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ABSTRACT
Tenacibaculosis, caused by T. dicentrarchi, results in skin lesions, ulceration, yellow plaques on teeth, and haemorrhaging in the 
operculum, peduncle and pectoral fins. It is the second leading cause of mortality in farmed Atlantic salmon (Salmo salar) in 
Chile. Currently, no vaccine is available to prevent the disease. In silico and in vivo studies have shown that iron plays a key role 
in T. dicentrarchi infection. We hypothesised that culturing the TdCh05 vaccine strain under iron-limiting conditions (i.e., with 
non-assimilable iron chelator 2.2′-dipyridyl [DIP]) would enhance Atlantic salmon protection against tenacibaculosis. Fish were 
vaccinated intraperitoneally with prototypes (A) TdCh05, (B) TdCh05 + DIP or (C) A + B (a 1:1 mixture of inactivated cultures), 
and a control group was challenged by bath immersion with a heterologous T. dicentrarchi strain. Each prototype was emulsified 
with a commercial adjuvant. At 14 days post-challenge, Atlantic salmon injected with FMM broth had a cumulative mortality 
of 73.3%, followed by the TdCh05 + DIP (66.7%) and A + B (54.8%) prototypes. The lowest cumulative mortality value (50%) was 
observed for the prototype containing T. dicentrarchi TdCh05 grown only in FMM. Moreover, a high proportion of the vaccinated 
fish that survived the challenge, regardless of the vaccine prototype, carried T. dicentrarchi in various internal organs, particu-
larly in the spleen. Future studies should focus on identifying the most suitable antigens to develop an effective vaccine for the 
prevention of T. dicentrarchi-induced tenacibaculosis.

1   |   Introduction

Fish aquaculture is a highly important industry for Chile, sec-
ond only to copper mining, and the country is recognised as 
one of the world's leading exporters of aquatic products, with 
a 4.5% share of global exports (FAO 2024). Three main species 
of salmonids are farmed: Atlantic salmon (Salmo salar), Coho 
salmon (Oncorhynchus kisutch) and rainbow trout (O. mykiss), 

with a harvested biomass of 1,107,109 tons of salmonids in 2023 
(SERNAPESCA 2023). To achieve these production levels, fish 
farming is very intensive, which, as reported worldwide in all 
salmon-producing countries, creates a favourable environment 
for the emergence of new bacterial pathogens.

One of the main pathogens that poses a serious threat to 
Chilean salmonid aquaculture during the on-growing phase is 
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Tenacibaculum dicentrarchi, one of the seven members within 
the Tenacibaculum genus (referenced in Olsen et al. 2019, 2020), 
which cause diseases collectively known as tenacibaculosis. 
This disease has become the second leading infectious cause of 
death in Chilean farmed Atlantic salmon, with a mortality of 
37.9% in 2023 (SERNAPESCA 2024). Tenacibaculosis in marine 
fish, as caused by T. dicentrarchi, is primarily characterised by 
skin erosions that may progress to ulceration. Affected areas can 
include the head, jaw and mouth, where yellow plaques appear 
on the teeth. Additionally, haemorrhaging may occur in the 
operculum, as well as in the peduncle and along the edges of the 
pectoral fins (Avendaño-Herrera et al. 2016; Klakegg et al. 2019).

Attempts at disease-outbreak control include the administration 
of medicated feed containing florfenicol, oxytetracycline and, 
in more severe cases, tiamulin (Irgang et al. 2021; Irgang and 
Avendaño-Herrera  2022), although efficacy is limited in most 
cases. While vaccination is the most effective approach to con-
trol tenacibaculosis caused by Tenacibaculum maritimum in 
turbot (Scophthalmus maximus) (Mabrok et  al.  2023), no vac-
cine is currently available to prevent tenacibaculosis caused by 
T. dicentrarchi in Chilean aquaculture.

Numerous studies have been conducted to gain a better un-
derstanding of the diversity of T. dicentrarchi and its virulence 
mechanisms, particularly focusing on the role of iron during 
the infectious process. Initial in silico genome analysis of T. 
dicentrarchi has revealed a variety of genes encoding proteins 
associated with iron uptake mechanisms (Saldarriaga-Córdoba 
et al. 2021). Functional studies have shown that this fish patho-
gen employs multiple strategies for iron acquisition, includ-
ing siderophore production and the utilisation of heme groups 
(Avendaño-Herrera et al. 2023). More recently, a proteomic anal-
ysis using the type strain CECT 7612T and the Chilean strain 
TdCh05, grown under normal and iron-limited conditions to 
mimic the host environment, revealed a shared response to 
iron deprivation. Under iron limitation, this response included 
increased reductor metabolism, siderophore transport, heme 
compound synthesis, iron transporters and the expression of 
proteins associated with iron oxidation (Avendaño-Herrera 
et al. 2024).

Based on these previous studies, we hypothesised that cultur-
ing the T. dicentrarchi strain TdCh05 in a medium that mimics 
the in vivo environment, i.e., with iron limitation, may serve as 
an effective inactivated vaccine to protect farmed fish against 
tenacibaculosis. Considering that most existing vaccines for 
the prevention of bacterial diseases in fish are formulated as 
oil-based emulsions administered via intraperitoneal injection 
(Veenstra et al. 2017), the present study evaluated different in-
jectable prototypes containing T. dicentrarchi antigens. In fact, 
there is evidence in the literature supporting the development 
of injectable vaccines to prevent external pathologies such as te-
nacibaculosis. For example, van Gelderen et  al. (2009) used a 
vaccine based on inactivated T. maritimum with an adjuvant, 
achieving a 79.6% relative percent survival (RPS), demonstrat-
ing that protection can be achieved using inactivated, adju-
vanted injectable vaccines.

Currently, the only registered vaccine for the prevention of T. 
maritimum is an injectable formulation known as Icthiovac-TM, 

commercially produced by the company HIPRA (Mabrok 
et  al.  2023), for the prevention of tenacibaculosis in turbot 
(Scophthalmus maximus). However, vaccine efficacy may vary 
depending on the Tenacibaculum species or the isolate selected. 
For instance, Småge et al. (2018) tested a vaccine aimed at pre-
venting tenacibaculosis caused by T. finnmarkense, observing 
high antibody titers at 8- and 12-weeks post-immunisation at 
high doses, although these antibody levels did not translate into 
protection when both homologous and heterologous challenge 
trials were conducted. Herein, we report the results obtained 
with a whole-cell vaccine prepared with T. dicentrarchi TdCh05 
tested in three presentations and its effect on Atlantic salmon 
survival.

2   |   Materials and Methods

2.1   |   Bacterial Strain and Growth

The virulent T. dicentrarchi TdCh05 strain, isolated from a tail 
lesion of Atlantic salmon in 2014 (Avendaño-Herrera et al. 2016), 
was used in this study. This strain has been analysed genomi-
cally (Saldarriaga-Córdoba et al. 2021) and for virulence mech-
anisms related to iron uptake (Avendaño-Herrera et  al.  2023, 
2024) and outer membrane vesicles (Echeverría-Bugueño and 
Avendaño-Herrera 2024). The strain was routinely cultured on 
the Flexibacter maritimus medium (FMM) (Pazos et  al.  1996) 
at 18°C for 48 h. Identification of the strain as T. dicentrar-
chi was confirmed through PCR-based analysis (Avendaño-
Herrera et  al.  2018), complemented by standard phenotyping 
for this bacterial species (Avendaño-Herrera et al. 2016; Piñeiro-
Vidal et  al.  2012). Stock cultures were preserved at −80°C in 
CRYOBANK tubes (Mast Group, UK) or FMM broth supple-
mented with 10% glycerol (vol/vol).

2.2   |   Vaccine Preparation

For the antigen preparation, TdCh05 colonies were harvested 
from the FMM plates after 48 h, resuspended in 5 mL of saline 
solution (0.85% NaCl, w/v), and the cell density was adjusted 
to McFarland scale 0.5. The cell suspension was inoculated in 
300 mL FMM broth prepared with half the minimum inhibi-
tory concentration previously established by Avendaño-Herrera 
et al. (2023) for this strain; that is, 65 μM of the non-assimilable 
iron chelator 2.2′-dipyridyl Reagent Plus (DIP) (TCI Europe; 
condition TdCh05 + DIP). This chelator concentration was 
added to the medium 48 h before inoculation of the strain and 
was kept under agitation at 100 rpm to ensure homogenisation. 
Additionally, cultures of the TdCh05 strain were prepared in 
FMM broth without supplementation of the iron chelator (con-
dition TdCh05) under the same conditions. Each culture was 
performed in triplicate. Once the TdCh05 + DIP and TdCh05 
cultures were grown, 300 mL of each culture were inoculated 
in 1200 mL of fresh FMM broth and then incubated at 18°C for 
48 h. Each culture was performed in triplicate.

Before inactivation, samples from each culture were collected to 
quantify the final bacterial concentration using simple staining 
and a microscopic count on a Leica DM2000 microscope (Leica 
Microsystems, Wetzlar, Germany) (cells/mL). Additionally, the 
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number of viable bacteria was quantified by counting colony-
forming units per mL (CFU/mL) through plating 10-fold serial 
dilutions on FMM agar plates. All plates were incubated at 18°C 
for 7 days, and the CFU/mL were calculated. After 48 h of in-
cubation, the cell cultures were inactivated with formalin (0.7% 
v/v) and incubated at 18°C for 72 h with gentle agitation. Cell 
inactivation was confirmed by streaking the cells onto FMM 
agar plates, which were incubated as previously described. Once 
bacterial growth was confirmed to be absent, each culture was 
adjusted to a final concentration of 1 × 109 cells/mL by centri-
fuging a fraction of each culture at 5000 rpm for 20 min at 4°C. 
Consequently, each vaccine contained a concentration of 1 × 109 
cells/mL. The inactivated TdCh05 + DIP and TdCh05 cultures 
were then stored at 4°C until preparation of the experimental 
formulations.

A total of three experimental vaccine prototypes of T. dicen-
trarchi were prepared: (A) Prototype TdCh05, (B) Prototype 
TdCh05 + DIP and (C) Prototype A + B, which corresponded to 
a 1:1 mixture of each inactivated culture. Each prototype was 
emulsified with the adjuvant Montanide ISA 763 AVG 36017Z 
(Seppic, France) according to the manufacturer's instructions. 
The three prototypes were then stored at 4°C for 30 days be-
fore use.

2.3   |   Challenge Assay

All experimental procedures and animal care were conducted 
in accordance with the ethical guidelines established by the 
Ethics Committee of the Universidad Andrés Bello, under ap-
proval accreditation number 005/2019. Unvaccinated Atlantic 
salmon (n = 220; 211.6 ± 45.26 g) with no prior history of dis-
ease were sourced from a commercial farm. Before transport, 
and in accordance with regulations by the National Fisheries 
and Aquaculture Service, the fish were certified free of any 
Chilean pathogens (Piscirickettsia salmonis, Renibacterium sal-
moninarum, Flavobacterium psychrophilum, T. dicentrarchi, T. 
maritimum, infectious salmon anaemia virus and infectious 
pancreatic necrosis virus) by a recognised diagnostic labora-
tory. Upon arrival at the experimental facility, Atlantic salmon 
were anaesthetised using Acuestrol (Isoeugenol 50%) at a dose 
of 10 mg/L and tagged with Visible Implant Elastomer tags 
(Northwest Marine Technology, USA) in different colours ac-
cording to treatment, following the manufacturer's instructions. 
Each fish received a subcutaneous injection of the polymer mix-
ture in the lower jaw and was randomly distributed among five 
tanks with aerated seawater (33 ppt) at 15°C ± 1°C for 14 days 
prior to vaccination. No mortalities were recorded during the 
acclimation period in seawater.

A total of five fish groups, each in duplicate with 22 fish per 
group, were used: three vaccinated groups, one FMM-broth 
control group and one non-injected control group. All fish 
were anaesthetised using Acuestrol (Isoeugenol 50%) at a dose 
of 10 mg/L, and each fish received an intraperitoneal injection 
(0.1 mL/100 g fish weight), labelled according to the applied 
treatment.

Fish were then kept at a density of 15 kg/m3 in separate tanks 
according to each treatment, using a recirculating system with 

a biofilter. They were fed at 1.5% body weight, and the tank 
conditions were as follows: a seawater exchange flow 2 L/min; 
dissolved oxygen levels between 80 a 110%; a 12:12 light: dark 
photoperiod; and water temperature set to 15°C ± 1°C.

Forty days after vaccination (673°-days), the fish were trans-
ferred to a 600-l tank, and the vaccinated and FFM-injected 
groups l bath-challenged for five hours with a concentration 
of 1 × 107 cells/mL of a heterologous T. dicentrarchi isolate Td-
025, as described in Avendaño-Herrera et al. (2016) and Irgang 
and (Avendaño-Herrera et al. 2020). This isolate was recovered 
from an outbreak that occurred at an Atlantic salmon farming 
centre in 2019. In addition, the non-injected control group was 
subjected to the same challenge conditions but without bacte-
ria, in order to rule out the effect of manipulation on mortal-
ity. Subsequently, each fish group was distributed between two 
tanks at a density of 15 kg/m3 for 14 days, maintaining the con-
ditions described previously.

2.4   |   Sampling Procedure

During the challenge period, up to three dead fish were sam-
pled per day per treatment. All dead fish showed clinical signs 
of tenacibaculosis. From these fish, attempts were made to reiso-
late the bacteria from external (e.g., skin lesions and ulcers) and 
internal (e.g., kidney, liver and spleen) samples. These samples 
were streaked onto FMM agar plates and incubated aerobically 
at 18°C for one week. Additionally, the same tissue samples used 
for colony isolation were deposited in RNAlater (Thermo Fisher 
Scientific Inc.) for PCR analysis (Avendaño-Herrera et al. 2018). 
Once the challenge period concluded, surviving fish were sacri-
ficed with an overdose of benzocaine (BZ-20, Veterquímica S.A.) 
and externally and internally sampled for PCR tissue analysis.

2.5   |   T. dicentrarchi Detection by PCR

Colonies obtained from fish tissues were analysed by a PCR 
designed for T. dicentrarchi, as described by Avendaño-Herrera 
et  al.  (2018). Once colonies suspected to be T. dicentrarchi 
TdCh05 were detected, these were Gram-stained and prepared 
for PCR diagnosis. Briefly, DNA was extracted from the colonies 
with the InstaGene Matrix (Bio-Rad), and DNA from fish tissues 
was processed with the TRIzol Reagent (Invitrogen) according 
to the manufacturer's instructions. Additionally, the DNA of the 
isolated colonies was subjected to PCR-based diagnostic test-
ing for other pathogens of the Tenacibaculum genus, including 
T. maritimum (Toyama et  al.  1996), T. piscium (Saldarriaga-
Córdoba et al. 2023) and T. soleae (García-González et al. 2011).

2.6   |   Vaccine Efficacy and Statistical Analyses

Analyses were performed using the RStudio statistical pack-
age v1.2.1335, considering differences significant at a p-value 
< 0.05. The efficacy of each vaccine prototype was determined 
by calculating the RPS (Amend 1981). The following formulas 
were used:

RPS =

(

1 −

(

%vaccine mortality

%mortality nonvaccinated

))

× 100
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Additionally, RPS60 was calculated as this is an indicator that 
evaluates the mortality of a vaccinated group when the FFM-
injected group reaches 60% mortality.

To determine the effectiveness of the different vaccine proto-
types, Kaplan–Meier survival curves were constructed, with the 
mortality of each fish considered an event and survivors cen-
sored at the end. Furthermore, the Log-Rank test was used to 
identify differences between the curves (D'Arrigo et  al.  2021; 
Schober and Vetter 2018).

3   |   Results and Discussion

Tenacibaculosis caused by T. dicentrarchi results in economic 
and environmental impacts. We therefore aimed to evaluate 
the protective capacity of prototype vaccines by growing bac-
teria under iron-limiting conditions. Cultivation conditions 
significantly impact synthesis of the bacterial outer membrane 
and secreted proteins, which are critical antigens, thereby af-
fecting the immunogenicity of bacterin-based vaccines (Cao 
et  al.  2025). The TdCh05 strain of Atlantic salmon was se-
lected for antigen production, as the presence of iron uptake 
mechanisms is well known, and its pathogenic potential has 
been demonstrated through immersion challenges in Atlantic 
salmon (65%) and rainbow trout (93%) (Avendaño-Herrera 
et al. 2016).

At 14 days post-challenge (dpc), Atlantic salmon injected with 
FMM broth had a cumulative mortality of 73.3%, followed by the 
TdCh05 + DIP (66.7%) and A + B (54.8%) prototypes. The lowest 
cumulative mortality value (50%) was observed for the proto-
type containing T. dicentrarchi TdCh05 grown only in FMM. 
Although the cumulative mortality in the FMM control group 
was higher than the expected 60%, it is important to highlight 
that mortality in vaccinated fish were consistently lower, re-
gardless of the antigen used.

The bacterial concentration of the heterologous isolate of T. di-
centrarchi used was adjusted to 1 × 106 cells/mL (lethal dose 60) 
for the bath challenge (equivalent to approximately 5 × 105 CFU/
mL), aligning with proposals using the same pathogen in 
similar studies (Småge et  al.  2018). However, the viability as-
sessment conducted in the bath challenge showed a one-log in-
crease in the concentration of viable bacteria (i.e., 1 × 107 CFU/
mL) compared to the direct cell count. Some species of the 
Tenacibaculum genus, such as T. maritimum, form aggregates, 
which hinder the quantification of the inoculum in challenge 
studies (Mabrok et  al.  2023). In fact, using the T. dicentrarchi 
strain CCCM21/136, which does not form aggregates, Kumanan 
et al.  (2025) also reported a ±10% variation in the precise cal-
culation of the T. dicentrarchi inoculum concentration when 
conducting experimental challenge trials on Chinook salmon 
(Oncorhynchus tshawytscha). It is important to highlight that, 
although the bath challenge model mimics natural infection, it 
is not the optimal approach for testing vaccine efficacy because 
fish are exposed to a high concentration of bacteria for a brief 

time, which does not accurately represent natural infection con-
ditions (Karlsen et al. 2017; Småge et al. 2018). This approach is 
consistent with guidelines for pathogens responsible for causing 

ulcers and external damage in fish (Karlsen et al. 2017; Småge 
et al. 2018).

Regardless of the antigen used in each prototype, most mortali-
ties occurred within the first 4 dpc; even in fish vaccinated with 
TdCh05 + DIP, all mortalities occurred by 3 dpc (Figure 1). This 
temporal mortality kinetics caused by T. dicentrarchi is consis-
tent with what has been described in the literature (Avendaño-
Herrera et al. 2016; Klakegg et al. 2019). It is well known that T. 
dicentrarchi can adhere and form biofilms within the first 24 h, 
followed by a decline over the next 96 h (Levipan et  al.  2019). 
Additionally, this bacterium exhibits an attraction to the mucus 
of healthy Atlantic salmon (Echeverría-Bugueño et  al.  2023). 
As expected, no mortalities occurred in the non-injected, non-
challenged control fish, validating the handling of animals 
during the experiment.

The calculated RPS and RPS60 values were below those ex-
pected. Fish vaccinated with the prototype containing T. dicen-
trarchi TdCh05 antigens grown only in FMM were the highest 
(31.82% and 45.53%, respectively). The A + B prototype followed, 
with an RPS of 25.21% and an RPS60 of 16.62%. Finally, the pro-
totype with the TdCh05 strain grown with the iron chelator pre-
sented values of only 9.08% and 10.75%, respectively. Subsequent 
analyses using the Kaplan–Meier survival function revealed that 
only the TdCh05 prototype differed significantly from the FMM 
control group (Figure  2), exhibiting a statistically higher sur-
vival probability. The results of the non-parametric Log-Rank 
further supported these findings when comparing the different 
groups of Atlantic salmon vaccinated with various prototypes 
(Figure 2).

These vaccination results are unexpected, given that bac-
teria in the host can acquire iron during infection via sidero-
phores, which bind and transport iron (Eichenbaum et al. 1996; 
Miethke and Marahiel  2007). Therefore, we anticipated that 
the presence of the chelating agent 2,2′-dipyridyl in the culture 
medium would significantly influence the production of many 
iron-related proteins in T. dicentrarchi that are not expressed 
under normal growth conditions (Avendaño-Herrera et al. 2023, 
2024). These proteins could be immunogenic and enhance the 
protective response of fish vaccinated with the TdCh05 + DIP 
prototype. However, completely opposite results were obtained, 
with RPS values as low as approximately 10%. Recently, Cao 
et  al.  (2025) reported that lumpfish (Cyclopterus lumpus) in-
jected with bacterin derived from iron-supplemented cultures 
at 15°C showed an RPS of 14.29% when challenged with Vibrio 
anguillarum. However, bacterin-based vaccines derived from 
V. anguillarum cultured under iron-limited conditions with 2% 
NaCl at 28°C provided significantly higher protection compared 
to those prepared under iron-rich conditions. To date, it remains 
unclear how these culture conditions affect the immunogenicity 
of T. dicentrarchi.

RPS60 =

(

1 −

(

%vaccine mortality on the day the control group reaches 60%mortality.

60%mortality nonvaccinated

))

× 100
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On the other hand, vaccination studies with phylogenetically re-
lated pathogens such as T. maritimum and T. finnmarkense indi-
cate that these bacteria induce little to no inflammatory response 
(Evelyn et al. 1992; Småge et al. 2018). Even when an antibody 
response is present in Atlantic salmon, Frisch et al. (2018), when 
evaluating an inactivated whole-cell vaccine with an oil-based 
adjuvant against T. maritimum, did not observe significant pro-
tection. Småge et al. (2018) suggest that the rapid progression of 
infection with Tenacibaculum spp. may contribute to the lack 
of protection, as the immune system of fish might not have suf-
ficient time to respond. Ongoing field and in  vivo studies are 
being conducted to analyse the immune response of fish and 
determine if a specific immune response is induced following 
challenges with T. dicentrarchi.

The infected fish in this experiment exhibited clinical signs sim-
ilar to those observed during natural outbreaks of tenacibaculo-
sis in the field. To confirm that the mortalities of the vaccinated 
Atlantic salmon were specifically caused by the employed het-
erologous isolate of T. dicentrarchi, bacteriological isolation was 
performed from various organs and then confirmed using a PCR 
(Table 1). Sixty-one isolates resembling T. dicentrarchi were con-
firmed positive as T. dicentrarchi TdCh05, amplifying the 284 bp 
product.

When analysed by challenge prototype, samples from 9 of 13 
fish in the FMM control group presented at least one T. dicen-
trarchi colony (Table 1). For two of these fish (No. 1 and 12), T. 

dicentrarchi was detected in external lesions and internal organs 
(i.e., spleen, liver and kidney). For the TdCh05 prototype, at least 
one sample from 6 of 16 fish had T. dicentrarchi-positive colo-
nies. Furthermore, in two fish (No. 1 and 2) collected early in 
the challenge, the bacterium was isolated from external lesions 
and internal organs (i.e., spleen, liver and kidney). In the case of 
fish vaccinated with TdCh05 + DIP, at least one sample from 6 of 
11 fish was positive for T. dicentrarchi. In fact, in three fish (No. 
1, 2 and 3) that died within the first 2 dpc, T. dicentrarchi was 
detected in spleen, liver, kidney and skin-lesion samples. When 
the microbiological analysis was performed on the mortalities 
of fish vaccinated with the antigen mixture (A + B), at least one 
sample from 7 out of 13 Atlantic salmon were PCR-positive for 
T. dicentrarchi. Additionally, in three of the fish (No. 1, 2 and 3), 
bacteria were detected in external lesions, as well as the spleen, 
liver and kidney.

It is important to note that most positive PCR reactions from 
colonies were obtained from TdCh05 isolated from liver sam-
ples (32.8%). No DNA from the 49 bacterial colonies amplified 
for T. maritimum (Toyama et al. 1996), T. piscium (Saldarriaga-
Córdoba et al. 2023) or T. soleae (García-González et al. 2011).

During the euthanasia of live fish at the conclusion of the experi-
ment, tissue samples were collected from seven fish in the FMM 
control group. PCR results were positive in five out of the seven 
fish, with at least one of the extracted DNA samples from the 
analysed organs testing positive. Only one fish tested positive 

FIGURE 1    |    Accumulated mortalities of Atlantic salmon challenged with a bath containing a concentration of 1 × 107 cells/mL of a heterologous 
T. dicentrarchi isolate, 40 days post-vaccination. Three fish groups in duplicate (22 fish per replicate) were vaccinated with (A) Prototype TdCh05, 
(B) Prototype TdCh05 + DIP or (C) Prototype A + B, which corresponded to a 1:1 mixture of each inactivated culture. Additionally, one FMM-broth 
control group, and one non-injected control group (welfare control) were included. Each prototype was emulsified with the adjuvant Montanide ISA 
763 AVG 36017Z (Seppic, France).
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in the skin, spleen and liver. Regarding fish vaccinated with the 
TdCh05 prototype, at least one tissue sample from nine out of 
ten surviving fish analysed tested positive for T. dicentrarchi by 
PCR. For the fish vaccinated with the TdCh05 + DIP prototype, 
tissue samples were obtained from seven fish euthanised at the 
end of the challenge. The bacterium was detected in at least one 
sample from six of these fish, with only one fish testing PCR-
positive for all the extracted tissue samples. Finally, in the A + B 
mix group, tissue samples were collected from seven fish eu-
thanised at the end of the challenge, all of which tested positive 
by PCR in at least one of the analysed samples. It is interesting 
to note that regardless of the treatment the fish underwent, the 
tissue with the highest PCR positivity was the spleen (22 out of 
the 31 fish analysed) (Figure 3).

As observed, T. dicentrarchi was predominantly recovered in 
cultures from microbiological samples of internal organs, con-
trary to the negative results reported in other studies (Avendaño-
Herrera et al. 2020; Kumanan et al. 2025), where isolation was 
more successful from the skin and gills. Moreover, Irgang and 
Avendaño-Herrera  (2021) noted that isolating T. dicentrarchi 
on FMM plates is not always successful, even when fish show 
external injuries. Furthermore, the obtained PCR results in 
the present study from various tissues of the surviving fish 
were consistent with the microbiological diagnoses (Figure 3). 
It is important to highlight that the key difference from previ-
ous studies, which may explain the successful isolation of the 
bacterium from internal organs, was that the Atlantic salmon 
were analysed microbiologically immediately. This was possible 

FIGURE 2    |    Survival probability of Atlantic salmon vaccinated with different prototypes, as well as the unvaccinated control groups, subjected 
to an immersion challenge with a heterologous T. dicentrarchi isolate. In each graph, comparisons are made between the different treatments and/or 
controls. The dashed line indicates the day at which 50% survival was reached for each group, while the p-value represents the probability. The dark-
est area of each Kaplan–Meier curve represents the confidence interval calculated using the ‘survminer’ package used to generate the curves. The 
horizontal dashed line indicates 50% survival, and the vertical dashed line marks the day on which each curve reached a 50% probability of survival.
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because the facilities had the necessary infrastructure for sam-
pling, and the temporal mortality kinetics were well understood. 
Another factor to consider in the successful diagnosis of inter-
nal organs is that the challenge was carried out using a higher 
concentration than those used in previous studies. In this sense, 
the possibility cannot be excluded that non-detection in internal 
organs in previous studies was because tenacibaculosis is pri-
marily an external infection.

4   |   Conclusion

The present study provides valuable insights into the develop-
ment of vaccines against T. dicentrarchi in Atlantic salmon. Our 
results clearly showed that the T. dicentrarchi TdCh05 vaccine 
prototype, grown under iron-limiting conditions, is not effec-
tive in protecting Atlantic salmon against tenacibaculosis. In 
contrast, the whole-cell inactivated vaccine prototype TdCh05, 
grown in FMM, could provide adequate protection if the bacte-
rial challenge concentration is lower than that used in this study 
or similar to the natural conditions to which fish are exposed 
in a farming facility. Additionally, it was demonstrated that a 
high proportion of vaccinated fish that survived the challenge, 
regardless of the vaccine prototype, carried T. dicentrarchi in 
various internal organs, particularly in the spleen. Future stud-
ies should focus on generating information about the immune 
response of vaccinated fish to identify an effective vaccine for 
the prevention of T. dicentrarchi-induced tenacibaculosis.
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