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Summary

Aquaculture has been one of the fastest-growing
food industry sectors, expanding at the pace of con-
sumers’ demands. To promote safe and effective fish
growth performance strategies, and to stimulate
environmentally friendly solutions to protect fish
against disease outbreaks, new approaches are
needed to safeguard fish welfare, as well as farmers
and consumers interests. Here, we tested the use of
cyanobacterial extracellular vesicles (EVs) as a novel
nanocarrier system of heterologous proteins for
applications in fish. We started by incubating

zebrafish larvae with Synechocystis sp. PCC6803
EVs, isolated from selected mutant strains with dif-
ferent cell envelope characteristics. Results show
that Synechocystis EVs are biocompatible with fish
larvae, regardless of their structural composition, as
EVs neither induced fish mortality nor triggered sig-
nificant inflammatory responses. We establish also
that cyanobacteria are amenable to engineering het-
erologous protein expression and loading into EVs,
for which we used the reporter sfGFP. Moreover,
upon immersion treatment, we successfully demon-
strate that sfGFP-loaded Synechocystis EVs accu-
mulate in the gastrointestinal tract of zebrafish
larvae. This work opens the possibility of using cya-
nobacterial EVs as a novel biotechnological tool in
fish, with prospective applications in carrying pro-
teins/enzymes, for example for modulating their
nutritional status or stimulating specific adaptive
immune responses.

Introduction

With an ever increasing demand for seafood that cannot
be met by capture fisheries alone, growing pressure is
being placed on aquaculture. According to the Food and
Agriculture Organization of the United Nations, aquacul-
ture is probably the fastest growing food-producing sec-
tor, now accounting for up to 50% of the world’s fish that
is used for food (FAO, 2020). However, several con-
straints limit the expansion of the sector, including fish
growth performance in fish farms, disease outbreaks and
stressful rearing conditions. Therefore, different strate-
gies are required to maximize the welfare and nutritional
status of the fish while minimizing environmental impact
and feeding costs, reducing chemicals as prophylactic
agents, and decreasing mortalities due to opportunistic
pathogens. The use of live microorganisms as probiotics
is one of such approaches (Hai, 2015), which has
become popular in recent years as it reportedly improves
feed value, contributes to enzymatic digestion of nutri-
ents, inhibits the action of pathogenic microorganisms,
shows anti-mutagenic and anti-carcinogenic activity, and
potentiates immune responses (Pandiyan et al., 2013).
With the development of biotechnology, new systems
and techniques have been implemented for the expres-
sion of heterologous proteins and enzymes in probiotics
cells (Yao et al., 2020), further potentiating their use.
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This approach is gaining considerable interest, as these
proteins and enzymes can be carefully selected to meet
a specific purpose, for example increasing adherence
capability, trigger adaptive immune responses or stimu-
late nutrient digestion (Yao et al., 2020). One example is
the use of microbial photosynthetic systems towards a
more sustainable development of the aquaculture sector,
particularly by the use of microalgae or cyanobacteria as
feed or dietary supplements (Abed et al., 2009; Han et
al., 2019; Ma et al., 2020; Morais Junior et al., 2020).
Recently, through genetic modifications, microalgae have
been engineered to express potential antigens for the
development of an oral vaccination platform in fish
(Kwon et al., 2019). Nevertheless, the choice of whole
microorganisms to use in aquaculture remains far from
consensual, mainly because the gastrointestinal micro-
biota of aquatic organisms has been poorly character-
ized and the effects of the probiotics agents remain to
be extensively analysed (Pandiyan et al., 2013). Thus,
while the realization of probiotics as protein carrier and
molecular display systems is yet to be fulfilled, other
alternatives are being investigated.
In the context of carrying and delivering agents with a

biological effect (bioactives) (Dezfooli et al., 2019), the
use of bacterial extracellular vesicles (EVs) occupies a
relevant position. EVs are discrete and non-replicable
proteoliposomal nanoparticles (Caruana and Walper,
2020), with a size between 20 and 500 nm in diameter
(Zavan et al., 2020). These are bilayered nanostructures,
derived from the bacterial cell envelope, containing
membrane components as well as soluble products
(Lima et al., 2020). Gram-negative bacteria, in particular,
have been extensively engineered to release EVs with
customized cargo, aiming at fulfilling different purposes,
namely for the delivery of chemotherapeutic agents
(Kuerban et al., 2020), for carrying immunogenic anti-
gens (Fantappi�e et al., 2014) and even for performing
complex chemical reactions extracellularly otherwise dif-
ficult to implement in whole cells (Park et al., 2014).
Some key features of the vesicles have encouraged
these applications, particularly the fact that cargo proper-
ties are maintained in EVs even under harsh conditions,
and the capacity of EVs in protecting and trafficking
cargo to inaccessible targets (Bonnington and Kuehn,
2014). Despite the progress in employing EVs in bio-
technology, administration to higher animals of EVs iso-
lated from Gram-negative bacteria is usually associated
with pathological reactions, including systemic inflamma-
tory responses (Park et al., 2010), mainly due to the
presence of lipopolysaccharides (LPS). This represents
a serious limitation, which has prompted the search for
alternatives to minimize the immunogenicity of bacterial
EVs, such as: the use of chemical processes to
decrease LPS content, the genetic engineering of EVs-

producing bacterial strains for reduced and/or altered
LPS content and the choice of bacterial strains contain-
ing LPS with low immunogenicity (Jain and Pillai, 2017).
Regarding the latter, cyanobacterial derived EVs may
represent a good candidate, since there are indications
that cyanobacterial LPS are associated with significantly
reduced toxicity in mammals, related to low immune
reactivity, as compared to LPS from other bacteria
(Stewart et al., 2006; Durai et al., 2015; Swanson-
Mungerson et al., 2017). Cyanobacteria are a remark-
ably diverse group of Gram-negative bacteria, with wide
ecological distribution, and great metabolic plasticity.
They are unique for being the only prokaryotes capable
of performing oxygenic photosynthesis, and so, have
minimal nutritional requirements. Thus, together with a
wide range of genetic engineering tools available, cyano-
bacteria are increasingly regarded as promising, environ-
mentally friendly and highly sustainable microbial cell
factories for the production of added value products (Hei-
dorn et al., 2011). Nevertheless, the study of cyanobac-
terial EVs is just emerging, and many questions remain
unanswered as to their potential in biotechnological
applications.
The main goal of this study was, therefore, to under-

stand to what extent are cyanobacterial EVs a viable
vehicle for carrying proteins to fish. To that end, the uni-
cellular, freshwater cyanobacterium Synechocystis sp.
PCC6803 (hereafter Synechocystis) was used in this
work. Different aspects had to be comprehensively ana-
lysed, including determination of toxicity of Synechocys-
tis EVs and their LPS in fish, modulation of protein cargo
of Synechocystis EVs, by packaging them with a
reporter protein and evaluation of the reporter protein
delivery in fish via Synechocystis EVs. Altogether, our
results indicate that Synechocystis EVs represent an
innovative, biocompatible protein carrier system for fish,
expanding the molecular toolbox available for the trans-
port of biologically active proteins and enzymes in
aquaculture.

Results

Synechocystis wild type and mutant strains release EVs
with different surface properties

Extracellular vesicles in cyanobacteria originate mainly
from its cell envelope (Lima et al., 2020) (Fig. 1A). In
Synechocystis, the outermost components of the cell
envelope are the S-layer and lipopolysaccharides (LPS)
(Fig. 1B), which are also structural components of Syne-
chocystis EVs (Fig. 1C). In this work, to evaluate the
level of toxicity induced by cyanobacterial-derived EVs in
fish, we started by investigating the effect of EVs
isolated from Synechocystis on the survival and inflam-
matory response of zebrafish larvae. To get a deeper
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understanding of the toxic effect of Synechocystis EVs
components in fish, it became important to use EVs with
different surface properties. To that end, different Syne-
chocystis mutant strains were selected for their previ-
ously reported altered cell envelope characteristics. On
one hand, the role of the S-layer was assessed by using
the tolC mutant, which has been shown to be impaired
in the secretion of the S-layer protein (protein Sll1951)
(Oliveira et al., 2016) as opposed to the wild-type strain
(GT-Kazusa strain) that is known to produce it. On the
other hand, the fucS mutant was selected for its unique
LPS structural characteristics, as it was previously
described to produce LPS with truncated O-antigen por-
tions (Fisher et al., 2013). Furthermore, the tolC mutant
was reported to release more EVs than the wild-type
strain (Oliveira et al., 2016), which represented a trait of
particular interest for subsequent assays. Another Syne-
chocystis mutant strain (tolC-spy double mutant, Fig. S1)
available in the laboratory showed slightly higher vesicu-
lation capacity than the hypervesiculating tolC mutant.
Thus, taking advantage of its natural capacity to produce
large amounts of EVs, we decided to include the tolC/
spy double mutant in this study as well.
Lipopolysaccharides from the Synechocystis wild type,

and mutant strains tolC, tolC/spy and fucS were isolated
from cells with a standard hot phenol-water method
(Rezania et al., 2011), and EVs were isolated by ultrafil-
tration and ultracentrifugation of the extracellular medium
recovered from cultures of the same strains (Figs 2 and
3). After separation of the isolated samples by electro-
phoresis on SDS-polyacrylamide gels and subsequent
detection with a LPS specific stain, it was possible to
observe and confirm that the LPS band profile of the
wild-type strain was similar to that of the tolC and tolC-

spy mutants, while the LPS band pattern of the fucS
mutant strain was significantly different (Fig. 2 and
Fig. S2). LPS from the fucS mutant show an accumula-
tion of smooth-type LPS (lipid A, oligosaccharide core
and O-antigen) with lower molecular weight than those
of the wild-type. Comparing the LPS band profile of iso-
lated LPS and LPS derived from EVs, one could detect
a clear absence of low molecular weight, non-polar,
rough-type LPS (composed of lipid A and oligosaccha-
ride core) in the samples corresponding to isolated LPS
(Fig. 2), likely resulting from the chemical-based LPS
extraction protocol (Rezania et al., 2011), which prefer-
entially isolates polar molecules. Furthermore, a substan-
tial difference could also be observed in LPS bands
when comparing the various cyanobacterial samples with
the commercially available LPS from Pseudomonas aer-
uginosa, used here as reference.
Isolated EVs were also characterized in detail in terms

of their abundance, morphological aspect and size
(Fig. 3). Determination of the amount of EVs produced
by each strain, indicated that tolC, tolC-spy and fucS are
hypervesiculating strains (Fig. 3A). This relative EVs pro-
duction capacity could already be observed during the
EVs isolation protocol: after the ultracentrifugation step,
EVs pellets from all Synechocystis strains showed the
typical orange pigmentation, consistent with the pres-
ence of carotenoids in the outer membrane of this
cyanobacterium, with vesicles from the wild-type corre-
sponding to the smallest pellet (Fig. 3B). Despite the dif-
ferences in abundance, isolated EVs from the various
cyanobacterial strains appeared as spherical nanosized
structures when observed by transmission electron
microscopy (TEM) of negatively stained samples
(Fig. 3B). Based on these transmission electron

Fig. 1. Schematic representation of the structure and composition of the Synechocystis sp. PCC6803 cell wall and extracellular vesicles.
A. Diagram showing the Gram-negative-type cell wall structure of the Synechocystis cell, and EVs formation by budding and detachment of the
outer membrane. Squares represent close ups shown in sections B and C.
B. Details of the cyanobacterial cell wall. It is worth highlighting that lipopolysaccharides constitute the outer leaflet of the outer membrane, and
that the S-layer is the outermost structure of the Synechocystis cell.
C. General view of the composition of cyanobacterial EVs.
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micrographs, the size of isolated EVs was determined.
While EVs from the wild-type and fucS mutant strain are
more heterogeneous in size distribution, those isolated
from the tolC and tolC-spy mutant strains are enriched in
a narrower size range. Approximately 50% of the mea-
sured EVs were found to have a diameter between 45

and 60 nm in the tolC and tolC-spy mutant strains, and
between 45 and 70 nm, and 35 and 60 nm for the wild-
type and fucS mutant respectively (Fig. 3B). Moreover,
abnormally large EVs (larger than 130 nm in diameter)
could also be observed in the fucS mutant strain, which
corresponded to more than 10% of all the measured
EVs.

Isolated Synechocystis LPS and EVs do not induce
zebrafish larvae mortality

We then proceeded to evaluate the biocompatibility of
isolated Synechocystis LPS and EVs in fish. Three days
post-fertilization (dpf) zebrafish (Danio rerio) larvae were
treated by immersion with different amounts of cyanobac-
terial LPS or EVs for 5 days, and zebrafish larval survival
was monitored daily. In addition, commercially available
LPS from P. aeruginosa were also included in the test,
as these have been reported to induce approximately
50% larval mortality in about 8 h of treatment with
50 µg ml�1 (Novoa et al., 2009). Altogether, our results
showed that neither EVs from any of the cyanobacterial
strains used in this work nor isolated cyanobacterial LPS
from the wild-type or the tolC and fucS single mutants
induced significant mortality in zebrafish larvae under the
tested conditions (Fig. 4; Tables S1 and S2–S5). In con-
trast, larvae exposed to 500 µg ml�1 of LPS isolated
from the cyanobacterial tolC-spy-double mutant, and to a
lesser extent 250 µg ml�1 of LPS, showed a significant
reduction in survival rate, although not as severe as that
obtained with the P. aeruginosa LPS. Thus, while
45 µg ml�1 P. aeruginosa LPS triggered > 80% mortality
after 24 h of treatment, isolated EVs concentrations of up
to 500 lg ml�1 from Synechocystis may be used without
significantly reducing larvae survival.

EVs from the Synechocystis tolC and fucS mutant
strains do not trigger high inflammation responses

Taking advantage of the hypervesiculating phenotype of
tolC and fucS single mutants, the innate immune
response of zebrafish larvae to EVs isolated from these
mutants was evaluated in 3 dpf zebrafish larvae subject
to a 24 h immersion trial, against a zebrafish embryo
medium control treatment (the tolC-spy mutant was not
included, as its LPS showed some level of toxicity). The
expression of pro-inflammatory cytokine interleukin 1
beta (IL-1b), tumour necrosis factor (TNF-a) and anti-
inflammatory cytokine interleukin 10 (IL-10), was then
analysed by RT-qPCR and results normalized by
RPL13a mRNA levels (Fig. 5 and Table S6). In contrast
to LPS from P. aeruginosa that induced significant upre-
gulation of inflammatory markers, when used at a sub-
lethal concentration of 35 µg ml�1, EVs isolated from the

Fig. 2. Lipopolysaccharides (LPS) band profile of isolated LPS and
of purified extracellular vesicles obtained from the Synechocystis
sp. PCC6803 strains studied in this work. LPS from the Synecho-
cystis wild-type (WT), and mutant strains DtolC, DtolC/Dspy and
DfucS were isolated with a standard hot phenol-water method
(Rezania et al., 2011) (upper panel), while EVs from the same
strains were collected from the spent medium by ultrafiltration and
ultracentrifugation (bottom panel). LPS present in both sample types
were separated on 16% (w/v) SDS-polyacrylamide gels, and stained
with the Pro-QTM Emerald 300 Lipopolysaccharide Gel Stain Kit (Life
Technologies). Commercial LPS from Pseudomonas aeruginosa
(LPS Pa) was loaded as reference marker (M). High molecular LPS
(containing lipid A, oligosaccharide core and O-antigen) are shown
as Smooth LPS, and low molecular LPS (containing lipid A, oligo-
saccharide core) are indicated as Rough LPS. These gels are rep-
resentative of the results obtained from at least three independent
biological replicates.
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tolC and fucS single mutants were shown not to induce
a significant inflammatory response even at a concentra-
tion of 500 µg ml�1. The observation that Synechocystis
EVs harbouring LPS with different O-antigen length and
characteristics do not trigger acute inflammation in fish,
further supports that Synechocystis EVs structural com-
ponents are biocompatible with fish even at high
concentrations.

Modulation of Synechocystis EVs protein content

To evaluate the capacity of customizing the protein con-
tent of Synechocystis EVs, the super-folder green fluo-
rescent protein (sfGFP) was used as reporter, as
recently described (Lima et al., 2022). Hence, sfGFP
was expressed in Synechocystis cells under the control
of the well-characterized, strong promoter Ptrc.x.lacO (Fer-
reira et al., 2018) and further targeted to the periplasm
by the signal peptide of the Synechocystis periplasmic
protein FutA2, a substrate of the twin-arginine transloca-
tion (Tat) pathway (Waldron et al., 2007; Badarau et al.,

2008) (Fig. 6). Plasmids pEV-trc-GFP(S) were con-
structed for this purpose, and despite various transfor-
mation attempts in the hypervesiculating Synechocystis
tolC mutant strain, sfGFP expressing cyanobacteria were
only possible to obtain with wild-type cells as back-
ground strain. Fully segregated cells (EV-trc-GFP) were
cultivated in liquid medium, and a yellowish/greenish col-
oration of the extracellular medium could be observed
(Fig. 6A). Cells were studied by confocal microscopy to
evaluate sfGFP expression and cellular localization of
the fluorescent signal (Fig. 6B). The sfGFP-dependent
fluorescent signal was localized outside of the autofluor-
escence signal, which derives from the photosynthetic
pigments located in the thylakoid membranes, indicating
that most of the sfGFP protein is in the periplasm of cya-
nobacterial cells (Fig. 6C). Occasionally, it was also pos-
sible to observe small fluorescent foci in the extracellular
medium. Thus, the extracellular medium of EV-trc-GFP
cells was collected, and the respective EVs were iso-
lated. The EV-free extracellular medium was also further
concentrated and analysed. Western blotting analysis of

Fig. 3. Characterization of the Synechocystis sp. PCC6803 extracellular vesicles isolated from the wild-type and mutant strains.
A. Relative vesicle production capacity of Synechocystis wild type (WT), and tolC (DtolC), tolC/spy (DtolC/Dspy) and fucS (DfucS) mutant
strains, as determined by densitometry analysis of the outer membrane marker LPS detected on SDS-polyacrylamide gels (Fig. S2). For LPS
quantitation, images of stained gels were processed using ImageJ by quantifying pixel intensity values of all bands detected in a given lane,
and deducing LPS amount against a calibration curve established with P. aeruginosa LPS (Sigma-Aldrich, Burlington, MA, USA) as standard.
EVs samples were normalized to culture OD730, culture volume, and final EVs sample volume, prior to separation by electrophoresis. Error
bars indicate standard deviations of three independent biological replicates. Statistical analysis was performed by means of a one-way ANOVA.
*, P < 0.05; **, P < 0.01; ****, P < 0.0001.
B. Pellets resulting from the ultracentrifugation step during EVs isolation from the Synechocystis wild-type and mutant strains are shown (top
panels). Transmission electron micrographs of negatively stained isolated EVs samples of the various Synechocystis strains show details of
their size and morphology (middle panels) (scale bar: 200 nm). Note that the relative amount of EVs isolated from each strain cannot be
assessed in these micrographs, as different amounts of EVs were loaded onto the grids for optimized visualization. Histograms showing particle
size distribution of EVs samples from the different cyanobacterial strains are presented (bottom panels). EVs were separated in 5 nm size
groups, distributed between 30 and 130 nm, and in groups comprising those with a size below 30 nm or higher than 130 nm. Vesicle diameter
was determined by direct measurement from electron micrographs of three independent biological replicates. Abundance of each size group is
presented as relative figures, that is number of vesicles with a given diameter range relative to the total number of vesicles measured. More
than 300 vesicles were measured for the wild-type, 450 for the tolC mutant, 550 for the double tolC-spy mutant, and 350 for the fucS mutant.
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the various fractions, using a GFP-specific antibody,
determined that EV-trc-GFP cells indeed express sfGFP,
in agreement with confocal microscopy results and that
the reporter successfully accumulates in the extracellular
medium, both in isolated EVs fractions and in concen-
trated EV-free extracellular medium (Fig. 6D). Moreover,
it was possible to quantify that approximately 90% of the
sfGFP protein present in the extracellular medium was
found soluble in the medium, with the remaining part
present in the isolated EVs fraction (Fig. 6D).
Characterization of EVs obtained from the EV-trc-GFP

strain was carried out by different microscopic methods.
Confocal microscopy observations of isolated EVs prep-
arations determined the existence of numerous, highly
fluorescent foci in the sample (Fig. 6E), consistent with
possible sfGFP-packed EVs. TEM analysis of negatively
stained samples indicated the presence of many spheri-
cal nanostructures, morphologically similar to EVs from
the Synechocystis wild-type and mutant strains studied
in this work (Fig. S3A). Moreover, TEM analysis of

immunogold labelled EVs samples demonstrated the
presence of sfGFP inside EVs (Fig. 6E). To complement
the characterization of sfGFP-packed EVs, isolated sam-
ples were investigated by LPS analysis upon electropho-
retic separation on SDS-polyacrylamide gels, and by
determining their size from the analysis of TEM micro-
graphs (Fig. S3B and C). The results indicate that strain
EV-trc-GFP releases approximately 3.5-fold more EVs
than the wild-type strain, and that sfGFP-containing EVs
are slightly smaller than EVs from any other strain inves-
tigated in this study (50% of the analysed EVs had a
diameter between 35 and 55 nm).

sfGFP-loaded Synechocystis EVs reach the
gastrointestinal tract of zebrafish larvae upon immersion
treatment

To understand whether cyanobacterial EVs can work as
nanocarriers of custom proteins into fish, 5 dpf zebrafish
larvae were treated by immersion with isolated sfGFP-

Fig. 4. Effect of isolated lipopolysaccharides and extracellular vesicles from the Synechocystis sp. PCC6803 strains studied in this work on
zebrafish larvae survival. Kaplan–Meier survival curves of 3 days post-fertilization (dpf) zebrafish larvae subjected to zebrafish embryo medium
containing 250 or 500 µg ml�1 of isolated LPS or EVs from Synechocystis sp. PCC6803 wild-type (WT), and mutant strains DtolC, DtolC/Dspy
and DfucS. Survival tests also included two control treatments, which were carried out separately for each set of experiments corresponding to
each Synechocystis strain. Control treatments received either zebrafish embryo medium only (Control) or zebrafish embryo medium containing
commercial LPS from Pseudomonas aeruginosa (LPS Pa) at 45 µg ml�1. Survival was monitored for 5 days (120 h) of immersion challenge.
Data are represented as mean � standard deviation of two independent biological experiments, each condition tested in triplicates of 12 larvae,
making a total of 72 larvae analysed within each experimental condition. Survival percentages data points are listed in Table S1.
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loaded Synechocystis EVs for 24 h. In agreement with
earlier observations (Fig. 4), zebrafish larvae treated with
EVs did not show signs of morbidity, and did not die.
Upon treatment, larvae were euthanized and observed
by confocal microscopy. Under the microscope, while a
clear fluorescence signal could be observed in the ven-
tral region of zebrafish larvae treated with sfGFP-loaded
EVs, control larvae (in which no EVs were added) did
not show fluorescence signal (Fig. 7). Closer inspection
of the signal in respect to the zebrafish larvae anatomy
indicated that it originates mainly from the gastrointesti-
nal (GI) tract of the animal, particularly the intestine. This
observation establishes that Synechocystis EVs with
customized protein cargo: (i) can be suspended in the
medium where zebrafish larvae are maintained; (ii) are
ingested by the animals; (iii) accumulate in the GI tract;
and (iv) can help to maintain structure and activity of the
heterologous protein, as sfGFP retained its fluorescence
throughout the whole process.

Discussion

One of the main objectives of this work was to determine
to what extent are cyanobacterial-derived EVs toxic to
fish. To meet that goal, we decided to use the well-
characterized unicellular cyanobacterium Synechocystis,
and zebrafish (Danio rerio) as model organisms. On one
hand, as EVs are nanostructures that result from the
release of material from the bacterial cell envelope
(Figs 1–3), we decided to include various Synechocystis
mutant strains with different cell envelope/surface prop-
erties, and differential vesiculation capacity. On the other
hand, analysis of immune responses in zebrafish are
simplified with the use of individuals in their larval stage,
as they are transparent, easy to cultivate and only the
innate immune system is present, allowing the assess-
ment of physiological responses with the whole organism
(Novoa et al., 2009).
Immersion trials using 3 dpf zebrafish larvae and iso-

lated LPS or EVs from the various genetically engi-
neered Synechocystis strains did not show severe
mortality as compared to the control condition (P. aerugi-
nosa LPS (Novoa et al., 2009)), except for LPS isolated
from the tolC-spy mutant strain (Fig. 4). In previous
work, we have found that absence of a functional TolC
protein in Synechocystis results in high intracellular oxi-
dative stress, as indicated by the accumulation of reac-
tive oxygen species (ROS) in the cytoplasm and high
level of lipid peroxidation (Hewelt-Belka et al., 2020),
with the consequent activation of ROS detoxifying
enzymes (Oliveira et al., 2016). Moreover, we have also
found that cell envelope stress pathways are upregu-
lated in the tolC mutant, as indicated by upregulation
of transcript levels of genes (spy, degQ) and

Fig. 5. Effect of isolated extracellular vesicles from the Synechocys-
tis sp. PCC6803 mutant strains DtolC and DfucS on the expression
of fish inflammation markers. Quantitative expression analysed by
RT-qPCR of the genes encoding Interleukin 1 beta (IL-1b), Tumor
necrosis factor alpha (TNF-a), and Interleukin 10 (IL-10) in zebrafish
larvae immersed in zebrafish embryo medium only (CTR – control),
zebrafish embryo medium containing 250 or 500 µg LPS ml�1 of
EVs from Synechocystis mutants DtolC (EVs DtolC) and DfucS
(EVs DfucS), or in zebrafish embryo medium containing 35 µg LPS
ml�1 of P. aeruginosa (LPS Pa). For each treatment, 6 pools of 20
larvae each were analysed (individual data points are shown).
Extreme outliers (for details, see Experimental procedures) were
removed from the analysis. Treatments effects were analysed by
one-way ANOVA and significant differences among means
(P < 0.05) were determined by the Tukey’s multiple range test (for
details, see Table S6).
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overexpression of proteins (Spy, DegP) (Gonc�alves et al.,
2018) related to envelope stress responses. These
results highlight that the tolC mutant is under stress, with
undergoing adaptations at the periplasmic level. Spy is
an important periplasmic chaperone, contributing to pro-
tein folding in the periplasm (Quan et al., 2011). Deletion
of spy in the tolC mutant background resulted in higher
vesiculation (Fig. 3), which could be interpreted as a
sign of further stress. Thus, it is possible that tolC-spy
double mutant cells are under higher oxidative stress
than tolC cells, which could lead to an increased level of
LPS oxidation. Consequently, we hypothesize that LPS
from the tolC-spy mutant are more toxic than LPS iso-
lated from other Synechocystis strains used in this work,
which could account for the differences observed in the
zebrafish survival tests. However, despite the higher tox-
icity of its LPS, EVs isolated from tolC-spy mutant did
not induce significant mortality in zebrafish larvae. This
may be related to the bioavailability of isolated LPS ver-
sus LPS in vesicles to fish cells and tissues under the
tested conditions. Still, the mortality observed with the

LPS isolated from the double mutant strain seems to
confirm that LPS are the most immunogenic structural
components of EVs.
Expression analysis of molecular markers associated

with inflammatory responses in fish, namely IL-1b, TNF-
a and IL-10, showed their significant upregulation in zeb-
rafish larvae exposed to sub-lethal concentrations of P.
aeruginosa LPS, but not to isolated Synechocystis EVs
of the tolC and fucS mutant strains, even when high
amounts of EVs were used (Fig. 5). Altogether, these
results indicate that zebrafish larvae can withstand high
dosages of Synechocystis LPS and EVs, without trigger-
ing systemic inflammatory responses. This is in agree-
ment with earlier works reporting a significantly reduced
toxicity of LPS isolated from various cyanobacterial
strains (Anacystis nidulans, Oscillatoria sp. and species
of the genera Anabaena, Aphanizomenon, Microcystis
and Nodularia) compared to LPS from other bacteria
(Escherichia coli, Salmonella sp.) (Stewart et al., 2006;
Durai et al., 2015; Swanson-Mungerson et al., 2017).
This low reactivity against cyanobacterial LPS can be

Fig. 6. Synechocystis sp. PCC6803 extracellular vesicles loaded with the reporter sfGFP.
A. Photograph of a liquid culture of EV-trc-GFP (Synechocystis cells expressing sfGFP fused with the signal peptide of the FutA2 protein, under
the control of the Ptrc.x.lacO promoter), showing details of the yellow/green colour found in the extracellular medium.
B. Confocal micrographs of EV-trc-GFP cells depicting the red autofluorescence signal from the photosynthetic pigments (Autofluorescence),
and the green signal from the sfGFP reporter (sfGFP). A panel showing the result of merging the two micrographs is also presented (Merge).
Scale bar: 3 µm.
C. sfGFP (upper panel) and autofluorescence (bottom panel) fluorescence intensity plots determined for 10 different EV-trc-GFP cells (a.u., arbi-
trary units). Fluorescence intensity was quantified across the chosen cells as indicated by the white line drawn over one of the EV-trc-GFP cells
in the merged fluorescence signal confocal micrograph, and plotted against line distance (in µm).
D. Western blot analysis for the detection of sfGFP protein in 10 µg of total cellular protein (TP), and cell free concentrated extracellular media
(EM) samples of EV-trc-GFP cells. From the whole extracellular medium sample, extracellular vesicles (EVs) were separated from the soluble
part (sEM), and also included for analysis. EM, sEM and EVs samples were normalized for initial cell-free culture volume concentrated, final vol-
ume of concentrated sample, and culture OD730. This blot is representative of the results obtained from three independent biological replicates.
E. Microscopic analyses of EVs isolated from EV-trc-GFP cells, including a confocal micrograph showing green fluorescent foci (scale bar:
5 µm), and a transmission electron micrograph of immunogold labelled EVs. Black dots indicate the presence of sfGFP epitopes.
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explained by structural differences detected in the cya-
nobacterial lipid A backbone, as compared to other
Gram-negative bacteria (Hahn and Schleiff, 2014). In
particular, a missing phosphorylation at position 1-4’ of
the glucosamine disaccharide in the cyanobacterial lipid
A has been suggested to represent the key factor asso-
ciated with cyanobacterial LPS-reduced toxicity (Hahn
and Schleiff, 2014). Additional biochemical and structural
studies are needed to fully elucidate this effect.
In addition to showing that high amounts of

Synechocystis-derived EVs are not toxic to zebrafish lar-
vae, in this study we also present evidence supporting
the capacity of customizing protein cargo of Synechocys-
tis EVs (Fig. 6). By fusing the reporter sfGFP with the
Tat-dependent signal peptide of protein FutA2 (Waldron
et al., 2007; Badarau et al., 2008) as previously
described (Polyviou et al., 2018), we were able to show
expression and translocation of sfGFP to the periplasm
and, ultimately, to EVs. Loading of EVs with proteins of
interest has long been shown for example for E. coli
(Kesty and Kuehn, 2004), and here, we demonstrate that
the protein content of Synechocystis EVs can also be
customized with a heterologous protein. Curiously, strain
EV-trc-GFP showed an increased vesiculation capacity
as compared to the wild-type strain (Fig. S3). This
observation is consistent with the possibility of an

increased ‘periplasmic pressure’ resulting from an accu-
mulation of protein in the periplasm, as suggested by
Schwechheimer et al. (2014). In fact, this pressure could
also account for the difficulty in transforming the sfGFP
construct into the tolC mutant background: as discussed
above, this hypervesiculating mutant strain is under oxi-
dative stress, with several adaptations at the periplasmic
level. With this construct, protein expression is under the
control of the constitutive, relatively strong promoter
Ptrc.x.lacO (Ferreira et al., 2018), and translocation to the
periplasm seems to be rather efficient, likely recruiting
several Tat transporters, as indicated by the accumula-
tion of sfGFP signal in the periplasm as compared to
that in the cytoplasm (Fig. 6C). Thus, over accumulation
of protein in the periplasm may lead to an increase in
periplasmic pressure, which in turn leads to hypervesicu-
lation in the wild-type strain, but impairs growth in the
tolC mutant. In the future, expression of sfGFP with a
weak promoter in the tolC mutant will help in clarifying
whether the strain can cope with low sfGFP abundance
in the periplasm and release EVs packed with the
reporter.
Several aspects require optimization towards an effi-

cient loading of cyanobacterial EVs with proteins of inter-
est, including fine-tuned expression of the protein,
translocation to the periplasm, protein-folding and

Fig. 7. Synechocystis extracellular vesicles loaded with sfGFP accumulate in the gastrointestinal tract of zebrafish larvae. Confocal micrographs
of 5 dpf zebrafish larvae subjected for 24 h to immersion trials without (Control – upper panels) or with 1000 µg ml�1 sfGFP-loaded EVs iso-
lated from the cyanobacterial strain EV-trc-GFP (lower panels). The differential interference contrast (DIC) micrographs are shown in the middle
panels, while the fluorescence signal detected in the GFP channel (excitation: 488 nm; emission: 495–540 nm) are shown on the right hand
panels. The result of merging the DIC and GFP channel micrographs is presented on the left-hand side (Merge). The white square in each
‘GFP channel’ micrograph indicates the position where a larger magnification of the anatomic region corresponding to the gastrointestinal tract
was obtained (right-hand side).
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-stability in the periplasm, and efficient targeting to EVs.
Adjusting these aspects brings the prospect of making
cyanobacteria sustainable microbial factories for the pro-
duction of safe EVs, suitable for various biotechnological
applications. In that line of thinking, cyanobacterial EVs
have already been used with success to stimulate cuta-
neous wound healing in mice, by promoting angiogene-
sis (Yin et al., 2019).
Here we also established that sfGFP-loaded EVs from

Synechocystis can successfully carry the customized
protein cargo to fish, as illustrated by the detection of
sfGFP signal in the GI tract of zebrafish larvae upon
immersion treatments. The uptake and biodistribution of
nanoparticles (in the range of 25–100 nm) in zebrafish
larvae have been described before, but the focus has
been mainly on nanoplastics in the context of environ-
mental pollution (van Pomeren et al., 2017; Pitt et al.,
2018; Sendra et al., 2021). Curiously, these nanoparti-
cles could also be detected in the GI tract of the animals
analysed, which further supports the notion that nano-
sized EVs in suspension will follow the same internaliza-
tion route towards the fish gut, naturally accumulating in
the intestine. The fact that sfGFP signal is detected in a
concentrated manner (Fig. 7) suggests prolonged resi-
dence time of the protein in the gut environment. How-
ever, several questions remain to be addressed: are the
EVs degraded, and, if so, is the protein cargo released
to the gut environment? Can the EVs be internalized
integrally by gut cells? Can EVs even cross the gut-
blood barrier and reach the blood stream? Previous work
using unicellular microalgae expressing GFP also
showed accumulation of fluorescence signal in zebrafish
intestinal tissues (Kwon et al., 2019). The authors
hypothesized that the microalgal cell wall is broken down
in the hind gut by cellulolytic commensal bacteria, and,
consequently, the recombinant protein is released and
absorbed by intestinal cells (Kwon et al., 2019). In the
case of Synechocystis EVs, this may also occur. How-
ever, it is also possible that these nano-sized structures
are internalized by gut cells, releasing their cargo
therein. In fact, several cellular entry pathways of bacte-
rial EVs have already been described in eukaryotic hosts
(O’Donoghue and Krachler, 2016). In this context, if the
goal is to promote the absorption of a protein of interest,
cellular uptake of EVs may be an advantage over the
use of whole-cell microbes. For other biotechnological
applications, however, the release of protein cargo from
EVs may not even be required. If the protein is an
enzyme, it could benefit its activity to be shielded inside
the vesicle against proteolytic activity (Alves et al.,
2016). In this case, the enzyme substrate could cross
the membrane of the vesicle, enabling the reaction to
ensue (Biller et al., 2022a). Future work should address
these questions in order to explore the full potential of

Synechocystis EVs as effective carrier systems for differ-
ent types of applications in fish.
In summary, this work presents an innovative protein

carrier system to address several challenges in the fish
production sector. Whether one envisions fine-tuning
metabolic functions in fish towards an improved nutri-
tional status, or modulating its immune system to gener-
ate specific immune responses against selected
antigens, stimulating protection against a given patho-
genic agent, customized cyanobacterial EVs have the
prospect of becoming serious nanocarriers for the tar-
geted delivery of specific proteins to fish. Future studies
will clarify how cyanobacterial EVs can be best adminis-
tered to fish (e.g. immersion, oral or injection) without
compromising delivery efficacy and maximizing protein/
enzyme activity.

Experimental procedures

Cyanobacterial strains and routine cultivation conditions

The cyanobacterium Synechocystis sp. PCC6803 wild-
type (sub-strain GT-Kazusa; glucose tolerant, with S-
layer and non-motile) and mutant strains tolC (Oliveira
et al., 2016), and tolC-spy, fucS and EV-trc-GFP (this
work) (list of strains is available in Table S7) were main-
tained in liquid BG11 medium (Rippka et al., 1979) in
100 ml Erlenmeyer flasks, kept on an orbital shaker (100
r.p.m.), under a 16 h light (OSRAM Lumilux, 18W/865,
Cool daylight) (30–40 lmol photons m�2 s�1)/8 h dark
regimen, at 28°C. In the case of the mutant strains,
medium was supplemented with antibiotics: 100 µg
kanamycin ml�1 for tolC, fucS and EV-trc-GFP; and
50 µg kanamycin ml�1, and 2 µg spectinomycin ml�1

and 2 µg streptomycin ml�1 for the double mutant tolC-
spy. Growth was monitored spectrophotometrically by
analysing optical density at 730 nm (OD730). Routinely,
cyanobacterial strains were streaked on solid BG11
medium plates to assess the axenic state of the
cultures.

Generation of Synechocystis deletion mutant strains
DtolC/Dspy and DfucS

To generate the deletion mutant strains used in this
work, the Synechocystis natural transformation capability
and gene replacement by double homologous recombi-
nation were used as previously described (Heidorn et al.,
2011). Briefly, two DNA fragments of approximately
600 bp, in the vicinity of both the spy gene (sll0858) and
the fucS gene (sll1213) were amplified by PCR using
specific oligonucleotides (see Table S8). For both cases,
the DNA fragment closer to the 5’ region of the gene of
interest was digested with the restriction enzymes XhoI
and PstI, while the fragment closer to the 3’ region of
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the gene of interest was digested with PstI and BamHI.
All the restriction sites were included in the sequence of
the oligonucleotides (Table S8). The two DNA fragments
for each gene deletion were then ligated simultaneously
to the plasmid pSKII + (Stratagene), previously digested
with XhoI and BamHI, rendering plasmids pSpy and
pFucS, for deletion of the spy and fucS genes respec-
tively. The identity of the fragments was determined by
Sanger sequencing (StabVida). Then, DNA fragments
containing the determinants for conferring antibiotic
resistance, either for spectinomycin/streptomycin or for
kanamycin, were amplified by PCR with specific oligonu-
cleotides, containing the recognition site for the restric-
tion enzyme PstI. While the spectinomycin/streptomycin
resistance cassette was used to replace the nucleotide
sequence of the spy gene between positions 127 and
549 relative to the first nucleotide of the gene, the kana-
mycin resistance cassette was used to replace the
nucleotide sequence of the fucS gene between positions
131 and 678. Thus, plasmids pSpy and pFucS were line-
arized with PstI, and the antibiotic resistance cassettes
previously digested with PstI were ligated to the respec-
tive plasmids, rendering plasmids pSpy-SpSm and
pFucS-Km respectively.
Synechocystis wild type and tolC mutant were then

cultivated up to an OD730 of about 0.5, and naturally
transformed with plasmids pFucS-Km and pSpy-SpSm,
respectively, as described elsewhere (Pinto et al., 2015).
Fully segregated mutants were selected by in-
creasing concentration of the respective antibiotic, and
segregation was assessed by PCR using specific
oligonucleotides.

Engineering of Synechocystis heterologous protein
expression and targeting to EVs

To construct the Synechocystis strain expressing the
heterologous protein sfGFP and further targeting it to
extracellular vesicles (Lima et al., 2022), the synthetic
promoter Ptrc.x.lacO (Ferreira et al., 2018) the signal pep-
tide sequence of the Synechocystis native protein FutA2
(amino acids 1 to 35) as previously used by Polyviou et
al. (2018), which determines its translocation to the peri-
plasm, and the gene encoding the reporter protein
super-folder Green Fluorescent Protein (sfGFP) were
amplified by PCR using specific oligonucleotides
(Table S8). Assembly of the different DNA fragments
was performed by sequential overlap-extension PCR.
The 953 bp fragment was digested with PstI and XbaI,
and ligated either to plasmid pSN15KPO or to plasmid
pSN15S previously digested with the same restriction
enzymes, rendering plasmids pEV-trc-GFP and pEV-trc-
GFPS. Identity of the fragment in each plasmid was
determined by Sanger sequencing. Plasmids pSN15KPO

and pSN15S are variants of plasmid pSN15K (Pinto et
al., 2015), in which the original kanamycin resistance
cassette was replaced by that present in plasmid pUC4K
(GE Healthcare), or by the spectinomycin/streptomycin
resistance cassette from plasmid pRL278 (Cai and Wolk,
1990) respectively. Synechocystis wild-type cells were
naturally transformed with pEV-trc-GFP, and fully segre-
gated mutants were obtained, while Synechocystis tolC
mutant cells were transformed with pEV-trc-GFPS, but
without resulting in transformed colonies.

Isolation of Synechocystis lipopolysaccharides and
extracellular vesicles

To isolate cyanobacterial LPS and EVs, cells from Syne-
chocystis wild-type and mutant strains tolC, tolC/spy,
fucS and EV-trc-GFP were cultivated in glass gas wash-
ing bottles with aeration (1L air min�1), under a 16h light
(30–40 lmol photons m�2 s�1)/8 h dark regime, at 28°C.
Cultures were grown until an OD730 of approximately
1.5. LPS were isolated by the hot phenol-water method
as previously described (Rezania et al., 2011), recover-
ing LPS from the aqueous phase (LPS in the organic
phase were discarded, as it was difficult to remove con-
taminating phenol even after several rounds of dialysis),
and storing them at �20°C until further analysis. Regard-
ing EVs’ isolation, Synechocystis cultures were centri-
fuged at 4400 g for 10 min at room temperature to
separate cells from the extracellular medium. A total vol-
ume of 3.6 l of extracellular medium, unless stated oth-
erwise, was filtered through 0.45 lm pore size filters,
and further concentrated by ultrafiltration using centrifu-
gal filters with a molecular weight cut-off of 100 kDa
(Millipore, Burlington, MA, USA). A final volume of
approximately 15 ml of concentrated extracellular
medium was then centrifuged at 100 000 g for 3 h, at
4°C, as previously described (Biller et al., 2022b). The
resulting EVs pellets were then suspended in sterile
BG11 medium and stored at �80°C until further
analysis.
For both isolated LPS and isolated EVs, the amount

and band profile of LPS were routinely analysed. LPS
and EVs samples were prepared as described (Oliveira
et al., 2016) and further separated by electrophoresis on
16% (w/v) SDS-polyacrylamide gels. After separation,
LPS were detected by the Pro-QTM Emerald 300 Lipo-
polysaccharide Gel Stain Kit (Life Technologies, Carls-
bad, CA, USA), and visualized by UV-light radiation on a
GelDocTM XR+ system (Bio-Rad, Hercules, CA, USA).
Quantitation of LPS was determined by densitometry
analysis using the ImageJ software (Abr�amoff et al.,
2004). In brief, images of stained gels were processed
by quantifying pixel intensity values of all bands detected
in a given lane as previously described (Peterson,
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2010), and LPS amount was determined against a cali-
bration curve established with P. aeruginosa LPS
(Sigma-Aldrich, Burlington, MA, USA) as standard,
whose samples were separated in the same gel.

Characterization of isolated Synechocysis extracellular
vesicles

To characterize Synechocystis EVs, various methods
were used to complement the SDS-PAGE analysis
described above, namely by determining their amount
and size (by nanoparticle tracking analysis, and TEM),
and their morphological aspect (by TEM). Thus, EVs
samples from Synechocystis wild type and mutant
strains were analysed on a NanoSight NS300 (Malvern,
Malvern, UK), equipped with an sCMOS camera. EVs
samples were diluted in filtered PBS solution (between
1:1000 and 1:10 000), and further analysed as described
(Oliveira et al., 2016). In brief, five movies of 30 s were
recorded for each sample (with a threshold of 10–50 par-
ticles per frame), with the following capturing settings:
camera level 14, slider shutter 800–1300, slider gain
350–500, at 25°C and with a syringe pump speed of 40.
Data acquisition and processing were performed using
the NanoSight NS300 NTA 3.0 software (Malvern), using
a detection threshold of 5.
Furthermore, for negative staining transmission elec-

tron microscopy, 10 ll of EVs preparations from the vari-
ous cyanobacterial strains were mounted on formvar/
carbon film coated mesh nickel grids (EMS, Hatfield, PA,
USA) and left standing for 2 min. The liquid in excess
was removed with filter paper, and 10 ll of 1% uranyl
acetate was added on to the grids and left standing for
10 s, after which liquid in excess was removed with filter
paper. Visualization was carried out on a Jeol JEM-1400
transmission electron microscope at 80 kV. Vesicle size
was determined by direct measurement from electron
micrographs using the open source software ImageJ
(Abr�amoff et al., 2004). Several micrographs obtained
from three biological replicates were used, and the diam-
eter of more than 300 (WT), 450 (DtolC), 550 (DtolC/
Dspy), 350 (DfucS) and 370 (EV-trc-GFP) particles was
measured.
For immunogold labelling of sfGFP-loaded EVs, vesi-

cles were isolated as described above. EVs were fixed
in 2% (w/v) paraformaldehyde and 0.05% (v/v) glutaral-
dehyde prepared in 0.1 M sodium cacodylate buffer for
2 h, and then washed twice in the same buffer, without
the fixing agents (30 min per incubation step). Later, the
EVs sample was dehydrated according to the following
scheme: 15 min in 50% (v/v) ethanol; twice in 70% (v/v)
ethanol (30 min each incubation); twice in 100% (v/v)
ethanol (30 min each incubation). For resin infiltration,
the EVs sample was treated for 1 h with a mix of LR

White resin and 100% (v/v) ethanol in a proportion of
2:1, twice for 1 h with LR White resin, once overnight in
fresh LR White resin, and, finally, 1 h in fresh LR White
resin. Resin polymerization was achieved by incubating
samples at 60°C for 24 h. Sections were then washed in
Tris-buffered saline solution (TBS: 50 mM of Tris-HCl,
150 mM of NaCl, pH 7.6) for 10 min, and incubated in
14.4% (w/v) sodium metaperiodate (antigen retrieval) for
1 h. Later, sections were washed in TBS for 10 min and
in 20 mM of glycine for 5 min, and incubated with block-
ing solution (2% (w/v) BSA in TBS) for 30 min, before
being incubated overnight, at 4°C, with a GFP specific
monoclonal mouse antibody (Roche), diluted 1:100 in
blocking solution supplemented with 3% (w/v) NaCl.
Samples were washed three times in 0.1% (w/v) BSA in
TBS (4 min each wash), blocked for 20 min in blocking
solution and incubated with a goat anti-mouse IgG
(H + L) conjugated with gold nanoparticles (15 nm) (BBI
International) for 1 h. Then, samples were washed four
times in TBS (2 min each), treated with 1% (w/v) glutar-
aldehyde in TBS for 5 min, washed again 6 times with
distilled water (10 min each wash) and finally contrasted
with uranyl acetate (5 min) and lead citrate (5 min). Visu-
alization was carried out on a Jeol JEM-1400 transmis-
sion electron microscope at 80 kV.

Confocal microscopy analysis of Synechocystis cells

Synechocystis cells from the mutant strain EV-trc-GFP,
and its derived EVs, were visualized on a Leica TCS
SP5 II confocal microscope (Leica Microsystems, Wet-
zlar, Germany). EV-trc-GFP cells were cultivated in glass
gas washing bottles as described above to an OD730 of
1.5. Ten micro litres of cell suspension or 2 µl of EVs
suspension were laid onto glass slides covered with
solid BG11 medium supplemented with 1% low-melting
agarose, and later visualized. GFP emission (collected
between 500 and 540 nm) was observed when samples
were exposed to a laser beam at 488 nm, while cyano-
bacterial cell autofluorescence was collected between
610 and 680 nm after excitation at 488 nm.

Protein extraction and analysis

To obtain total protein extracts, Synechocystis wild type
or EV-trc-GFP cells were cultivated to an OD730 of
approximately 1.5, collected by centrifugation (4400 g,
10 min, at room temperature), suspended in protein
extraction buffer (Lopes Pinto et al., 2011) and sonicated
as described (Gonc�alves et al., 2018). Cell debris was
collected by centrifugation (10 000 g, 10 min, 4°C), and
the cell free, total protein extract was stored at �20°C
until further analysis. Total protein quantification was
determined using the Bradford assay (BioRad). A total
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volume of 600 ml of extracellular medium recovered
after culture centrifugation was filtered through 0.45 µm
pore size filters to remove any contaminating cells, and
EVs were isolated as described above. Soluble extracel-
lular proteins were recovered by concentrating the EV-
free extracellular medium by ultrafiltration using centrifu-
gal filters with a molecular weight cut-off of 3 kDa (Milli-
pore). Concentrated samples were stored at �20°C until
further analysis.
For protein analyses, samples were separated by

standard electrophoresis on SDS-polyacrylamide gels,
and gels were stained with Coomassie brilliant blue G
(Sigma-Aldrich) for visualization of the peptide profile.
For Western blotting, after electrophoretic separation,
proteins were transferred from the gels to nitrocellulose
membrane filters. Membranes were blocked for 3 h with
5% (w/v) milk powder in TBS-T [TBS with 0.05% (v/v)
Tween 20] and then incubated overnight at 4°C with
GFP-specific monoclonal mouse antibody (Roche, Basel,
Switzerland) in fresh blocking buffer. After washing with
TBS-T, blots were incubated for 1 h with goat anti-
mouse IgG (Invitrogen, Waltham, MA, USA) linked to
horseradish peroxidase. Membranes were washed with
TBS-T before immunodetection, which was performed by
chemiluminescence using ECL Western Blotting Analysis
System detection reagents. Quantitation of relative band
intensity was determined by densitometry analysis, using
the ImageJ software as previously described (Peterson,
2010).

Ethics statement

Animal experiments were approved by the Animal Wel-
fare and Ethics Body (ORBEA) committee of the Interdis-
ciplinary Centre of Marine and Environmental Research
(CIIMAR). This study was directed by accredited scien-
tists (following FELASA category C recommendations)
and all animal procedures were conducted in compliance
with the guidelines provided by the International Guiding
Principles for Research Involving Animals (EU 2010/63).

Zebrafish husbandry and breeding

Wild-type zebrafish (Danio rerio) were maintained in a
recirculating water system under standard husbandry
conditions (water temperature of 28 � 1°C; oxygen
between 7.5–8 mg l�1; ammonia and nitrite levels kept
around 0 mg l�1; and photoperiod of 14 h light/10 h
dark). Fish were fed TetraMin tropical flakes (Tetra)
twice a day. Adult fish were maintained at sex ratio of
two males to one female, and group in-tank breeding
was achieved with the addition of artificial nests to aqua-
ria on the day prior to embryo collection. Embryos were
collected 1 h after light onset, cleaned, separated from

unfertilized eggs and incubated in sterile Petri dishes
with zebrafish embryo medium [egg water: 60 mg l�1 of
Sea Salt (Instant Ocean, Blacksburg, VA, USA) in deio-
nized water], at pH 7.2, containing 0.38 mg l�1 methy-
lene blue (Sigma-Aldrich) at 28°C.
For confocal microscopy analyses, fish were fed with

SPAROS thrice a day. Adult fish were maintained in
breeding cages at sex ratio two females to one male on
the night prior to embryo collection. Next morning, upon
light onset, the divider was removed, and fish started to
reproduce. Breeding tanks are equipped with a net
at the bottom, so the eggs can fall through the net,
avoiding to be eaten by adult fish. Eggs were
collected, cleaned and incubated at 28°C in embryo
medium (E3 – NaCl, KCl, CaCl2.2H2O and MgCl2.6H2O),
with 0.2 mM of 1-phenyl-2-thiourea to avoid pigmentation
development.

Zebrafish challenge with Synechocystis LPS and EVs

The effects of LPS and EVs from Synechocystis wild-
type and mutant strains tolC, tolC/spy, fucS on the sur-
vival of zebrafish larvae with 3 days post-fertilization
were assessed by immersion trials performed in 6-well
flat-bottom plates (Sarstedt, N€umbrecht, Germany) incu-
bated at 28°C, in a final volume of 6 ml, for 5 days. The
LPS or EVs of each Synechocystis strain were tested at
250 and 500 lg LPS ml�1 in egg water, against a zebra-
fish embryo medium control treatment and a positive
control treatment of 45 lg ml�1 of commercial Pseudo-
monas aeruginosa LPS (Sigma) in zebrafish embryo
medium. Treatments were tested in triplicates of 12 lar-
vae, and each experiment was performed twice (two bio-
logical replicates), making a total of 72 larvae analysed
within each experimental condition.
To assess how EVs from Synechocystis mutant

strains tolC and fucS affect gene expression of inflam-
mation associated markers, 3 dpf zebrafish larvae were
subject to 250 and 500 µg LPS ml�1 of EVs from each
strain, against a zebrafish embryo medium control and
35 lg ml�1 of commercial P. aeruginosa LPS (sub-lethal
concentration) in zebrafish embryo medium, used as
positive control. All treatments were tested six times, in
6-well flat-bottom plates, with 20 larvae and 10 ml of
solution per well. At the end of the trials, larvae from
each well were pooled and stored in RNAlater for gene
expression analysis.

RNA extraction, cDNA synthesis and Gene expression
analysis

Total RNA was extracted from 20 larvae pools, using
the Direct-zolTM RNA MiniPrep Kit (Zymo Research,
Irvine, CA, USA), according to manufacturer’s
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recommendations. Prior to extraction, larvae pools were
homogenized with 1 ml of TRIzol reagent using 1.4 mm
ceramic beads, and three cycles of 10 s at 7200 rpm in
a Precellys Evolution homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France). RNA was eluted in
50 ll of DEPC-treated water, its integrity confirmed by
agarose gel electrophoresis and its quality measured
with a Multiskan GO Spectrophotometer equipped with a
lDropTM Plate (Thermo Fisher Scientific, Waltham, MA,
USA).
cDNA was generated from 1 lg of total RNA using the

NZY First-Strand cDNA Synthesis Kit (NZYTech, Lisbon,
Portugal), and stored at �20°C until further analysis.
Real-time PCR was performed with a CFX Connect

Real-Time PCR system (BioRad) using SsoAdvanced
Universal SYBR Green Supermix (BioRad), according to
the manufacturer’s protocol. PCR reactions were set up
using 0.5 ll of 10 lM of each primer (Table S8) and
0.5 ll of 2-fold diluted cDNA in a reaction volume of
10 ll. Reactions specificity was verified using melting
curve analysis and absence of primer dimer. Standard
curves were obtained for each cDNA template by plot-
ting Ct values against the log10 of six different dilutions
of a cDNA mix solution from all samples analysed. Real-
time PCR efficiency (E) was calculated from a standard
curve according to the equation E = 10(�1/slope).
Rpl13a was selected as the endogenous control gene
(Table S8) and gene expression of the control group
was used as calibrator.

Statistical analysis

Survival curves were plotted using the Kaplan–Meier
method and pairwise comparisons between treatments
were performed with nonparametric log-rank test, at 0.05
significance level, in GraphPad Prism version 9 (Graph-
Pad Software Inc., San Diego, CA, USA). Gene expres-
sion data was checked for normal distribution and
homogeneity of variances and normalized when appro-
priate. When found, extreme outliers, that is data values
which lie more than three times the interquartile range
below the first quartile or above the third quartile, were
removed from the analysis. Treatments effects were ana-
lysed by one-way ANOVA and significant differences
among means (P < 0.05) were determined by the
Tukey’s multiple range test, using SPSS for Windows
version 26 software package (IBM SPSS Statistics,
Armonk, NY, USA).

Confocal microscopy analysis of zebrafish larvae treated
with sfGFP-loaded Synechocystis EVs

To study the possibility of carrying sfGFP to zebrafish
via Synechocystis EVs, 5 dpf zebrafish larvae were

subjected to immersion trials performed in 24-well flat-
bottom plates (Sarstedt) incubated at 28°C, in a final vol-
ume of 2 ml, for 24 h. Three zebrafish larvae were trea-
ted with 0 (control) or 1000 µg ml�1 of sfGFP-loaded
EVs in zebrafish embryo medium. Each experiment was
performed three times. After the incubation period, zeb-
rafish larvae were euthanized by subjecting the larvae to
a lethal dose of 300 mg l�1 of tricaine methanesulfonate
(MS222), immediately mounted on a glass slide, with
50% glycerol in PBS solution as mounting medium, and
visualized by confocal microscopy (Leica TCS SP5 II).
The sfGFP signal was collected between 495 and
540 nm upon exposing the specimens to a laser beam
of 488 nm, using the same acquisition settings for all
tested conditions. In addition, differential interference
contrast (DIC) images were also acquired.
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Table S1. Survival percentages of 3 days post-fertilization
(dpf) zebrafish larvae subjected to zebrafish embryo
medium containing 250 or 500 µg mL-1 of LPS or EVs from
Synechocystis sp. PCC 6803 wild-type (WT), and mutant
strains DtolC, DtolC/Dspy and DfucS. Survival was moni-
tored for 5 days (120 h) of immersion challenge. Control
treatments received zebrafish embryo medium only (CTR)
or zebrafish embryo medium containing commercial LPS
from Pseudomonas aeruginosa (LPS Pa) at 45 µg mL-1.
Table S2. P-values for pairwise comparisons with the log-
rank test between the survival curves of zebrafish larvae
subjected to Synechocystis sp. PCC 6803 wild-type extra-
cellular vesicles (EVs WT), LPS, and Pseudomonas aerugi-
nosa LPS (LPS Pa), at the indicated concentrations (µg mL-1).
Control refers to larvae exposed to Egg water only.
Table S3. P-values for pairwise comparisons with the log-
rank test between the survival curves of zebrafish larvae
subjected to Synechocystis sp. PCC 6803 DtolC mutant
extracellular vesicles (EVs), LPS, and Pseudomonas aerugi-
nosa LPS (LPS Pa), at the indicated concentrations (µg mL-1).
Control refers to larvae exposed to Egg water only.
Table S4. P-values for pairwise comparisons with the log-
rank test between the survival curves of zebrafish larvae
subjected to Synechocystis sp. PCC 6803 DtolC/Dspy
mutant extracellular vesicles (EVs), LPS, and Pseudomonas
aeruginosa LPS (LPS Pa), at the indicated concentrations
(µg mL-1). Control refers to larvae exposed to Egg water
only.
Table S5. P-values for pairwise comparisons with the log-
rank test between the survival curves of zebrafish larvae
subjected to Synechocystis sp. PCC 6803 DfucS mutant
extracellular vesicles (EVs), LPS, and Pseudomonas aerugi-
nosa LPS (LPS Pa), at the indicated concentrations (µg mL-1).
Control refers to larvae exposed to Egg water only.
Table S6. Results of post hoc Tukey’s tests after one-way
ANOVA of quantitative gene expression of the genes
encoding Interleukin 1 beta (IL-1b), Tumor necrosis factor
alpha (TNF-a), and Interleukin 10 (IL-10) in zebrafish larvae
immersed in zebrafish embryo medium only (CTR – control),
zebrafish embryo medium containing 250 or 500 µg LPS
mL-1 of EVs from Synechocystis mutants DtolC (EVs DtolC)
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and DfucS (EVs DfucS), or in zebrafish embryo medium
containing 35 µg LPS mL-1 of P. aeruginosa (LPS Pa). Data
obtained from n=6, with each replicate representing a pool
of 20 larvae. Statistical differences in gene expression by
ANOVA (p < 0.05) are represented in bold.
Table S7. List of Synechocystis sp. PCC 6803 strains used
in this work.
Table S8. Oligonucleotide primers used in this study.
Fig. S1. Generation of the Synechocystis sp. PCC 6803
fucS- and tolC-spy-mutant strains. Green-safe stained aga-
rose gels showing the result of a PCR testing the extent of
chromosome segregation of Synechocystis cells in which
the genes fucS (left-hand side) or spy (right-hand side) were
partially deleted in the wild-type or tolC-mutant back-
grounds, respectively. DfucS: lanes 1 and 2 correspond to
two different clones; Dspy: lanes 1 and 2 correspond to two
different clones. Genomic DNA from the Synechocystis wild-
type (gWT) or tolC-mutant (gtolC) strains was used as the
PCR positive control, while a reaction in which the DNA
template was replaced by water (C-) was used as negative
control. M, O’GeneRuler DNA ladder mix (Thermo Fisher
Scientific). Selected sizes of the marker, and the exact size
of the bands resulting from PCR amplification are shown in
base pairs (bp).
Fig. S2. The Synechocystis sp. PCC 6803 strains used in
this strain show different vesiculation capacities. The Syne-
chocystis wild-type (WT), and the tolC- (DtolC), tolC-spy-
(DtolC Dspy) and fucS- (DfucS) mutant strains were culti-
vated under standard conditions and their vesicles isolated.
Prior to loading, EVs samples were normalized for cell cul-
ture density (OD730), volume of cell-free culture medium
concentrated and concentration factor. EVs samples
were then separated by electrophoresis on 16% (w/v)
SDS-polyacrylamide gels, and stained with the Pro-QTM

Emerald 300 Lipopolysaccharide Gel Stain Kit (Life Tech-
nologies) for the detection of LPS as an outer membrane
marker. The gel is representative of 3 independent biologi-
cal replicates, and the densitometry analysis and quantifi-
cation resulted in the graph presented in Figure 3A. On
the left-hand side, schematic representation of the smooth-
LPS (lipid A, oligosaccharide core, and O-antigen), and
rough-LPS (lipid A and oligosaccharide core) that are
found in Synechocystis.
Fig. S3. Characterization of the vesicles released by the
Synechocystis sp. PCC 6803 strain EV-trc-GFP. A, Trans-
mission electron micrograph representative of the morpho-
logical aspect of the vesicles released by EV-trc-GFP strain.
Scale bar: 200 nm. B, The Synechocystis wild-type (WT)
and EV-trc-GFP strains were cultivated under standard con-
ditions and their EVs isolated. Prior to loading, samples
were normalized for cell culture density (OD730), volume of
cell-free culture medium concentrated and concentration
factor. EVs samples were then separated by electrophoresis
on 16% (w/v) SDS-polyacrylamide gels, and stained with
the Pro-QTM Emerald 300 Lipopolysaccharide Gel Stain Kit
(Life Technologies) for the detection of LPS. The gel is rep-
resentative of 5 independent biological replicates, and the
densitometry analysis and quantification is shown on to the
right. ***, p < 0.001. C, Histogram showing particle size dis-
tribution of EVs samples from the EV-trc-GFP strain. EVs
were separated in 5 nm size groups, distributed between 30
and 130 nm, and in groups comprising those with a size
below 30 nm or higher than 130 nm. Vesicle diameter was
determined by direct measurement from electron micro-
graphs of three independent biological replicates. Abun-
dance of each size group is presented as relative figures,
i.e. number of vesicles with a given diameter range relative
to the total number of vesicles measured.
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