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Abstract
Background Vibriosis is a deadly illness caused by various species of the Vibrio genus. Due to its high incidence in 
aquaculture plants, vibriosis is responsible for significant economic losses. Currently, anti-vibriosis treatments rely on 
antibiotics. However, the global rise in antibiotic resistance necessitates the development of alternative approaches. 
Novel vaccines and effective probiotics have been proposed as potential alternative to antibiotics in fighting bacterial 
infections. Here we propose a combined vaccine/probiotic strategy based on the use of probiotic bacterial spores for 
the oral delivery of Vibrio antigens. Spores of various species of the Bacillus genus are widely used as probiotics and 
have been shown to efficiently display antigens in a non-recombinant way.

Results Spores of various probiotic strains were analyzed to assess their effectiveness in displaying a heterologous 
model protein, and B. megaterium MV30 was identified as the most efficient strain. MV30 spores were then used to 
display two antigens of Vibrio harveyi, the entire Hsp33 protein of 33 kDa and a 239 amino acids fragment of OmpK 
(OmpK21/260), identified as the most immunogenic part of the protein. While Hsp33 is a stable protein, OmpK21/260 is 
unstable at conditions mimicking those encountered in an aquaculture plant and the interaction with MV30 spores 
reduced such instability. The protective ability of the combined probiotic/vaccination strategy was assayed on 
Medaka fish (Oryzias latipes), as a model. In a challenge experiment with a virulent strain of Vibrio harveyi, a protective 
effect was observed with MV30 spores alone and such effect was significantly increased when the same spores 
displayed either one of the two antigens.

Conclusion Our results support the use of probiotics and oral vaccines as a valid alternative to antibiotics and point 
to the application of probiotic spore-based antigen delivery as a novel strategy to fight pathogenic infections.

Keywords Mucosal vaccine, Mucosal adjuvant, Bacillus, Gut, Delivery system

Probiotic spore-based antigen delivery: 
a novel oral vaccine strategy against Vibrio 
infections in aquaculture
Marina De Stefano1†, Giovanni Di Gregorio Barletta1,3†, Simona Morgera1, Ylenia De Luca1, Chiara Belaeff1, 
Karen Power1, Loredana Baccigalupi2, Gionata De Vico1, Ivan Conte1, Ezio Ricca1* and Anella Saggese1

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12934-025-02725-w&domain=pdf&date_stamp=2025-4-30


Page 2 of 12Stefano De et al. Microbial Cell Factories           (2025) 24:96 

Introduction
Vibriosis is an infection caused by non-cholera Vibrio 
species, such as V. harveyi, V. vulnificus, V. parahaemo-
lyticus, V. mimicus, V. anguillarum, and V. alginolyticus 
[1, 2]. Such infections are harmful to several aquatic 
organisms in marine or freshwater environments and 
can cause severe and life-threatening gastroenteritis in 
humans exposed to those habitats or consuming raw or 
undercooked infected seafoods [1, 2]. The potential epi-
demic/pandemic risk associated with the transmission 
of these infections to humans has significantly increased 
over the past few decades due to climate warming result-
ing in the expansion of Vibrio species into geographi-
cal regions previously considered inhospitable for these 
microorganisms [3, 4]. An additional factor that has 
increased the disease risk associated with Vibrio species 
is the global consumption of seafood, which has grown 
at an average rate of 3% per year in the last 60 years [4]. 
Vibrio species are also harmful for most farmed aquatic 
animals such as fishes, shrimps and shellfishes, mak-
ing vibriosis one of the primary concerns of aquaculture 
plants and the cause of serious economic losses [5]. It is 
recognized that a critical phase in aquaculture is larval 
rearing, the initial developmental stage of aquatic organ-
isms. Low larvae survival rate is common for many spe-
cies and among the different possible causes, vibriosis 
and alterations in larval microbiota play significant roles 
[5]. Current therapies against vibriosis rely on antibiot-
ics [6]. However, due to the increase of antibiotic-resis-
tant bacterial populations in nature, these treatments 
are expected to become ineffective in the near future 
[6]. Moreover, antibiotics cause alterations in the animal 
microbiota which in turn are believed to cause a reduc-
tion of the efficiency of larval rearing [5]. In this context, 
the use of vaccines and probiotics has been proposed as 
possible alternatives to antibiotics to fight bacterial infec-
tions [7–10]. However, the use of most vaccines has been, 
so far, limited in aquaculture plants due to either their 
administration route or their low efficacy. Indeed, while 
the highly immunogenic intraperitoneal route requires 
that each individual animal is injected, an expensive and 
stressful procedure that affects fish growth performances 
[2, 5], oral vaccines are poorly immunogenic, mainly due 
to the lack of appropriate adjuvants and delivery systems 
[9, 10]. On the other end, the efficacy of probiotics to 
fight pathogens in aquaculture plants is still under evalu-
ation, although it is commonly accepted that the oral 
administration of live bacteria stimulates the immune 
system [11] and reduces pathogen infections [12].

This study explored a novel anti-infection strategy 
based on the use of probiotics as mucosal vaccine deliv-
ery vehicles. The strategy combines the health beneficial 
effects of probiotics with the induction of an antigen-spe-
cific immune response. In a murine model, a commercial 

probiotic, based on Bacillus cereus spores, increased the 
immune response to an orally administered anti-tetanus 
vaccine [13]. Here, probiotic bacterial spores were used 
to deliver and immunize animals.

The use of bacterial spores to display antigens has long 
been proposed [14] and extensively reviewed [15–17]. 
Spore-based vaccines for marine organisms, such as 
Cambarus clarkii [18], Litopenaeus vannamei [19, 20], 
Penaeus monodon [21], Danio rerio and Dicentrarchus 
labrax [9] have also been proposed. In all these cases, 
spores were genetically modified to display on their sur-
face the selected antigen, an approach that poses safety 
concerns because of the use and environmental release 
of recombinant spores. An alternative non-recombinant 
spore display system, based on the tight adhesion of a 
heterologous antigen to the spore surface by a combina-
tion of electrostatic and hydrophobic interactions, has 
been proposed and tested in murine models [17, 22].

In the present study, spores of Bacillus megaterium 
(recently renamed as Priesta megaterium) MV30 [23] 
were selected to display in a non-recombinant way two 
previously identified antigens of V. harveyi [2, 9, 24]. The 
model Medaka fish (Oryzias latipes) was used to evalu-
ate the efficacy of the proposed vaccination/probiotic 
strategy.

Results
Probiotic MV30 spores efficiently adsorb mRFP
A screening of spore forming bacteria isolated from 
intestinal samples allowed the selection of four strains 
with in vitro probiotic potentials belonging to the Bacil-
lus subtilis (MV24), B. velenzensis (MV4 and MV11) and 
B. megaterium (MV30) species [23]. Here, these strains 
were analyzed for their efficiency in adsorbing a model 
heterologous protein, the monomeric Red Fluorescent 
Protein (mRFP), previously used for spore adsorption 
[25, 26]. The same number of purified spores (1.0 × 109) 
of each strain was reacted with 2  µg of purified mRFP 
and analyzed by fluorescence microscopy. All four 
strains adsorbed mRFP more efficiently than spores of 
the PY79 strain, a laboratory collection strain of B. sub-
tilis previously used for spore display experiments [25, 
26] (Fig. 1A). A quantitative analysis of the obtained auto 
fluorescence signals was performed by measuring the 
total corrected cellular fluorescence (TCCF). Consid-
ering the TCCF as proportional to the quantity of pro-
tein on the spore surface [25], the data confirmed that 
all strains were more efficient than PY79 and indicated 
spores of MV24 and MV30 strains as those with the high-
est binding efficiency (p < 0.0001) (Fig.  1B). Spores of B. 
megaterium MV30 were selected and used for all further 
experiments.
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Selection ofV. harveyiantigens
The outer membrane protein OmpK and the heat-shock 
protein Hsp33 have been previously proposed as poten-
tially effective antigens in controlling pathogenic species 
of the Vibro genus, such as V. harveyi, V. parahaemolyti-
cus, V. anguillarum, V. alginolyticus [2, 9, 24]. Genes cod-
ing for these two antigens were identified in the genome 
of V. harveyi 1173, a virulent strain isolated from Solea 
solea with splenomegaly (Methods) and characterized 
by an Average Nucleotide Identity (ANI) value of 98.73% 
when compared with the reference strain V. harveyi 
ATCC 33,843.

Genes coding for the two antigens (ompK and hsp33), 
were analyzed to identify both linear and conformational 
epitopes and predict their immunogenic regions by using 

the Antibody Epitope Prediction software BepiPred-3.0 ( 
h t t p  s : /  / s e r  v i  c e s  . h e  a l t h  t e  c h .  d t u  . d k /  s e  r v i c e s / B e p i P r e d - 3 . 0 
/) [27]. The in silico prediction indicated that the  a n t i g e 
n i c epitopes were distributed throughout the sequence of 
Hsp33 (Suppl. Mat. Fig. S1A) and located between posi-
tions + 21 and + 260 for OmpK (Suppl. Mat. Fig. S1B). The 
biochemical properties of Hsp33 and OmpK21/260 were 
predicted in silico (Suppl. Mat Table S1) and showed 
high homology with genes present in Vibrio species other 
than V. harveyi, suggesting that could induce protection 
against various Vibrio pathogenic species (Suppl. Mat 
Table S2). Therefore, the entire Hsp33 and the region of 
OmpK between positions 21 and 260 (OmpK21/260) were 
considered as antigens.

Fig. 1 Efficiency of mRFP adsorption by spores of four probiotic strains. (A) Fluorescence microscopy analysis of spores adsorbed with 2 µg of mRFP 
in sodium citrate buffer at pH 3.5. Phase Contrast (PC) and fluorescence (RFP) images of spores of PY79, MV4, MV11, MV24 and MV30 strains are shown. 
Exposure time 500 ms, Scale bar 1 μm. (B) Quantitative analysis of fluorescence of 80 spores for each strain by ImageJ software (Metods). The X- axis 
indicates the analyzed strains, the Y-axis shows the total corrected cellular fluorescent (TCCF) value. Dunnett’s multiple comparisons test was used for 
statistical significance, ****P < 0.0001

 

https://services.healthtech.dtu.dk/services/BepiPred-3.0/
https://services.healthtech.dtu.dk/services/BepiPred-3.0/
https://services.healthtech.dtu.dk/services/BepiPred-3.0/
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Adsorption of Hsp33 and OmpK21/260 on MV30 spores
DNA fragments coding for Hsp33 and OmpK21/260 were 
amplified using V. harveyi 1173 chromosomal DNA as 
a template and oligonucleotide pairs Omp ompK_F/
ompK_R and hsp33_F/hsp33_R (Suppl. Mat Table S3) to 
prime the amplification reactions. Amplified DNA frag-
ments were cloned in frame with a poly-His tag, over-
expressed in Escherichia coli BL21(DE3-Codon plus 
RIL) and the expression products purified by affinity 
chromatography (Methods). The purified proteins were 
recognized by anti-6xHis antibody in western blotting 
experiments (Suppl. Mat. Fig. S2).

Pure Hsp33 and OmpK21/260 were then independently 
used for adsorption on purified spores of strain MV30. 
To set up the adsorption conditions, the reaction was 
performed using 2  µg of purified antigens and 1.0 × 109 
purified spores at pH 3.5 in different buffer conditions. 
The adsorption reactions were fractionated by centrifu-
gation. The pellet fraction, containing the spore-adsorbed 
antigens, was used to extract the spore surface proteins 
that were then analyzed by western blotting, while the 
supernatant fraction, containing the unbound anti-
gens, was serially diluted and quantified by dot blotting. 
For Hps33 the strong signal observed by western blot-
ting (Suppl. Mat. Fig. S3A), together with the absence of 
signal observed by dot blotting (Suppl. Mat. Fig. S3B), 
clearly indicated the acetate buffer (NaAc) as the best 
adsorption condition. OmpK21/260 was similarly adsorbed 
in all tested buffers (not shown). When 5 and 10  µg of 
purified OmpK21/260 were used, the adsorption was simi-
larly efficient in acetate (NaAc) and citrate (NaCit) buf-
fers and less efficient in phosphate buffer (PBS) (Suppl. 
Mat. Fig. S3C-H). Based on these results all further reac-
tions of both antigens with MV30 spores were performed 
with sodium acetate buffer at pH 3.5.

To define the maximal quantity of antigen adsorbed 
by 1.0 × 109 spores of MV30, up to 20 µg of each antigen 
was independently reacted with spores and the adsorbed 
amount quantified by dot blotting. As shown in Fig.  2, 
most of the reacted antigens remained adsorbed on the 
spore surface and only a limited amount of each antigen 
was left unbound in the supernatant fractions. The densi-
tometric analysis of the signals derived from the dot blot-
tings of Fig. 2 indicated that when 20 µg of each antigen 
were reacted less than 3% of Hsp33 and less than 1% of 
OmpK21/260 remained unbound in the supernatant frac-
tions (Suppl. Mat. Tables S4 and S5).

Figure 2. Adsorption of Hsp33 or OmpK21/260 on MV30 
spores. Western Blot analysis of MV30 spore surface pro-
teins extracted after adsorption with 15  µg (lanes 1) or 
20 µg (lanes 2) of Hsp33 (A) or OmpK21/260 (B). Dot blot 
analysis performed with the serial dilutions of the super-
natant fraction of the adsorption reaction with 15  µg 
(lanes 1) or 20 µg (lanes 2) of Hsp33 (C) or OmpK21/260 

(D). ST = pure Hsp33 (C) or OmpK21/260 (D). Immune 
reactions were performed using anti-6xHis primary anti-
body and peroxidase conjugated secondary antibody.

OmpK21/260 and Hsp33 are efficiently and homogeneously 
adsorbed on MV30 spores
A flow cytometry analysis was performed to assess 
whether the adsorption of the antigen was uniform on 
the MV30 spore population. After the adsorption with 
20 µg of Hsp33 or OmpK21/260, the reaction was fraction-
ated by centrifugation and the pellet fraction fixed with 
formaldehyde. Fixed samples were then reacted with 
anti-6xHis primary antibody and fluorescent-conjugated 
secondary antibody (Methods) and run on a flow cytom-
eter (Methods). As shown in Fig. 3, the vast majority of 
the reacted spores carried the adsorbed antigens (over 
84% and over 89% of the spores reacted with Hsp33 or 
OmpK21/260, respectively), indicating a homogeneous dis-
tribution of the antigens in the spore population.

Adsorption on MV30 spores increases the stability of 
OmpK21/260

The interaction with the spore has been previously shown 
to stabilize and protect the adsorbed molecules against 
high temperatures and low pH conditions [28]. To verify 
whether Hsp33 and OmpK21/260 were stabilized when 
adsorbed on MV30 spores, the same amount of free and 
spore-adsorbed proteins was incubated in water, a condi-
tion mimicking that encountered in aquaculture plants. 
After various times of incubation, proteins were extracted 
from spores and compared with free proteins treated in 
parallel. Proteins were analyzed by western blotting and 
signals used for a densitometric analysis. While Hsp33 
appeared stable at the tested condition and no differences 
were observed between free and spore-adsorbed Hsp33 
(not shown), over 60% of OmpK21/260 was degraded after 
2  h of incubation in water and a total degradation was 
observed after 6  h (Fig.  4). When adsorbed on spores 
OmpK21/260 was significantly more stable than the free 
antigen and over 60% of the spore-adsorbed OmpK21/260 
was still extractable from spores after 6 h of incubation 
(Fig. 4, Suppl. Mat. Tables S6).

Immunization ofOryzias latipesand infection withV. 
harveyi1173
The efficacy of probiotic spores, antigens and spore-
adsorbed antigens was tested in vivo using larvae of 
Medaka fish (Oryzias latipes) [29] as a model. As sche-
matically reported in Fig.  5, Medaka larvae were ran-
domly split into seven groups (n > 30). Five groups were 
treated with either spores (1.0 × 109), OmpK21/260 (20 µg), 
Hsp33 (20  µg), spore-adsorbed OmpK21/260 (1.0 × 109 
spores loaded with 20  µg), or spore-adsorbed Hsp33 
(1.0 × 109 spores loaded with 20  µg). Concordantly with 
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the previously assessed adsorption efficiency, the amount 
of spore-adsorbed antigen was similar to the amount of 
free antigen administered to the larvae. After the treat-
ment, larvae of the five groups and of one of the two 
not treated groups were challenged with the pathogenic 
strain V. harveyi 1173 (Fig. 5).

In the used experimental conditions, the infection with 
the pathogen caused a statistically significant (Control vs. 
Vibriop = 0.0000312, Table 1) mortality of the larvae with 
less than 40% of survivals (Fig. 6). The treatment with the 
spores alone or the free antigens (yellow and orange lines 
respectively in Fig. 6) caused an increase of the survival 
percentage up to 50–60% even if these variations were 
not statistically significant. Instead, a strong statistically 

significant protection (Spores + OmpK21/260 vs. Vib-
riop = 0.0045 and Spores + Hsp33 vs. Vibriop = 0.0098, 
Table 1) was observed when the larvae were treated with 
both spore-adsorbed antigens (green lines), showing over 
80% of larvae survival in both cases (Fig.  6). Altogether 
these data support the use of probiotic spore-based 
antigen delivery as a novel strategy to protect fish from 
pathogenic infections.

Discussion
The main conclusions of this work are twofold. A first rel-
evant conclusion is that spores of the probiotic B. mega-
terium strain MV30 efficiently adsorbed both selected 
antigens, Hsp33 and OmpK21/260. When 20 µg of purified 

Fig. 2 Adsorption of Hsp33 or OmpK21/260 on MV30 spores. Western Blot analysis of MV30 spore surface proteins extracted after adsorption with 15 µg 
(lanes 1) or 20 µg (lanes 2) of Hsp33 (A) or OmpK21/260(B). Dot blot analysis performed with the serial dilutions of the supernatant fraction of the adsorp-
tion reaction with 15 µg (lanes 1) or 20 µg (lanes 2) of Hsp33 (C) or OmpK21/260(D). ST = pure Hsp33 (C) or OmpK21/260 (D). Immune reactions were per-
formed using anti-6xHis primary antibody and peroxidase conjugated secondary antibody
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Hsp33 or OmpK21/260 were reacted with 1.0 × 109 spores, 
over 95% of each antigen was tightly attached to the 
spores. This is a relevant point since previous studies on 
spore-based immunization strategies have been mainly 
performed with laboratory strains of Bacillus. The possi-
bility of using probiotic strains as antigen delivery vehi-
cles could increase the efficiency of the immunization 
both for the probiotic effects of the used spores, as dis-
cussed below, and also for a probiotic-induced increase 
of the immune response [13].

A second relevant conclusion of this work is that 
the oral immunization of larvae of Medaka fish with 
spore-adsorbed antigens induced a strong protection. 
Over 80% of the immunized larvae survived the chal-
lenge with the pathogenic strain of V. harveyi, while 
under the same experimental conditions, only less than 
40% of the not-immunized larvae survived. When lar-
vae were immunized with free antigens only a limited 
and not statistically significant protection was observed, 
thus pointing to the spore-based immunization as a 
valuable antigen delivery strategy. Interestingly, immu-
nization with spore-adsorbed OmpK21/260 appeared 
more protective than that with spore-adsorbed Hsp33. 
Indeed, only when larvae were immunized with spore-
adsorbed OmpK21/260 the percentage of survival was 

not statistically different (p > 0.05) with respect to that 
observed with not challenged larvae.

Bacterial spores have been previously proposed as vehi-
cles to immunize marine organisms [18–21]. However, in 
all these previous studies recombinant spores carrying 
an antigen genetically fused to a spore surface protein 
were used. These genetically modified spores raise safety 
concerns and have, therefore, limited the applications of 
the spore-based vaccination strategy. In this study the 
selected antigens were displayed in a non-recombinant 
way (spore-adsorption [22]) on probiotic spores. The 
proposed vaccine, therefore, does not pose any safety 
concern and makes this non-recombinant spore vaccina-
tion strategy ready for field tests in aquaculture plants.

At conditions mimicking those encountered during 
the challenge experiment Hsp33 remained stable while 
OmpK21/260 was relatively unstable and was stabilized 
by the interaction with the spores (Fig. 4). Although the 
stabilization of the carried antigen is certainly a relevant 
effect of the interaction with the spores, it does not seem 
the major determinant of the different survival percent-
ages observed between free and spore-adsorbed antigens 
in the challenge experiments. Indeed, both the stable 
(Hsp33) and unstable (OmpK21/260) antigens showed a 

Fig. 3 Flow cytometry analysis of MV30 spores adsorbed with Hsp33 or OmpK21/260. 50.000 spores were analyzed for each sample. The percentage of 
MV30 spores that adsorbed Hsp33 or OmpK 21/260 is indicated. Red lines indicate the fluorescence signals of MV30 spores adsorbed with Hsp33 (A) or 
OmpK21/260(B) and reacted with anti-6xHis primary antibody and fluorescently conjugated secondary antibody. Black curves indicate the background 
fluorescence signals of MV30 spores not adsorbed with any of the antigens. The red line represents the threshold level based on the negative control
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modest and not statistically significant protection against 
the pathogen.

The treatment of Medaka larvae with probiotic spores 
not displaying any antigen also increased the survival 
percentage against the pathogen, although the protective 
effect was not statistically significant (Fig.  6). Although 
the effect was limited, these results suggest that probiotic 
spores partially reduce the virulence of V. harveyi 1173. 
Since no signs of spore germination were observed dur-
ing the challenge experiments, the reduced virulence 
could be due to either a competitive exclusion effect of 
the spores against the pathogen or to an antigen-inde-
pendent immune response. This aspect, together with the 
characterization of the immune response induced by the 

spore-adsorbed antigens will be essential future research 
goals. Altogether, results reported in this study point to 
the use of probiotic spores delivering antigens in a non-
recombinant way as an effective strategy to fight infec-
tious diseases in aquaculture plants.

Methods
Bacterial strains and molecular procedures
Bacterial strains used in this work are listened in Suppl. 
Mat. Table S7. E. coli strains DH5α and BL21 (DE3-
Codon plus RIL) (Invitrogen, Agawam, MA, USA) were 
used for cloning and overexpression of OmpK21/260 and 
Hsp33, respectively. E. coli strains were cultured in Luria-
Bertani (LB) broth (for 1  L: 10  g Bacto-Tryptone, 5  g 

Fig. 4 Stability of free and spore-adsorbed OmpK+ 21/+260. (A) Western Blot analysis of free OmpK+ 21/+260 and of spore surface protein extracted after 
adsorption of purified OmpK+ 21/+260 incubated in H2O in water for various times (from 0 to 6 h). (B) Densitometric analysis of the western blots
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Bacto-yeast extract, 10 g NaCl, pH 7.0) and were trans-
formed by previously described procedures [30]. DNA 
ligation, isolation of plasmids, and restriction digestions 
were performed by using standard methods [30].

V. harveyi 1173 is a pathogenic strain isolated from 
Solea solea with splenomegaly at the Experimental 
Zooprophylactic Institute (Naples, Italy). V. harveji was 
cultured in LB medium supplemented with NaCl 2% at 
25  °C overnight with vigorous shaking. Chromosomal 
DNA extraction was performed as previously described 
[31] with an additional pre-treatment step involving 
homogenization using FAST-PREP FP120 (Qbiogene, 
Inc). The strains B. subtilis PY79, B. velezensis MV4 and 
MV11, B. subtilis MV24 and B. megaterium MV30 were 
cultured in LB medium at 37 °C.

Spore production and purification
Spores of probiotic strains were prepared by the exhaus-
tion method [32] using Difco Sporulation Medium (DSM) 
(for 1 L: 8 g Nutrient Broth, 1 g KCl, 1 mM MgSO4, 1 mM 
Ca(NO3)2, 10 µM MnCl2, 1 µM FeSO4, Sigma-Aldrich, 
Germany) and incubated at 37  °C for 30 h. Spores were 
analyzed under the light microscope, collected by centrif-
ugation, washed four times with distilled water, and puri-
fied by water-washing using overnight incubation in H2O 
at 4 °C to lyse residual sporangial cells [32]. Spores were 
considered pure when less than 10% of vegetative cells 
were observed under the light microscope. Pure spores 
were quantified at the light microscope using a Burker 
chamber (Sigma-Aldrich) and stored at -20 °C.

Whole-genome sequencing and in silico analysis ofV. 
harveyi1173
Whole-Genome sequencing of V. harveyi 1173 was con-
ducted by GenProBio srl (Parma, Italy) using Illumina 
MiSeq Sequencing System. The genome assembly was 
performed by using SPAdes v3.14.0 via the MEGAnnota-
tor pipeline [33].

The genome has been deposited in GenBank 
as BioProject PRJNA1230127 (accession num-
ber JBNAZB000000000). Amino acid sequences of 
OmpK21/260 and Hsp33 were obtained from the annotated 

Table 1 Statistical analysis of the challenge experiments
Comparison p-value
Vibrio vs. Control 0.0000312 ****
Vibrio vs. Spores 0.170 ns
Vibriovs. OmpK21/260 0.170 ns
Vibrio vs. Hsp33 0.580 ns
Vibrio vs. Spores + OmpK21/260 0.00145 **
Vibrio vs. Spores + Hsp33 0.00980 **

Fig. 5 Design of the challenge experiment. Medaka fish larvae were splitted into 7 groups (n > 30). Larvae of five groups were treated (immersion for 2 h) 
with either spores, free Hsp33, free OmpK21/260, spore adsorbed Hsp33 or spore adsorbed OmpK21/260. After 48 h of incubation in fresh media, the five 
treated groups and one of the two not treated were challenged with the pathogen and the survival rate monitored for additional 48 h
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genome sequence of Vibrio harveyi 1173. Biochemi-
cal properties (GRAVY value, protein length, molecu-
lar weight kDa, isoelectric point) of both proteins were 
obtained by using protparam software ( h t t p  s : /  / w e b  . e  x p a  
s y .  o r g /  p r  o t p a r a m /). Conformational and linear epitope 
predictions were evaluated by using the Antibody Epit-
ope Prediction software BepiPred-3.0 ( h t t p  s : /  / s e r  v i  c e s  . h e  
a l t h  t e  c h .  d t u  . d k /  s e  r v i c e s / B e p i P r e d - 3 . 0 /) with default set-
tings. Multiple sequence alignment between OmpK21/260 

and Hsp33 from different species were performed using 
ClustalW ( h t t p  s : /  / w w w  . e  b i .  a c .  u k / T  o o  l s / m s a / c l u s t a l o /) 
with default settings.

Protein over-production and purification
For the over-expression of OmpK21/260 and Hsp33 the 
respective coding sequences were amplified using V. 
harveyi 1173 chromosomal DNA as a template and spe-
cific oligonucleotides pairs: OmpK_F and OmpK_R 

Fig. 6 Kaplan-Meier survival curves of Medaka fish larvae challenged with Vibrio harveyi 1173, 48  h post-vaccination. Larvae were vaccinated with 
spores from MV30 alone (Spores), spores displaying the OmpK21/260 (Spores + OmpK) or free OmpK21/260 (OmpK) (A) or spores displaying the Hsp33 
(Spores + Hsp33), or free Hsp33 (Hsp33) (B). Non-vaccinated larvae exposed to the pathogen (Vibrio) and non-challenged larvae (Control) served as posi-
tive and negative control groups, respectively. Significant differences between groups were assessed using the log-rank test as indicated with asterisks: * 
= p < 0.05; ** = p < 0.005; *** = p < 0.0005; ****= p < 0.00005. ns = not statistically significant

 

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://services.healthtech.dtu.dk/services/BepiPred-3.0/
https://services.healthtech.dtu.dk/services/BepiPred-3.0/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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or Hsp33_F and Hsp33_R (Suppl. Mat. Table S3) to 
prime the reactions. Two amplified DNA of 720 bp (for 
ompK21/260) and 876  bp (for hsp33) were cloned into 
the pGEMT-easy vector (Promega, Madison, Wiscon-
sin, USA) obtaining pGEM-ompK and pGEM-hsp33 
respectively. The pGEM-ompK vector was digested 
using BamHI/HindIII restriction enzymes (inserted with 
the amplification primers), whereas pGEM-hsp33 was 
digested with NcoI/HindIII (NcoI site contained in the 
polylinker while HindIII contained in the amplification 
primer). These digested fragments were then respec-
tively inserted in-frame into the sequence encoding an 
N-terminal polyhistidine-tag present in the expression 
vector pRSET-A (Invitrogen), which had been previously 
digested with the same enzymes. The resulting recombi-
nant plasmids were utilized to transform competent cells 
of BL21 (DE3 codon plus-RIL), resulting in the recom-
binant strains pRSETA_ompK EC and pRSETA_hsp33 
EC (Suppl. Mat. Table S7). These strains were indepen-
dently cultured overnight in LB medium supplemented 
with ampicillin 50  µg/mL and chloramphenicol 20  µg/
mL. The cultures were diluted 1:100 in the same medium, 
grown up to an optical density of 0.6 OD600nm and used 
to induce the expression of the heterologous proteins 
by IPTG (Isopropyl β-D-Thiogalactopyranoside, Sigma-
Aldrich) addition. The His-tagged OmpK21/260 and Hsp33 
proteins were solubilized from inclusion bodies utilizing 
8 M Urea and purified using a His-Trap column (eluted 
with 250 mM imidazole) following the manufacturer’s 
recommendations (GE Healthcare Life Science, Merk, 
Darmstadt, Germany). The purified proteins were con-
centrated, desalted using a Centricon cutoff 10  kDa 
(Merck, Millipore, Darmstadt, Germany) and the purity 
assessed by 12.5% SDS-PAGE and Western blot with an 
anti-His antibody (1:7000, Sigma-Aldrich). mRFP was 
over-produced and purified as previously described [25].

Adsorption reaction, efficiency and protein stability
Adsorption reactions were carried out as previously 
described [25] with some modifications: 2  µg of puri-
fied mRFP were added to 1.0 × 109 spores of PY79, MV4, 
MV11, MV24, or MV30 strains in Sodium Citrate 50 
mM at pH 3.5 and incubated at 25  °C in a final volume 
of 200 µL for 1 h. Similarly, various amounts (2, 5, 10, or 
20 µg) of purified OmpK21/260 or Hsp33 were added to a 
suspension of 1.0 × 109 MV30 spores in Sodium Acetate 
50 mM, Sodium Citrate 50 mM, or PBS 1x at pH 3.5. 
The efficiency of spore adsorption was evaluated by frac-
tionation of spore-bound OmpK21/260 or Hsp33 from 
unbound proteins by centrifugation and analysis of both 
fractions by western- and dot-blotting analyses with anti-
6xHis antibody. The stability of spore-bound OmpK21/260 
or Hsp33 was evaluated by suspending the purified and 
the spore-adsorbed proteins in water. At different times 

aliquots were fractioned by centrifugation and analyzed 
independently.

Western- and dot-blotting
Pure proteins or 1.0 × 109 spores with antigen adsorbed 
on the surface were suspended in extraction buffer 2x 
[34] incubated at 100  °C for 10  min and loaded onto a 
12.5% SDS-PAGE gel. The proteins were then electro 
transferred to a nitrocellulose membrane (Amersham 
Pharmacia Biotech, Milano, Italy) and used for Western 
blot analysis using anti-His antibody (Sigma-Aldrich) at 
dilutions of 1:7000. A quantitative determination of the 
amount of OmpK21/260 or Hsp33 was obtained by dot 
blot experiments analyzing serial dilutions of purified 
OmpK21/260 and Hsp33, binding assay supernatant and 
OmpK- and Hsp33-adsorbed spores using anti-His anti-
body (Sigma-Aldrich) at dilutions of 1:5000.

Quantification of proteins on the dot-blots was accom-
plished by exposing the membrane to Clarity Western 
ECL (Bio-Rad, Segrate, Milano, Italy), acquiring the 
images via Quantity One 1-D Analysis Software (Bio-
Rad, Segrate, Milano, Italy) and subsequently analyzing 
them by densitometry.

Fluorescence microscopy and signal quantification
The display of mRFP on spores was monitored by posing 
6 µL of a spore suspension onto a microscope slide and 
covering it with a coverslip pre-treated with a 0.1% poly-
L-lysine solution (Sigma-Aldrich). The slides were then 
observed under an Olympus BX51 microscope equipped 
with a 100x UplanF1 objective and U-WIBA filters (with 
excitation filters ranging between 460 and 490  nm and 
barrier filters between 515 and 550 nm). Exposure times 
were set at 500 ms. Captured images were processed 
using analySIS software (SIS) and subsequently analyzed 
using ImageJ software (https://imagej.nih.gov/ij/) to  c a l 
c u l a t e the TCCF (corrected total-per-cell fluorescence). 
Signal quantification and immunofluorescence experi-
ments were performed as previously described [34] and 
[13], respectively. Adsorbed or free MV30 spores were 
fixed for 15 min using 4% formaldehyde at pH 7.4. Sub-
sequently, the samples were centrifuged and washed 
three times with PBS 1x, followed by a 1 h blocking step 
with 1% BSA-PBS 1x. The samples were then incubated 
with Anti-His antibody (diluted 1:10, Sigma-Aldrich) 
for 2  h at 4  °C, washed three times in PBS 1x, and fur-
ther incubated with a 1:50 dilution of anti-mouse anti-
body conjugated with FITC (Bethyl Laboratories, Inc) for 
1 h at 25  °C. Afterward, the samples were washed three 
times in PBS 1x and analyzed using a flow cytometer (BD 
Accuri C6; BD Biosciences, San Jose, CA) with detec-
tion performed using FL1, utilizing the standard C6 fil-
ter configuration (FL1 = 530/30 BP). Specific fluorescence 
attributed to His-tagged proteins adsorbed on spores was 

https://imagej.nih.gov/ij/
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differentiated from nonspecific spore fluorescence by 
comparing the signal from spores adsorbing proteins ver-
sus untreated spores.

Medaka fish stocks
Cab-strain of wild-type Medaka fish (Oryzias latipes) 
was used throughout the study and maintained under 
standard conditions (12 h/12 h dark/light cycle at 27 °C), 
as previously described [29]. The developmental stages of 
the embryos were monitored using a stereomicroscope 
(Olympus, SZX7) for ten days post-fertilization, until 
stage 40, corresponding to the first fry stage, according 
to the method proposed by Iwamatsu [35]. Larvae were 
randomly divided into seven group (n = 30). Five groups 
were immersed for two hours in a Yamamoto medium 
containing either spores (1.0 × 109), OmpK21/260 (20  µg), 
Hsp33 (20  µg), spore-adsorbed OmpK21/260 (1.0 × 109 
spores loaded with 20  µg), or spore-adsorbed Hsp33 
(1.0 × 109 spores loaded with 20 µg). After the treatment, 
larvae of the five groups and of one of the two not treated 
groups were challenged with 7.5 × 108 CFU/ml of the 
pathogenic strain V. harveyi 1173 and checked for 48 h. 
Ethical approval was not required for this study involv-
ing medaka larvae at stage 40 in strict accordance with 
the Institutional Guidelines for animal research and as 
indicated by D.Lgs. 26/2014 on animal experimentation 
of the Italian Ministry of Health; Department of Pub-
lic Health, Animal Health, Nutrition, and Food Safety 
(D.Lgs. 26/2014).

Immunization of Medaka fish and challenge experiments 
withVibrio harveyi 1773
To evaluate the potential protective effect of spore-
adsorbed OmpK21/260 and spore-adsorbed Hsp33, 
Medaka larvae (n > 30) at stage 40 were distributed 
into 6  mm petri dish containing 10 mL of Yamamoto 
medium (for 1 L: 7.5 g NaCl, 0.2 g KCl, 0.2 g CaCl2, 0.02 g 
NaHCO3) for every condition. Larvae were treated for 
2  h in a Yamamoto medium containing either B. mega-
terium spores (1.0 × 109), spore-adsorbed OmpK21/260 
(1.0 × 109 spores loaded with 20  µg of antigen), spore-
adsorbed Hsp33 (1.0 × 109 spores loaded with 20  µg of 
antigen), the free antigen OmpK21/260 (20  µg) or Hsp33 
(20 µg). After 2 h of incubation the medium containing 
spores or pure proteins was removed, and larvae were 
allowed to grow for an additional 72  h. Subsequently, 
the larvae were divided into 24-well plates, with 1 larva 
for each well, and submerged in a final volume of 800 
µL of Yamamoto broth containing 7.5 × 108 CFU / ml of 
the pathogenic strain V. harveyi (OD600 4.5). The result-
ing cumulative mortalities were registered during 48  h. 
Two control groups included: (i) non-challenged larvae 
as negative control, (ii) non-vaccinated larvae exposed 

to the pathogen as positive control. The experiment was 
independently carried out 3 times.

Statistical analysis
Survival data were analyzed using Kaplan-Meier estima-
tions and the log-rank test in R (survival, survminer pack-
ages). Survival curves were generated with survfit(), and 
differences between groups were assessed using pairwise 
log-rank tests based on Chi-square statistics. Graphical 
visualization was performed with ggsurvplot(), includ-
ing survival percentages and risk tables. A significance 
threshold of p < 0.05 was applied.
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