesicles in 

2015 (Pardo et al., 2015). Hence, Synechocystis represents one of the best candidates for 

the study of cyanobacterial EVs. Moreover, a hyper-vesiculating Synechocystis mutant was 

already available in the research group where this work was developed (Oliveira et al., 

2016), which further motivated to study fundamental questions of the cyanobacterial EVs 

biology. Therefore, the main objectives of this work were: 

i) To isolate and characterize cyanobacterial EVs.  
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Work performed within the scope of this thesis aimed at establishing procedures and 

consensus guidelines in order to collect and analyse cyanobacterial vesicles.  

ii) To uncover molecular mechanisms underlying cyanobacterial EVs production.  

Membrane blebbing has been observed in cyanobacteria during the process of EV 

formation (Biller et al., 2014). However, the mechanisms related to cyanobacterial EVs 

biogenesis remain unclear. This thesis aimed at identifying key players and processes 

involved in cyanobacterial vesicle formation and further release.  

Iii) To identify biological roles of cyanobacterial EVs.  

One of the main questions in the field of EVs’ biology is to understand the biological 

roles fulfilled by vesicles. Therefore, studies were carried-out to unveil possible 

Figure 5. Synechocystis sp. PCC 6803, the unicellular cyanobacterium used as 

model organism throughout this thesis, releases EVs. From A to C (upper panels), 

photographs of Synechocystis using different microscopy techniques, namely light 

microscopy (A), scanning electron microscopy (SEM) (B) and transmission electron 

microscopy (TEM) (C). From D to F (lower panels), TEM photographs of Synechocystis 

EVs isolated from the extracellular medium. D and E are micrographs of negatively stained 

EVs, using two magnifications, while F shows ultrathin sections of EVs, revealing their 

ultrastructural details. Arrows in E and F indicate examples of EVs. Scale bars are referred 

in each panel.  
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physiological and/or cellular advantages of cyanobacterial cells from the process of vesicles 

release.  

iv) To explore cyanobacterial EVs with customized protein content for biotechnological 

applications.  

Cyanobacteria harbour an enormous potential as sustainable microbial cell factories. 

Efforts related to the modulation of cyanobacterial EVs production and customization of 

their protein content must be carried out, in order to evaluate the potential of cyanobacterial 

EVs to work as nano-carrier systems of proteins of interest. In this work, this 

biotechnological potential was tested in fish, envisioning the application of cyanobacterial 

EVs in aquaculture. 
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1. General discussion 

 

Cyanobacteria can be encountered in almost all known land and aquatic based habitats. 

Some of them are extreme in terms of physical and biochemical conditions. A common 

consequence of exposure to harmful stresses is the generation of reactive oxygen species 

(ROS), highly noxious to all organisms (Singh, 2018). Therefore, cyanobacteria evolved 

several adaptation survival strategies (Agostoni & Montgomery, 2014). One of these 

biological tactics addresses the ultimate frontier between what is considered life and inertia, 

the cell envelope. Surroundings can shift at any moment, and so, cells are constantly 

receiving, integrating and responding to stimuli from it. Accordingly, cyanobacteria 

developed uptake and secretion mechanisms, tightly coordinated with the cell wall 

architecture plasticity. Due to their photoautotrophic lifestyle, cyanobacteria do not depend 

as much as other bacteria on the import of organic and inorganic nutrients, which is also a 

defence against toxic molecules (Gonçalves et al., 2018; Kowata et al., 2017). 

Synechocystis sp. PCC 6803 has 20% lower cell permeability to exogenous small 

carbohydrates, amino acids, and inorganic ions, than E. coli (Kowata et al., 2017). 

Cyanobacterial secretion, on the other hand, is essential. It occurs either through secretory 

portals embedded in the cell wall, the so called “classical secretion systems”, or mediated 

by EVs, an overlooked “non-classical secretion system” (Gonçalves et al., 2018) (Chapter 

II).  

Here, an integration of the main results achieved within the scope of this thesis regarding 

cyanobacterial EVs is presented. Initially, general recommendations on isolation and 

characterization of bacterial EVs are delivered, namely concerning cyanobacterial vesicles, 

focusing on Synechocystis. Then, a comprehensive discussion addresses the contribution 

of this work to the state-of-the-art on cyanobacterial EVs’ biogenesis, composition, 

biological roles, and biotechnological applicability.  

1.1 Cyanobacterial EVs  

 

1.1.1 Isolation and characterization 

 

To recover and analyse relatively pure samples of EVs from bacterial cultures is a 

challenging process. In a laboratory setting, the isolation workflow usually includes bacterial 

cultivation, culture filtrate collection, concentration and, if possible and needed, further 

purification (Klimentová & Stulík, 2015). Each of these steps are important and deserves 

careful evaluation as they affect the outcome.  
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Regarding bacterial cultivation, the type of media used (defined or not), and the exact 

physical conditions for growth, need to be meticulously reported (Théry et al., 2018). To 

recover the cell-free extracellular medium, low speed centrifugation and filtration are usually 

performed. Main differences on the workflow usually relate to downstream steps, namely 

EVs concentration and recovery. Several approaches can be employed, and even 

combined. The most common is ultracentrifugation, being ultrafiltration also normally 

applied. If required and possible, the vesicle fraction is further purified via e.g. density 

gradient ultracentrifugation (DGU) and size-exclusion chromatography (SEC) (Klimentová 

& Stulík, 2015; Watson et al., 2021).  

Subsequent analyses include both physical and biochemical aspects of EVs. 

Morphological data is commonly retrieved from transmission electron microscopy (TEM) 

techniques, nanoparticle tracking analysis (NTA) and/or dynamic light scattering (DLS) 

(Théry et al., 2018). While the three enable the analysis of vesicles size, NTA and/or DLS 

give additional information about particle concentration. However, parameter variations 

occur between these techniques. For instance, the size measured by NTA and DLS are 

related to the hydrodynamic diameter of EVs, whereas TEM results are related to their dry 

state (Singh et al., 2019; Wang et al., 2010). Zeta potential data reported by DLS estimates 

the surface charge, which are relevant to understand EVs interactions (Tashiro et al., 2017). 

Regarding their composition, general lipopolysaccharides (LPS) and protein content of EVs 

can be evaluated by electrophoresis on denaturing SDS-polyacrylamide gels, followed of 

respective staining (Dauros Singorenko et al., 2017; Gonçalves et al., 2018; Oliveira et al., 

2016). As LPS are Gram-negative EVs molecular markers, if normalized and quantified, 

they can serve also as an EV quantity indicator (Gonçalves et al., 2018).  

Overall, it should be highlighted that there are no universal, one fits-all protocols to isolate 

and analyse bacterial vesicles. All of them present advantages and disadvantages, and 

depend on the bacteria studied, as each have their own particularities and environmental 

dependencies. Consistent report of the workflow process is the key factor, as defended by 

MISEV recommendations (Théry et al., 2018). Finally, yet importantly, downstream 

applications need to be considered in advance to understand the level of purity required 

(Klimentová & Stulík, 2015).   

All these considerations were taken into account when publishing guidelines to isolate 

and characterize cyanobacterial EVs (Chapter III). These guidelines include not only the 

freshwater cyanobacterium Synechocystis, but also marine cyanobacteria, such as 

Prochlorococcus and Synechococcus. Differences between recovering EVs from 

cyanobacterial cultures and field samples are also addressed. One of the major challenges 
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faced when recovering EVs from cyanobacterial cultures is their lower concentrations 

compared to other bacteria, e.g. E. coli (Biller et al., 2014; Oliveira et al., 2016; Reimer et 

al., 2021). Optimization of a protocol to harvest vesicles from Synechocystis using 

supernatant filtration, followed by ultrafiltration and ultracentrifugation (Chapter III), revealed 

to be time-consuming. One should highlight the initial benefit of using a Synechocystis 

hyper-vesiculating mutant strain, tolC (Oliveira et al., 2016), to ease these trial and error 

processes. Briefly, two types of sterile filters (0.2 µm and 0.45 µm) were tested, several 

concentrators with distinct MWCOs (Molecular Weight Cut-Offs) capacities (3, 30 and 100 

kDa MWCO) tried, different ultracentrifugation running times applied and distinct 

combinations of washes on EVs fractions performed. Mode of cultivation (e.g. orbital 

shaking vs continuous bubbling aeration; media composition) also affected the isolation 

output. For instance, tweaking the copper media concentration affected vesiculation 

(Chapter V). 

The Synechocystis vesicle fraction obtained with the final established protocol (Chapter 

III) was considered adequate and with the necessary yield to proceed with intended 

downstream applications. For future '-omics' style high-throughput analyses, DGU or SEC 

may be performed to further purify Synechocystis EVs fractions. In summary, the published 

guidelines were followed, unless stated otherwise, throughout this thesis. Moreover, all 

these recommendations can function for researchers potentially interested in EVs from 

other cyanobacterial species.  

1.1.2 Biogenesis  

 

In Gram-negative bacteria, vesicle formation and release is a complex process 

(Schwechheimer & Kuehn, 2015; Toyofuku et al., 2019). Among the EVs biogenesis 

pathways, some are relatively well described. Two of them essentially focus on i) the 

modulation of outer membrane-peptidoglycan links, and on ii) the existence of 

nanoterritories, where a confined build-up pressure of cellular components occurs 

promoting vesiculation. Regarding cyanobacterial EVs production routes, apart from the 

fact that membrane blebbing has been observed on the cell wall of diverse cyanobacterial 

strains [e.g. (Biller et al., 2014; Brito et al., 2017; Oliveira et al., 2016; Zarantonello et al., 

2018)], nothing more was reported.  

Here, upon analysis on the protein content of isolated Synechocystis EVs, a group of 

proteins was identified (Slr1841, Slr1908 and Sll1550). These proteins are outer membrane 

porins involved in inorganic ions uptake, harbouring simultaneously the S-layer homology 

(SLH) domain, which binds the peptidoglycan layer (Kojima et al., 2016), and the 
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carbohydrate selective porin OprB (OprB) domain, which forms a β-barrel structure, 

anchoring it in the outer membrane (Kojima et al., 2016; Schätzle et al., 2021). Given their 

composition, and high abundance both in the outer membrane and vesicle preparations, a 

hypothesis was raised where these porins, which establish links between the outer 

membrane and the peptidoglycan, could have a role in outer membrane overall stability, 

and potentially in vesiculation (Chapter IV). In silico analysis identified in the genome of 

Synechocystis a total of six genes encoding outer membrane porins harboring SLH/OprB-

domains (slr1841, slr1908, sll1550, slr0042, sll1271 and sll0772). They are not simple 

duplicates of each other, as the predicted proteins have differences in size and domain 

length. Using a genetic-based approach, it was possible to generate fully segregated single 

deletion mutants for five of them, whereas gene slr1841 was found to be essential for 

Synechocystis, under the tested conditions. 

Several attempts to create a single deletion mutant for gene slr1841 were performed. 

Other approaches were tried, such as the generation of a Synechocystis strain in which 

Slr1841 was replaced by the chimeric Slr1841::super folder Green Fluorescent Protein 

(sfGFP) protein, but resulted invariably in a non-fully segregated mutant. In agreement, Qiu 

et al. (Qiu et al., 2021) also failed in generating a full knockout mutant of gene slr1841. 

Thus, these results strongly suggest that Slr1841 is essential under the tested conditions, 

and that its deletion or modification are deleterious to the cell. One should highlight that 

Slr1841 is the most abundant protein in the outer membrane of Synechocystis (Kowata et 

al., 2017). Remarkably, using a CRISPRi (interference) approach, Kojima and Okumura 

recently reported a mutant with a slr1841 downregulation (slr1841i) (Kojima & Okumura, 

2020). Upon repression, Synechocystis slr1841i cells lost approximately 70% of their outer 

membrane, validating the significance of Slr1841 for Synechocystis outer membrane 

stability, and possibly in vesiculation. Indeed, observations of transmission electron 

micrographs of these cells suggest the release of nanostructures that resemble EVs (Kojima 

& Okumura, 2020).  

Among the five genes successfully deleted, vesicle production was monitored in the 

respective mutants. It was found that a mutant in the gene encoding the second most 

abundant SLH/OprB protein in Synechocystis outer membrane (Slr1908) produces more 

vesicles than any of the other tested strains. Curiously, slr1908 EVs are smaller than those 

released by the wild-type (WT) strain. Physiological relevance of such aspect remains to be 

clarified. It is possible that the potential instability created through the absence of Slr1908 

in the outer membrane could promote the production of smaller sized EVs. Furthermore, 

upon deletion of gene slr1908, it was possible to identify another porin, Sll1550, in the OM 

preparation of this mutant. Its appearance denotes an outer membrane protein content 
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adjustment provoked by the absence of Slr1908. Altogether, these results suggest that 

proteins containing the SLH/OprB-domains, on top of their role in inorganic ions uptake, are 

related to the outer membrane stability and vesiculation.  

In Gram-negative bacteria the envelope integrity is suggested to be maintained by OmpA 

porins and Braun’s Lpp, which bind to the peptidoglycan layer, and through the Tol-Pal 

complex, a multi-protein system that spans the entire periplasm, bridging the inner and outer 

membranes (Schwechheimer & Kuehn, 2015). Observations showed that decreasing the 

number of these envelope connections augmented the vesiculation (Bernadac et al., 1998; 

Deatherage et al., 2009; Park et al., 2012; Schwechheimer & Kuehn, 2013; Schwechheimer 

et al., 2015; Turner et al., 2015). However, not all bacteria harbor the complete set of these 

anchor-proteins. For example, Lpp are absent in cyanobacteria (Hoiczyk & Hansel, 2000). 

This is not the last peculiarity of the cyanobacterial cell envelope. In terms of their 

peptidoglycan thickness and crosslinking, they share striking aspects with their Gram-

positive counterparts (Hoiczyk & Hansel, 2000). Interestingly, in Bacillus anthracis, a Gram-

positive bacteria, it was shown that pyruvylation of the peptidoglycan-associated 

polysaccharide is essential for the proper binding of the SLH-protein domain (Mesnage et 

al., 2000). Altogether, modulation of links between the outer membrane and peptidoglycan, 

such as those mediated by SLH/OprB porins, are suggested to be involved in 

cyanobacterial vesicle biogenesis, as similarly described for other bacteria (Schwechheimer 

& Kuehn, 2015). 

Attempts to target a heterologous protein highly expressed to the periplasm of 

Synechocystis, in order to augment the probability of its encapsulation, resulted in an 

increased vesiculation (Chapter VI). As a proof of concept, the sfGFP reporter was used. 

This allowed not only the visualization of its presence in the periplasm, but as well to detect 

highly fluorescent foci in the extracellular medium, consistent with sfGFP-packed EVs. One 

can hypothesize that by targeting sfGFP to the Synechocystis periplasm, the reporter 

protein accumulates therein, creating a turgor pressure that forces the cell to bleb and 

vesiculate. Interestingly, in a mutant strain of Leptolyngbya boryana deleted in a gene 

involved in one of the last stages of chlorophyll biosynthesis, a cyanobacterial protein 

named protochlorophyllide (Pchlide) was suggested to be secreted to the medium by EVs 

(Usui et al., 2022). Authors speculated that an abnormal Pchlide periplasmic accumulation 

might cause a rise in the periplasm pressure, weakening locally the interaction between the 

outer membrane and peptidoglycan layer, and thus provoking vesiculation (Usui et al., 

2022). Reasoning supporting these examples are partially in line with the theory of 

nanoterritories described for other Gram-negative bacteria, in which an augment of cellular 
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components, like proteins, promote periplasmic pressure and EV formation 

(Schwechheimer & Kuehn, 2015; Schwechheimer et al., 2014). 

Relevant progresses regarding vesicle biogenesis in cyanobacteria were performed. 

Outer membrane porins harboring SLH/OprB-domains were suggested as the first players 

to be involved in Synechocystis vesiculation (Chapter IV). Due to their common distribution 

in cyanobacteria, it will be interesting to unveil if their involvement in vesiculation is 

transversal. Also, the insight that overloading the Synechocystis periplasm with proteins 

results in increased EV formation (Chapter VI) cracks opens a new avenue to fine tune 

protein encapsulation of vesicles. Nevertheless, more efforts are required to understand all 

the steps implicated in these processes. Designing strategies to identify players involved in 

the regulation, formation and release of EVs will certainly reveal a more detailed picture of 

this secretory mechanism. For that purpose, a comprehensive compositional 

characterization of cyanobacterial EVs would be important.  

1.1.3 Composition 

 

Vesicle composition is tightly regulated with its formation pathway (McMillan & Kuehn, 

2021). As EVs derive mainly from the outer membrane, several reports show the presence 

of periplasmic and OM proteins, and LPS, in vesicles of Gram-negative bacteria (Lee et al., 

2016). Nevertheless, cytoplasmic proteins, nucleic acids and metabolites have also been 

observed therein (Kulp & Kuehn, 2010; Schwechheimer & Kuehn, 2015). 

There is very limited information available concerning the exact composition of 

cyanobacterial EVs. However, publications by Biller et al. (Biller et al., 2021; Biller et al., 

2017; Biller et al., 2014) give an extensive compositional characterization of 

Prochlorococcus EVs. One should remember that marine cyanobacterium Prochlorococcus 

sp. is one of the most abundant microorganisms on Earth, being at the root of the food chain 

in open oceans (Flombaum et al., 2013). Proteome, lipidome, and metabolome approaches 

were recently performed to compare vesicles of two ecologically distinct Prochlorococcus – 

MIT9312, a high-light adapted strain, and MIT9313, a low-light adapted strain (Biller et al., 

2021). Both strains displayed a distinctive vesicle profile, suggesting that no universal 

vesicle composition exist among cyanobacteria. Fascinatingly, the proteome analysis 

revealed that several of the most abundant proteins in the vesicles were putative enzymes. 

In vitro functional assays showed the presence of catalytically active enzymes in 

Prochlorococcus EVs, such as lipases, phosphatases, proteases, and sulfatases. Lipid 

analyses showed primarily the presence of sulfolipids - monoglycosyl diacylglycerol 

(MGDG), diglycosyl diacylglycerol (DGDG) and sulfoquinovosyl diacylglycerol (SQDG) - 

mirroring Prochlorococcus cellular membrane adaptations to the low phosphorous 
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oligotrophic environment they inhabit (Van Mooy et al., 2006). However, hydroxylated forms 

of all these major intact polar lipids were relatively more abundant in EVs than cells. 

Metabolomics uncovered the existence of non-polar molecules (e.g. oxidized carotenoids) 

in vesicles of both strains. Interestingly, throughout this thesis work (e.g. Chapters III and 

VI), Synechocystis vesicle fractions showed a typical orange pigmentation, consistent with 

the presence of carotenoids, an outer membrane component (Jürgens & Weckesser, 1985), 

as reported by Pardo et al. (Pardo et al., 2015). 

Regarding Synechocystis EVs, it was possible to detect compositional adjustments, 

namely related to alterations in protein (e.g. OM porins containing the SLH/OprB-domains 

– Chapter IV) and LPS profiles (Chapters IV, V and VI). An array of different Synechocystis 

mutant strains aided in this respect. For instance, Western Blot analysis of EVs isolated 

from the TolC-deficient mutant revealed the presence of CopM, mirroring this protein’s 

cellular overexpression. As this metallochaperone binds copper, the presence of this 

element in vesicles was later confirmed by atomic absorption spectrometry in Synechocystis 

vesicles (Chapter V). Furthermore, vesicles isolated from the WT strain and from hyper-

vesiculating mutants tolC and tolC/spy displayed a similar LPS profile in terms of smooth-

type LPS (composed of lipid A, oligosaccharide core and O-antigen) and rough-type LPS 

(composed of lipid A and oligosaccharide core). However, EVs from fucS strain, holding 

LPS truncated O-antigen portions as reported (Fisher et al., 2013), presented a LPS band 

pattern significantly different, namely in respect to the smooth-type LPS (Chapter VI). These 

differences in terms of LPS composition of EVs are physiologically relevant, as discussed 

in the next sub-section. Notwithstanding these valuable compositional indications, many 

aspects remain unaddressed, and it will be interesting to perform '-omics' style high-

throughput techniques on Synechocystis vesicles to start gaining further insights and details 

into their composition.  

1.1.4 Biological roles 

 

Topics related with the formation pathway and compositional aspect of EVs are ultimately 

relevant to grasp their physiological relevance in an in vivo context (McMillan & Kuehn, 

2021). In this work, one major role in metal homeostasis was proposed to occur in 

Synechocystis and other Gram-negative bacteria, like E. coli and P. aeruginosa (Chapter 

V). In addition, some evidences were collected that suggest the involvement of EVs in 

cyanobacteria in alleviating periplasmic pressure (Chapter VI) and as a prompt cell 

envelope remodelling process, enabling a rapid adaptation towards an environmental shift 

(e.g. metal induced stress). Moreover, contribution of Synechocystis EVs in iron acquisition 

was suggested (Chapter IV). 
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A hyper-vesiculating mutant strain, tolC, was investigated to further understand the 

basis of its vesiculation phenotype (Chapter V). TolC is an outer membrane protein that can 

combine with multiple protein partners to secrete a wide range of biological molecules, 

being the substrate selectivity defined by the remaining inner membrane and periplasmic 

adaptor protein components (Gonçalves et al., 2018; Oliveira et al., 2016; Russo et al., 

2021). The over-release of vesicles by the tolC mutant was initially interpreted as a 

balancing response resulting from a strong secretion impairment (Oliveira et al., 2016). In 

addition, TolC-deficient mutant was described to lack a surface layer (S-layer) (Oliveira et 

al., 2016), the outermost cell-wall structure of Synechocystis, composed of a network of 

glycoproteins that contributes to the integrity of the cell envelope (Fagan & Fairweather, 

2014). Later, Gonçalves et al. (Gonçalves et al., 2018) reported other strains, impaired in 

several secretory functions, also lacking the S-layer, which consistently presented a higher 

vesiculation capacity comparing to the wild-type strain. Yet, none of these analysed mutants 

reached the vesiculation capacity of the tolC strain (Gonçalves et al., 2018). Thus, beyond 

the secretion impairment of substrates (proteins and antimicrobial compounds) and the 

absence of a biological frontier such as the S-layer, other factors were contributing to the 

hyper-vesiculating phenotype in the tolC-deletion mutant.  

A combination of metal resistance tests and intracellular metal quantifications, revealed 

that Synechocystis tolC-mutant accumulates 3-fold more copper intracellularly than the WT 

(Chapter V). Copper is an essential micronutrient. Several enzymes depend on this element 

as a redox co-factor in their catalytic centres (Arguello et al., 2013; Imlay, 2015). However, 

increased levels trigger the transition of copper that is protein-associated to its free form, 

which can turn into a potential hazard because of its high chemical reactivity (Arguello et 

al., 2013). Free copper triggers redox reactions and generate highly reactive hydroxyl 

radicals (Gaetke & Chow, 2003). These in their turn attack and destroy iron-sulfur protein 

clusters, thereby releasing iron and further promoting oxidative stress (Rensing & McDevitt, 

2013). Thus, copper intracellular balance is pivotal to prevent severe cellular damage. 

Biochemical and in silico evidences (Agarwal et al., 2014; Kulathila et al., 2011) suggest 

that TolC could be the outer membrane component of the heavy metal efflux (HME) pump 

to secrete copper in Synechocystis. In agreement, a recent publication demonstrated that 

TolC is key in mitigating copper sensitivity even in E. coli (Gugala et al., 2021), an organism 

that present other pathways dedicated to copper efflux (Rensing & Grass, 2003). 

Remarkably, a periplasmic metallochaperone that binds copper, CopM, was found to be 

overexpressed in the tolC-deletion mutant. Even more intriguing, vesicles isolated from this 

mutant were enriched in CopM comparing to WT vesicles, under standard growth 

conditions. Still under normal cultivating settings, EVs isolated from the mutant showed 
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approximately 3-4 fold more copper comparing to EVs of the wild-type strain. Altogether, it 

was suggested that Synechocystis EVs could have a role in copper homeostasis, working 

as nanocapsules for the secretion of copper. Observations that both Synechocystis wild-

type and other Gram-negative bacteria (E. coli and P. aeruginosa) released more EVs when 

subjected to increasing concentrations of copper, led to propose that EVs could fulfil a 

general role in metal homeostasis in bacteria (Chapter V). Remarkably, Bellingham et al. 

(Bellingham et al., 2015) suggested that eukaryotic EVs may also fulfil this role in higher 

organisms.  

EVs loaded with CopM may also work as a copper chelating system, making it less 

available for uptake by the Synechocystis copper stressed cells. It was curious to note that 

bacterial cells exposed to more copper released vesicles with a significant increase in less 

complex LPS (belonging to the rough-type) (Chapter V). Using simplified molecular 

dynamics simulations, it was recently proposed that vesicles with more rough LPS would 

distort and spread over the membrane surface, not being assimilated by cells. Inversely, 

bacterial EVs enriched in smooth LPS would preserve their spherical shape when 

interacting with cellular membranes, promoting internalization (Jefferies & Khalid, 2020). 

Copper-stressed Synechocystis cells secrete EVs enriched in rough LPS that are potentially 

less prone to be captured by cells, making less accessible the amount of copper present in 

solution. A similar bias to rough LPS was observed in E. coli and P. aeruginosa EVs when 

subjected to increasing but still sub-lethal concentrations of copper. Hence, on top of 

serving the purpose of exporting copper out of the cell, bacterial EVs may also accumulate 

copper extracellularly, working as a sink mechanism for copper.  

It was described elsewhere that, during environmental shifts, secreting EVs is the only 

mechanism known to locally remodel LPS of the cell wall, promoting rapid outer membrane 

maintenance and thereby bacterial adaptation (Bonnington & Kuehn, 2016; McMillan & 

Kuehn, 2021). Moreover, high metal concentrations can trigger the production of ROS 

(Imlay, 2015). Synechocystis tolC-mutant show signs of high oxidative stress compared to 

the wild type, as testified by the increase in lipid peroxidation (Hewelt-Belka et al., 2020). 

Even with cellular antioxidant defences upregulated (Oliveira et al., 2016), EVs release 

could aid in the detoxification of periplasmic and cell wall oxidized components. Evaluation 

of the tolC cell envelope stress pathways revealed an upregulation of transcript levels of 

genes (spy, degQ) and overexpression of proteins (Spy, DegP) related to envelope stress 

responses (Gonçalves et al., 2018). Spy is an important periplasmic chaperone, contributing 

to protein folding in the periplasm (Quan et al., 2011). Here, the generation of a double 

mutant, tolC/spy, revealed not only a higher sensitivity to copper (data not shown) but also 

an increment in vesiculation (Chapter VI). Thus, higher cell wall stress provokes an increase 
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in vesiculation, plausibly with the purpose of secreting copper and restructuring the outer 

membrane landscape, particularly in terms of oxidized OM components. 

Based on this work (Chapter V), it can be therefore proposed that Synechocystis mutant 

strain tolC accumulates copper intracellularly due to the absence of the outer membrane 

component (TolC) of the HME pump for copper. This leads to a dangerous intracellular 

accumulation of this metal, being EVs used as an alternative secretion mechanism to 

secrete copper. When subjected to high but still sub-lethal amounts of copper, 

Synechocystis WT, E. coli and P. aeruginosa, use this non-classical secretion route to 

balance intracellular levels of copper and survive. Taking all into consideration, it should be 

relevant to consider EVs as a novel but still overlooked form of bacterial metal resistance. 

Other metal binding proteins and siderophores were detected in several bacterial EVs 

[e.g. (Biller et al., 2021; Lappann et al., 2013; Prados-Rosales et al., 2014)], but it has 

always been interpreted as a means of metal acquisition for the microbial community. A 

classic example is the case of P. aeruginosa, which communicate through a quorum-

sensing signal that promotes also EVs release, being those in their turn able to capture iron, 

which are later internalized (Bredenbruch et al., 2006; Diggle et al., 2007). A similar 

biological strategy has been described for the pathogen Mycobacterium tuberculosis. Under 

iron deficiency, M. tuberculosis secrete EVs containing high-affinity iron chelators or 

siderophores named mycobactins, which could then be uptaken by cells (Prados-Rosales 

et al., 2014). Interestingly, slr1908, the hyper-vesiculating Synechocystis mutant where 

the second most abundant outer membrane porin (Slr1908) was deleted, presented 

indications of being under iron limitation (Chapter IV). Cells from slr1908 registered a 

reduction of 40% in the intracellular iron content. Moreover, a component of the iron uptake 

system, the periplasmic iron uptake protein A2 (FutA2), was detected in higher amounts in 

the mutant’s exoproteome as compared to that of the WT. This corroborates a physiological 

adjustment to the absence of Slr1908, which was already suggested to work as an iron-

selective porin (Qiu et al., 2021). Hence, it would be necessary to evaluate the slr1908 

EVs content to understand why the strain releases more vesicles than the parental strain, 

and so, to shed some light about their biological role. One can recall that marine 

cyanobacterial vesicles have been proposed to work as authentic public goods, by 

transporting nutrient binding proteins or scavenging molecules. Substrate-binding proteins, 

e.g. for iron and manganese, and even ATP, have been detected in EVs of Prochlorococcus 

sp. (Biller et al., 2021). Through vesicles prolonged permanence in seawater, other 

microbes can eventually use them as energizing nutrients snacks (Biller, 2020; Biller et al., 

2021). Indeed, in vitro experiments demonstrated that Prochlorococcus-derived EVs were 
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able to sustain the growth of heterotrophic bacteria, without adding any exogenous carbon 

sources (Biller et al., 2014). 

Taken together, this contributed to unveil a novel role for bacterial EVs, namely as an 

alternative copper (and plausibly, in a more general manner, metal) secretion mechanism, 

thereby being implicated in metal homeostasis (Chapter V). However, several open 

questions remain: the suggestion that EVs could function as sinks for copper, ultimately 

avoiding cellular recapture by modulating LPS vesicular content, deserves further studies. 

Moreover, the capacity of Synechocystis vesicles of playing a role in nutrient acquisition, 

namely for iron, needs also to be addressed (Chapter IV). 

1.1.5 Biotechnological applicability 

 

Efforts are under way to transform cyanobacteria into efficient and sustainable microbial 

cell factories (Zahra et al., 2020). The notion that secretion could play a part to fulfil this 

vision is recent, even more when considering cyanobacterial EVs (Gonçalves et al., 2019). 

Here, the targeting of proteins of interest to cyanobacterial vesicles was tested and 

implemented (Chapter V and VI), opening an array of technological applications. The idea 

of customizing Synechocystis vesicles as specific protein carrier platforms for fish in 

aquaculture is discussed (Chapter VI). Moreover, the possibility of using Synechocystis 

vesicles for bioremediation purposes is also presented.  

Significant progress was made to tweak cyanobacteria to load a protein of interest into 

EVs by passive diffusion. First, a construct harbouring a relatively strong heterologous 

promoter, Ptrc.x.lacO (Ferreira et al., 2018), and the native signal peptide of protein FutA2 

(Polyviou et al., 2018), fused with the coding sequence of sfgfp gene, was assembled. 

Promoter Ptrc.x.lacO, is a well-characterized synthetic part containing two lacO operators and 

a BBa_B0030 RBS (ribosome binding site) (Ferreira et al., 2018). Protein FutA2 is the most 

abundant protein in the periplasm of Synechocystis, holding a twin-arginine translocation 

(Tat)-dependent signal peptide to be efficiently translocated therein (Badarau et al., 2008; 

Polyviou et al., 2018; Waldron et al., 2007). Construct was then integrated in the 

Synechocystis genome by double-homologous recombination in the genomic neutral site 

15 (Pinto et al., 2015). Genomic neutral sites refer to portions of the genome used for the 

stable integration of ectopic DNA without compromising cellular fitness (Pinto et al., 2015). 

Fully segregated cells revealed that sfGFP was indeed targeted to the periplasm of 

Synechocystis, where it accumulated (Chapter V and VI). It was proposed that protein 

accumulation creates a turgor pressure in this inter-membrane space that forces the cell to 

bleb more, releasing sfGFP packed EVs. Among the various tests performed, the one where 

sectioned immunogold labeled EVs are analysed by TEM, revealing the presence of sfGFP 
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in their lumen, is descriptive (Chapter VI). Customization of bacterial EVs with proteins of 

interest have been described, for example, in E. coli (Kesty & Kuehn, 2004), but it is rather 

novel in cyanobacteria.  

Several attempts to transform Synechocystis tolC-mutant were performed using the 

sfgfp-assembled construct, with the goal of taking advantage of its hyper-vesiculating 

phenotype to produce more sfGFP-loaded vesicles. However, efforts of transformation were 

unsuccessful. One should remember that tolC is still naturally transformable, as shown by 

the generation of the double mutant tolC/spy (Chapter VI). As already discussed, tolC-

deletion mutant is under stress, particularly at the periplasmic level (Gonçalves et al., 2018). 

The strong and constitutive expression of sfGFP promoted by Ptrc.x.lacO, together with an 

efficient translocation to the periplasm given by FutA2 signal peptide, probably recruiting 

many Tat transporters, are additional traits that could impair tolC cells to be transformed 

with the sfGFP-harboring construct developed in this work.   

Holding a Synechocystis strain capable of secreting sfGFP packed EVs, it was important 

to address the efficacy of the encapsulation process. Unfortunately, only about 10% of the 

total sfGFP secreted to the extracellular medium was shown to be bound to vesicles, being 

the remaining protein soluble in the medium (Chapters V and VI). Interestingly, a similar 

occurrence was observed when analysing CopM in the tolC mutant (Chapter V). These 

results suggest that soluble proteins reaching the Synechocystis periplasm can leave the 

cell either by classical translocation systems located in the outer membrane, or packaged 

into EVs. Thus, it would be important to discover the transporter(s) involved in the secretion 

of soluble periplasmic proteins through the outer membrane. One can imagine that by 

blocking these OM exit routes, the periplasmic pressure would increase even more, leading 

to an increment in encapsulation and vesiculation. Another alternative would be to transform 

an already hyper-vesiculating strain, other that tolC mutant, as background. By doing so, 

one could foresee the isolation of more sfGFP packed EVs, even though the issue of 

packaging efficiency would remain unsolved. Additionally, another level of optimization 

addresses the choice of promoter and signal peptide used. Regarding the promoter, one 

can think about its origin (native vs heterologous), regulation (constitutive vs inducible) and 

expression strength (strong vs medium vs weak). The nature of the signal peptide, 

mediating the passage from the cytoplasm through the inner membrane, can rely either on 

sequences identified from the general secretory (Sec) pathway or derived from the Tat 

pathway (Freudl, 2018). Protein folding in the cytoplasm is a requirement for Tat-targeted 

proteins to be translocated to the periplasm, whereas Sec-secreted proteins are transported 

unfolded (Freudl, 2018). Proteins like sfGFP can only be secreted after cytoplasmic folding, 

thereby being unsuitable for translocation through the Sec pathway (Feilmeier et al., 2000; 
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Thomas et al., 2001). Thus, an important matter to consider when pretending to encapsulate 

a protein of interest into cyanobacterial EVs is their mode of translocation to the periplasm. 

Signal peptides affect the biosynthesis, the folding kinetics, and the stability of the 

respective target protein (Freudl, 2018). Moreover, deletion of native genes encoding 

proteins competing for the Sec or Tat transporters could be another strategy to improve 

protein of interest transportation to the periplasm (Russo et al., 2021), ultimately favouring 

vesicle packaging. Overall, addressing several and distinct degrees of the vesiculation 

process will allow the development of a Synechocystis strain capable of secreting more 

efficiently EVs packaged with a protein of interest. 

The use of Synechocystis EVs as novel protein carrier systems for fish in aquaculture 

was tested (Chapter VI). Major problems arise in aquaculture farms regarding fish growth. 

Overcrowding in fish tanks result invariably in nutritional deficiencies and disease 

outbreaks. These are tackled with chemicals and antibiotics to keep the purpose of 

commercial production. Sometimes these compounds are inappropriately and dangerously 

applied, particularly when considering one of the end goals of aquaculture: human 

consumption. An ingenious form to protect consumers, as well as farmers interests, would 

be to develop environmentally-friendly solutions to address these occurrences in fish 

farming (Hai, 2015). Here, Synechocystis EVs were studied as potential nanocarriers of 

proteins of interests, envisioning different applications, ranging from fish dietary 

supplementation to modulation of their immune system against selected antigens. For that 

purpose, an evaluation of their potential toxicity against zebrafish larvae was performed. 

Bacterial EVs toxicity derive essentially from their LPS content (Gnopo et al., 2017). Various 

Synechocystis strains possessing distinct cell envelope/surface properties, and differential 

vesiculation capacities were used: WT, tolC, tolC/spy and fucS. Overall, Synechocystis 

EVs were safe compared to the control condition [P. aeruginosa LPS (Novoa et al., 2009)]. 

Notably, when subjecting zebrafish larvae to high dosages of Synechocystis EVs, no 

systemic inflammatory responses were observed. These results are in agreement with 

earlier observations showing a reduced toxicity of cyanobacterial LPS (Durai et al., 2015; 

Stewart et al., 2006; Swanson-Mungerson et al., 2017), which can be explained by 

structural differences detected in the cyanobacterial lipid A backbone, as compared to other 

Gram-negative bacteria (Hahn & Schleiff, 2014). Then, the recognition that Synechocystis 

EVs could be loaded with a protein of interest, led to perform immersion tests of zebrafish 

larvae with sfGFP packed EVs. Remarkably, sfGFP accumulated in the gastrointestinal 

tract, suggesting prolonged residence time of the protein in this environment (Chapter VI). 

Upon oral administration of microalgae expressing GFP, it was also described an 

accumulation of this protein in the fish intestinal tissues, being its presence further detected 
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in the blood, as determined by ELISA (Kwon et al., 2019). Authors speculated that 

microalgae cells are lysed in the hind gut by cellulolytic commensal bacteria, being the 

protein locally released and absorbed by intestinal cells (Kwon et al., 2019). In the case of 

EVs, this reasoning might also be valid. However, it is also likely that EVs are internalized 

by gut cells, releasing their cargo therein. Several cellular entry pathways of bacterial EVs 

have already been described in eukaryotic hosts (O'Donoghue & Krachler, 2016). It should 

be pointed out that cellular uptake of EVs packed with the protein of interest, shielding it 

from intestinal proteases, is beneficial to maximize protein delivery. Moreover, other 

biotechnological applications may not even require the release of EVs content. In the case 

of packing an enzyme, the periplasm-like microenvironment of a vesicle lumen and the 

protection against gut proteolytic activity, benefits its stability (Bonnington & Kuehn, 2014). 

In this scenario, substrates cross the vesicle envelope, enabling enzymatic activity (Biller et 

al., 2021). All in all, Synechocystis EVs have the prospect of becoming a valid alternative 

of carrying specific proteins, opening a wide range of technological applications, namely for 

aquaculture. 

Realization that Synechocystis EVs can function as an alternative mechanism to secrete 

metals and concentrate them extracellularly (Chapter V), could open the door to further 

explore cyanobacterial EVs in the context of bioremediation, namely in freshwater polluted 

sites, as proposed elsewhere (Alves et al., 2018; Alves et al., 2015; Caruana et al., 2020). 

If EVs are packed with metal binding proteins and dispersed into a determined metal 

contaminated site, they could act as sinking agents, reducing metal bioavailability. This 

reasoning could be applied for copper polluted locations, using CopM enriched vesicles. 

This approach holds drawbacks, as it would only reduce metal availability for organisms in 

a given environment, instead of a total and definite cleanse of it. 

Overall, cyanobacterial EVs, in particular Synechocystis EVs, demonstrate 

biotechnological potential. On top of being produced by a group of bacteria with increasing 

commercial attractiveness, the cyanobacterium used throughout this work is genetically 

tractable. Synechocystis holds an already solid molecular toolbox, expected to develop 

even more due to their relation with synthetic biology (Pacheco et al., 2021). These qualities 

allowed the generation of several mutants with hyper-vesiculation capacity, relevant when 

considering a large scale EVs production. Moreover, recognition that Synechocystis EVs 

and their LPS content appear safe without further bioengineering is a significant asset, 

namely for fish and possibly other organisms. Efforts to streamline EVs modulation and 

encapsulation with protein(s) of interest(s) will benefit greatly these end goals. Connecting 

all these dots in one single approach will possibly contribute to use Synechocystis EVs as 

an environmental-friendly and sustainable solution for biotechnological applications. 
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2. Conclusions and Future Perspectives 

 

Overall, this work contributed to pave the way to systematically study extracellular 

vesicles in cyanobacteria. A solid protocol for reproducibly isolating and characterizing 

cyanobacterial EVs was developed, identifying a number of critical steps and aspects 

(Chapter III). Then, using Synechocystis as model strain, the first players and mechanisms 

involved in EVs biogenesis were revealed, including the involvement of outer-membrane 

porins (Chapter IV), but also owing to periplasmic protein pressure (Chapter VI). In addition, 

cyanobacterial EVs physiological relevance was uncovered, through their use as metal-

efflux nanocapsules, revealing an unknown role for bacterial EVs and metal homeostasis 

(Chapter V). Interestingly, this ability concerning EVs was suggested to occur in bacteria 

inhabiting completely different ecological niches. Moreover, initial steps towards the protein 

content customization of cyanobacterial EVs were taken, envisioning their use as 

biotechnological tools, applied here in the field of aquaculture but with the prospect of 

expanding to other topics (Chapter VI). As EVs constitute an exciting biological aspect in 

the 21st century, these results could trigger the curiosity towards the study of vesicles from 

other cyanobacterial species and address other applications. 

Although this work contributed to improve the knowledge on cyanobacterial EVs, 

particularly in Synechocystis, several questions remain unanswered. One can divide these 

interrogations into distinct categories, namely Synechocystis EVs biogenesis, composition, 

biological roles and biotechnological applicability.  

Regarding their formation process: 

What are the molecular mechanisms behind the binding between the outer membrane 

porins harbouring the SLH/OprB domains and the peptidoglycan layer in Synechocystis? 

Can the players involved in this process be identified and tweaked to modulate vesiculation? 

Addressing their compositional aspect: 

What are Synechocystis EVs made of? Will a comprehensive proteome, lipidome, 

metabolome and nucleic acid content analysis reveal novel clues and players significant to 

vesiculation, uncovering possible biological roles? 

Focusing on results achieved within the biological significance of Synechocystis EVs: 

Can EVs work as nanocapsules contributing to the homeostasis of other metals than 

copper? What mechanisms determine EVs packaging with metal-binding proteins under 

metal stressful conditions? How does the cell regulate the proportion of smooth-to-rough 

type LPS in released EVs depending on the condition? Can Synechocystis EVs work as 
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metal sinks when subjected to high amounts of a particular metal? And under metal 

deficiency, can they function to acquire it? Is TolC a metal-efflux mediating protein in other 

relevant bacterial species beyond Synechocystis (and E. coli)? 

Bioengineering Synechocystis EVs will require to explore the following: 

How can the regulation and encapsulation yield of vesicles be improved? Can another 

promoter and signal peptide perform best? Will the transformation of an already hyper-

vesiculating strain (e.g. slr1908) with the construct assembled to target sfGFP to the 

periplasm improve the yield of packed EVs? If EVs reach the fish gut environment, are they 

degraded and the protein cargo released? Or are they internalized integrally by gut cells? 

Can EVs even cross the gut-blood barrier and reach the blood stream? Can EVs be packed 

with a selected fish antigen to trigger a specific immune response? 

The reality is that these are all intertwined aspects. Like dominoes that can topple in both 

directions, breakthroughs in one given sub-topic can also become a novelty for the entire 

topic. The goal is to focus in detail in every feature of Synechocystis EVs, envisioning one 

day to zoom out and observe the full landscape concealed by these about to fall dominoes. 

Throughout this work, distinct aspects of cyanobacterial EVs biology were addressed, 

particularly focusing on their biological functions and possible biotechnological applications. 

However, the impact of studying cyanobacterial EVs does not end here. Given 

cyanobacteria’s evolutionary history and current important role in ecology, the study of 

cyanobacterial EVs has the prospect of elucidating some of the greatest questions in 

Biology. For example, an intriguing but poorly addressed matter is the relation of EVs with 

intra/inter-kingdom communication and exchange of genetic information. Have 

cyanobacterial vesicles any relevance for this topic? 

Regarding intra-kingdom communication, cyanobacterial vesicles have been proposed 

as mediators of horizontal gene transfer (HGT) in oceans (Biller et al., 2014). Phages are 

also implicated in this process, but they exhibit closer taxa ranges compared to EVs 

(Nazarian et al., 2018). Meaning, while a given class of bacteriophages only infects a narrow 

group of bacteria, limiting the range of gene transfer, EVs released by one group of bacteria 

can easily be incorporated by phylogenetically unrelated prokaryotes. Allying vesicles 

abundance in oceans, namely of cyanobacterial origin, to the fact that they shuttle diverse 

mobile genetic elements, it was recently suggested that cyanobacterial EVs participate(d) 

in the genetic modeling of marine microbial populations (Hackl et al., 2020)  

When thinking of vertical interactions between evolution levels, one can recall that EVs 

may be regarded as fossil signatures of primordial lipid structures that once participated in 
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life genesis (Chapter I – Introduction, 1.1 EVs as fossils of the origin of life). All organisms 

on Earth should then have a trace of this phenomenon, and EVs release is ubiquitous to all 

domains of life (Deatherage & Cookson, 2012). Thus, EVs could be considered as nano-

lifts to study inter-kingdom communication. Vesicles have already been implicated with key 

biological questions related to evolution, such as the appearance of the eukaryotic 

endomembrane system (Gould et al., 2016). Based on endosymbiotic theories, eukaryotes 

originated from an archaeal host that engulfed an α-proteobacterium (the mitochondrial 

ancestor) (Ku et al., 2015). One theory supports that, once entrapped within the cytosol of 

the host, the mitochondrial ancestor continued to vesiculate. Vesicles could then 

accumulate and fuse with each other, forming organelles, or merge with the plasma 

membrane, shaping the cell envelope (Gould et al., 2016). Interestingly, mitochondria are 

still known to secrete vesicles (Neuspiel et al., 2008). In plants, chloroplasts have a well 

described internal vesicular transport system (Lindquist & Aronsson, 2018). However, it 

remains to be elucidated if chloroplasts liberate vesicles to the cytosol of vegetal cells. 

Chloroplasts ancestors, cyanobacteria, releases EVs. In this line of thinking, it is worth 

highlighting that there are cases where cyanobacteria live in symbiosis, protected inside 

their hosts and exchanging biological material with them, including through vesicles. In the 

cyanobacteria–water fern Azolla microphylla symbiotic association of perpetual nature, the 

nitrogen-fixing cyanobiont releases EVs, in which DNA was detected (Zheng et al., 2009). 

This could suggest lateral gene transfer between the two symbiotic partners. More recently, 

in a diatom-cyanobacteria symbiosis, it was observed what appear to be the detachment of 

OIMVs from the cyanobacterium envelope (Flores et al., 2022). It was hypothesized that 

these vesicles could represent a vehicle for the transfer of fixed nitrogen to the cytoplasm 

of the diatom. There are indications that this solid partnership led the cyanobiont to adapt 

to an intracellular lifestyle, reorganizing its genome (Hilton et al., 2013) and morphology 

(Flores et al., 2022). Even the use of cyanobacterial EVs for biotechnological applications 

in higher organisms could be regarded as an one-way imposed informational exchange. 

These cyanobacterial vesicles’ cross-kingdom communication examples could drive the 

way to study their impact on the evolution between prokaryotes and eukaryotes, namely on 

the flux of cyanobacterial genes into plant nuclear genomes (Deusch et al., 2008). 

Dissecting fundamental aspects of vesicle biology in cyanobacteria could then breach 

and elucidate frontiers within and between kingdoms, deciphering some of the ecological 

and evolutional roles of cyanobacterial EVs.  
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