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Abstract 

Understanding disease dynamics in wild fish populations is essential for effective 

conservation and fisheries management, yet diagnosing marine diseases in wild organisms 

is challenging. Tenacibaculosis, a bacterial disease caused by Tenacibaculum spp., is 

emblematic of this challenge, having been widely reported in farmed Atlantic (Salmo salar) 

and Chinook (Oncorhynchus tshawytscha) salmon, but never confirmed in any species of 

wild Pacific salmon (Oncorhynchus spp.). Here, we present the first report of tenacibaculosis 

in wild-caught Pacific salmon. During holding experiments conducted with Chinook salmon 

captured in Barkley Sound, Canada in 2022, we observed external lesions in 16 of 99 fish 

and associated high mortality. Through molecular screening, analysis of genetic sequences, 

and microscopic localisation of the infectious agents present, we identified Tenacibaculum 

dicentrarchi as the likely causative agent of tenacibaculosis in the fish with the most severe 

lesions.   
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Introduction 

Identifying, detecting, and evaluating the effects of marine pathogens is of growing 

importance to scientists and managers focused on at-risk marine organisms 1. Pathogens 

can regulate populations in any habitat, but the diseases causes by marine pathogens tend 

to be particularly challenging to study because: (1) pathogen detection and host collection 

are difficult 2, (2) marine hosts often die before disease can be observed 3,4, and (3) 

pathogens spread much faster in the ocean than on land 5. These challenges are 

exacerbated for migratory species like Pacific salmon (Oncorhynchus spp.), which can travel 

past multiple exposure hotspots of interacting infectious agents 6.  

Of the many marine diseases affecting salmonids globally, a recent focus of concern has 

been tenacibaculosis, a cosmopolitan bacterial disease of marine fishes caused by 

Tenacibaculum species 7. Tenacibaculum species are considered opportunistic pathogens, 

causing disease in otherwise compromised hosts 8. Tenacibaculosis has been documented 

globally in salmon aquaculture facilities (e.g., Norway: 9, Chile: 10, New Zealand: 11) and is 

characterized by ulcerative skin lesions, mouth erosion, and frayed fins 12. Tenacibaculosis 

has been observed in both farmed Atlantic (Salmo salar) 13 and Pacific salmon 

(Oncorhynchus spp.), including in net-reared coho (O. kisutch) 14,15 and Chinook (O. 

tshawytscha) 11,16. The disease has also been reproduced in experimental challenge studies 

of Chinook with two species of Tenacibaculum 17.  

While the progression of infection by some Tenacibaculum species into clinical disease (i.e., 

tenacibaculosis) is relatively well resolved in farmed salmonids, evidence of tenacibaculosis 

in wild Pacific salmon is considered equivocal despite regular detections of Tenacibaculum 

spp. in these fish 18,19. In British Columbia (BC), Canada, outbreaks of tenacibaculosis 

comprise > 60% of the fish health events reported on Atlantic salmon farms20 and can lead 

to cumulative mortality upwards of 40%, if left untreated 21. These disease manifestations in 

farmed Atlantic salmon in BC are usually referred to as “mouthrot” or “yellow mouth” due to 

the presence of oral plaques and ulcers, but these symptoms are a subset of clinical signs 

for tenacibaculosis in Atlantic salmon 22 and other salmonids worldwide (e.g., 10,11). 

Tenacibaculum species are regularly detected in wild juvenile Pacific salmonids via 

molecular methods 18 (K. Miller unpubl. data), and one well-studied species (T. maritimum) is 

associated with reduced body condition and cohort survival in these fish 23. Despite these 

frequent detections of the causative pathogen for tenacibaculosis, to our knowledge no 

report exists of the disease in wild-caught Pacific salmonids. Given that tenacibaculosis 

occurs in Pacific salmon protected from predation 10,16,24, it seems likely that diseased wild 

individuals simply die from disease or predation before they can be collected—a classic 

conundrum in fish disease ecology 3. 

Here, we present the first report of tenacibaculosis in wild-caught Pacific salmon, and 

identify the likely causative agent of the disease in the severely lesioned fish. We observed 

development of the disease in wild-caught Chinook held in tanks for a broader study 25. We 

describe the clinical manifestation of the disease in the fish with the most severe lesions and 

through molecular screening, analysis of genetic sequences, and microscopic localisation of 

the infectious agents present, we identify Tenacibaculum dicentrarchi as the likely causative 

agent of tenacibaculosis in these fish.  

Materials and Methods 
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Fish collection and holding 

As part of a broader study to assess the survival of salmon captured and released in 

recreational fisheries 25, we caught wild Chinook salmon using recreational fishing gear in 

Barkley Sound, British Columbia, Canada (48.845° N, 125.215° W) from June to September 

2022 for four holding experiments. In the first experiment, ulcerative lesions began 

appearing on the fish within a few days and we observed high mortality of the affected fish. 

We collected lesion samples from these fish, but lacked samples taken upon capture to 

determine baseline infection status. After consulting a veterinarian, we amended the fish 

collection protocol for the subsequent experiments to include non-lethal skin swab and gill 

sampling at the time of capture to determine infection status, in case similar outbreaks of 

disease occurred upon holding.  

The fish analysed in this study were from the third and fourth holding experiments, for which 

fish were caught over four days and held for a subsequent 10 days. The third experiment 

involved 47 fish and was carried out from August 9–22, 2022; the fourth experiment 

contained 52 fish and was conducted from August 23–September 5. Hereafter, we refer to 

these as the ‘Aug9’ and ‘Aug23’ holds. We captured fish with recreational trolling gear, held 

them in a 660 L insulated container with seawater pumped from below the thermocline to 

ensure continuity in environmental conditions between capture and holding, and collected 

non-lethal tissue samples (see section below). Within two hours, we transferred the fish to 

four 12,800 L flow-through tanks at the Bamfield Marine Sciences Centre (0.0012–0.0026 

kg/L). Tank water was pumped from Bamfield Inlet (at ~30m depth, below the thermocline) 

and filtered for coarse materials. We disinfected tanks with Virkon S (1% solution for 10 min; 

Dynamic Aqua Supply Ltd., Surrey, Canada) before, between, and after the experiments to 

avoid contamination or cross-infection. Details on fish lengths and environmental conditions 

for capture and holding are provided in Table S1. 

All of this study’s procedures were conducted in accordance with the Canadian Council of 

Animal Care guidelines using methods approved by the University of British Columbia 

(permit #A19-0193) and Bamfield Marine Sciences Centre (RS-22-04). All fish that didn’t die 

due to illness while being held in the tanks after capture (i.e., the moribund fish and the live, 

apparently healthy fish at the end of each experiment) were euthanized with a blow to the 

head followed by cervical dislocation, in compliance with these protocols, and disposed of in 

accordance with institutional biosecurity protocols. Fish were collected under Fisheries and 

Oceans Canada (DFO) scientific collection permit (XR 143–2022) and moved to the onshore 

holding tanks with DFO transport permits (129330–2022). All methods are reported in 

accordance with ARRIVE guidelines. 

Tissue sampling 

To assess infectious disease progression in the Aug9 and Aug23 holds, we collected skin 

swab samples and portions of gills for molecular analysis, both at the time of capture in the 

field and again at the end of each experiment or when fish became moribund or died (see 

Table S1 for sample sizes). Skin swabs were taken on the flanks at the lateral line, and non-

lethal gill samples were taken from the tips of 3-4 primary lamellae using sterile cuticle 

cutters 26. From seven individuals showing the most severe lesions—hereafter called 

‘featured’ fish (Table S2)—we also sampled gills, liver, and kidney (for molecular analysis 

and histology), as well as spleen, heart, and muscle (for histology). We preserved molecular 
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samples in RNAlater (Thermo Fisher Scientific) and histology samples in 10% neutral 

buffered formalin. 

Molecular screening 

Using high-throughput quantitative polymerase chain reaction (HT-qPCR), we screened a 

subset of samples (Table S1), in roughly equal numbers of lesioned and non-lesioned fish, 

for nine infectious agents that could potentially be associated with ulcerative lesions in 

salmonids in BC (Table S3), including three species of Tenacibaculum (T. maritimum, T. 

dicentrarchi, and T. finnmarkense). 

Genetic sequencing and phylogenetic analysis  

To confirm Tenacibaculum species identification, we performed multilocus sequence 

analysis (MLSA) targeting seven informative loci (Table S4) on ten samples from eight 

qPCR-positive fish (five featured and three non-featured fish; Table S5) selected from those 

with ulcerative lesions and high Tenacibaculum loads across a range of dates and tanks. We 

assessed the PCR amplicons for the seven loci for size and quantity and pooled for each 

sample prior to purification with DNA Ampure Beads (Beckman Coulter, Brea, USA), after 

which we re-quantified the purified, pooled samples using the Quant-IT dsDNA BR kit 

(Thermo Fisher Scientific, MA, USA) and performed PCR barcoding using the 1D PCR 

Barcoding 96 amplicons kit for the Nanopore (Oxford Nanopore Technologies Ltd., Oxford, 

UK).  

Samples were sequenced at the Canada's Michael Smith Genome Sciences Centre (GSC; 

Vancouver, Canada). Sequencing by the GSC involved ONT tethering and loading onto one 

flow cell of the promethION (Oxford Nanopore Technologies Ltd., Oxford, UK). Amplicon 

sequences were obtained as FASTQ files and processed using NanoPlot (De Coster 2020) 

for quality assessment. FASTQ files were analyzed using Medaka (Oxford Nanopore 

Technologies Ltd. 2018) for consensus sequence generation using a custom Bash script, 

aligning them to a reference database to generate polished consensus sequences. A 

secondary filtering step using Samtools depth ensured sequences with a coverage depth of 

less than 20 were masked. 

To confirm the identity of these sequences, we performed a nucleotide Basic Local 

Alignment Search Tool (BLAST) query for each one (Camacho et al. 2009) against the 

National Center for Biotechnology (NCBI) nucleotide database (NCBI 2025b). We retained 

the top three hits for phylogenetic analysis, downloading them from Genbank (NCBI 2025a) 

alongside reference sequences of Tenacibaculum species known to occur on salmon, using 

the rentrez package 27 in R version 4.4.0 28. The majority of top BLAST hits were from 

Tenacibaculum spp. in Atlantic salmon, there were also hits to Tenacibaculum spp. in other 

teleost species from around the world.  

To provide further support for the molecular-detection and sequencing results, we generated 

a consensus phylogenetic tree using a maximum likelihood approach. We first concatenated 

and aligned the sequences of the seven loci using Multiple Alignment using Fast Fourier 

Transform (MAFFT; 29). Not all sequence isolates on genbank contain all seven loci. We 

generated maximum likelihood phylogenetic trees using IQ-TREE 2 30 and its automatic 

model selection feature to select a substitution model based on best-fit criteria. This method 

was first recommended by 31 and widely used in the literature, for example by 32. We used 

ultrafast bootstrap approximation with 1000 replications to calculate branch support values 
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33. For visualisation purposes, we midpoint-rooted the phylogenetic trees using the R 

package phytools 34 and annotated them using the ggtree package 35.  

Histology and in-situ hybridisation 

We conducted standard histological analyses for the seven featured fish—i.e., those with the 

most severe lesions, for which we retained tissue samples for histology. We embedded the 

histology tissue samples in paraffin and prepared the histology slides from these, staining 

with routine hematoxylin and eosin (H&E) solutions for standard pathological evaluation. 

From consecutive tissue sections, we performed in-situ hybridisation (ISH) with T. 

dicentrarchi and T. maritimum specific probes to detect and localise each bacterial agent 

within the lesions. Given the results of the molecular tests, T. dicentrarchi was the primary 

ISH target, but we also performed ISH against T. maritimum to assess whether a mixed 

infection may have contributed to the observed disease manifestation. We conducted ISH on 

all seven featured fish as per the manufacturer’s instructions (ACD Bio Amplification kit 

RNAscope 2.5HD detection reagent RED, ref. #322360) using probes against T. maritimum 

(ACD Bio RNAscope, ref. #1200621/C1) and T. dicentrarchi (ACD Bio RNAscope, ref. 

#1200611/C1). These probes incorporated the regions used in the species-specific qPCR 

assays for the respective species, as well as additional sequences unique to the respective 

species, to ensure specificity. We also used positive and negative control probes to 

determine the accuracy and specificity of the test (ACD Bio RNAscope Positive CTRL 

Om/ppib ref. #540651; Negative CTRL DapB ref. #310043).  

Results 

Clinical observations 

Within four days of transportation to the holding tanks, 13% and 17% of the fish in the Aug9 

and Aug23 holds, respectively, displayed classic clinical signs of tenacibaculosis (Nowlan et 

al. 2020): lethargy, loss of balance, abnormal swimming behavior, and external lesions 

involving the caudal peduncle, fins, belly, trunk and mouth (n=7 featured fish, n=8 non-

featured fish; Table S1). The erosions were mainly located on the fins and tails, while the 

ulcers typically involved the deeper muscle tissue (Fig. 1). Six of the seven featured fish 

were either euthanised early because they reached animal-care endpoints or found dead in 

the tanks. 
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Figure 1. Examples of external lesions observed in held fish. A: ulcerative lesions and 

erosion on caudal peduncle (fish #59646). B: ulcerative lesions and erosion on belly, fin 

hemorrhages (white arrowhead), and fin erosion (black arrowhead; fish #59865). C: scale 

loss associated with ulcerative lesions on flank (fish #59721). D: severe erosion and 

ulcerative lesions on the maxilla and mandible (arrows; fish #59869). 

Molecular screening 

Of the nine infectious agents for which we tested, only two were detected multiple times in 

our featured fish (i.e., those with the most severe lesions): T. dicentrarchi and T. maritimum 

(Table S7). In samples collected at the time of capture, T. dicentrarchi was detected in zero 

featured fish (Fig. 2A) and one of the 30 non-featured fish tested (Fig. 2C), but after holding 

it was detected in all seven featured fish at mostly high copy numbers (Fig. 2A; Table S8) 

and in 16 of the 20 non-featured fish tested (Fig. 2C; Table S8). In contrast, T. maritimum 

was detected in samples collected at the time of capture for four of the seven featured fish 

(Fig. 2B) and 12 of the 30 tested non-featured fish (Fig. 2D), whereas after holding it was 

detected in only one featured fish at a low load (Fig. 2B; Table S8) and in 14 of the 20 non-

featured fish tested (Fig. 2D; Table S8). Only one sample fell below the limit of detection 

(LOD te_mar = 1.9 copies; LOD te_dic = 1.7 copies; Fig. 2C). 

After holding, T. dicentrarchi was detected in all seven of the featured fish and in 13 of the 

15 lesioned fish (Table S8). In comparison, T. maritimum was detected after holding in only 

one of seven featured fish, and in nine of the 15 lesioned fish (Table S8). 
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Figure 2. Detection of Tenacibaculum dicentrarchi (left panels) and T. maritimum (right 

panels) via qPCR in the seven featured fish (those showing the most severe lesions that 

were sampled for histology; top panels) and 31 non-featured fish tested (n=20 pre-hold and 

n=30 post-hold; bottom panels). Pink points are samples that were sequenced (Table S5). 

Genetic sequencing and phylogenetic analysis 

For the eight sequenced post-hold samples (Table S5), from six fish qPCR-positive for T. 

dicentrarchi, the top BLAST hits matched most closely with T. dicentrarchi across the 

majority of loci (Fig. S1A). On our constructed phylogenetic tree, all the post-hold sequences 

grouped together adjacent to the T. dicentrarchi clade, with swabs and tissues tending to 

cluster within their respective categories (Fig. S1B). The two sequenced pre-hold samples, 

which were qPCR-positive for T. maritimum and -negative for T. dicentrarchi (Table S5), 

showed considerable variability across loci (Fig. S1A), but overall phylogenetic analysis 

placed these closest to either T. ovolyticum or T. maritimum (Fig. S1B). 

Histology and in-situ hybridisation 

Histological analyses of the seven featured fish revealed lesions primarily affecting the skin 

and muscle, and consisting of ulcerative dermatitis and myositis, with all featured fish 

presenting mild to severe scale loss, epidermal and dermal spongiosis, and deep ulcerative 

lesions. The ulcers often extended past the dermis and involved the underlying muscle 

bundles, which showed myodegeneration and necrosis. The lesions were associated with 

mats of filamentous, rod-shaped bacteria (Fig. 3A, Fig. S2), which were stained by a T. 

dicentrarchi-specific probe via ISH (Fig. 3B, Fig. S2; Table S6). The gills also showed 

necrosis and lysis of the lamellar epithelium, filamentous bacteria infiltrating into the 

epithelium, and mats of bacteria proliferating in the overlying mucus (Fig. 3C, Fig. S3). 

These bacteria were also identified as T. dicentrarchi with ISH (Fig. 3D, Fig. S3).  

There was no inflammatory response around the lesions. Only one featured fish showed 

evidence of systemic infection, with one large bacterial cluster in the liver and several small 
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clusters in the liver, heart, and spleen testing positive for T. dicentrarchi via ISH (Fig. S4). 

Tenacibaculum maritimum was not detected by ISH in any of the samples analysed for 

histology. See electronic supplement for detailed histology and independent corroboration. 

 

Figure 3. Pathology of the skin lesions (fish #59822, panels A and B) and of the gills (fish 

#59865, panels C and D): A: large mat of filamentous, rod-shaped bacteria (oval) covering 

and infiltrating underlying necrotic muscle bundles (arrows), with more filamentous bacteria 

throughout (arrowheads); H&E stain. B: same field as A, stained with ISH probe (red) 

against Tenacibaculum dicentrarchi (arrows). C: gills showing lamellar necrosis (oval) 

associated with mats of filamentous, rod-shaped bacteria (arrows) infiltrating the necrotic 

lamellae (H&E stain). D: same field as C, showing the filamentous bacteria (arrows) stained 

with ISH probe against T. dicentrarchi. Scale bar 100 µm for all panels. 

Discussion 

In this report, we document an outbreak of tenacibaculosis in wild-caught Chinook salmon 

held in seawater-fed, experimental tanks. To our knowledge, these findings constitute the 

first report of tenacibaculosis in wild-caught Pacific salmon. We also identify T. dicentrarchi 

as the likely causative agent of the disease in the most severely lesioned (i.e., featured) fish 

Multiple lines of evidence converge to support our final diagnosis of T. dicentrarchi as the 

causative agent of tenacibaculosis and mortality. First, qPCR testing detected high levels of 

T. dicentrarchi (but not T. maritimum, except in one fish, at a low load) in skin swabs and 

tissues of the most severely lesioned (i.e., featured) fish, with no consistent detection of 

other infectious agents known to cause ulcerative lesions in Pacific salmon (Table S7). 

Second, genetic sequencing confirmed detections of T. dicentrarchi in qPCR-positive swabs 

and tissue samples collected after holding (Table S5). Third, sequences from these samples 
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were all placed adjacent to the T. dicentrarchi clade in our consensus phylogenetic tree (Fig. 

S1). Fourth, histological analysis of the featured fish revealed the typical signs of 

tenacibaculosis, including deep ulceration of the dermis and muscle, resulting in necrotic 

lesions associated with mats of filamentous rod-shaped bacteria (Avendaño‐Herrera et al. 

2016; Fig. 3, Fig. S2, Fig. S3). Finally, in-situ hybridisation demonstrated localisation of T. 

dicentrarchi (but not T. maritimum) nucleic acids in these bacterial mats in the gills and skin 

lesions of the featured fish, as well as evidence of systemic infection in one individual. We 

cannot, however, exclude the possibility that T. maritimum may have caused less severe 

tenacibaculosis in some non-featured fish, particularly in the Aug23 hold where T. maritimum 

(but not T. dicentrarchi) was detected in two of the post-hold samples from non-featured 

lesioned fish (Table S7).  

While our findings represent the first report of tenacibaculosis resulting from T. dicentrarchi 

infection in wild-caught Pacific salmon, additional work is needed to verify the mechanisms 

underlying this outbreak. Confirmatory research should include culture of the bacterium from 

wild-caught fish and controlled challenge experiments. Unfortunately, our attempts at 

culturing bacteria from the featured fish in this study failed due to unsuitable media and 

storage conditions. Challenge experiments would isolate the chain of transmission, in 

contrast to observational studies like this one that allow for multiple possibilities. 

Transmission of T. dicentrarchi to the featured fish in this study, for instance, could have 

arisen from: (1) T. dicentrarchi in the wild and subsequent co-habitation, (2) contamination of 

the holding tanks (unlikely, given Virkon S disinfection protocols), or (3) colonisation via raw 

seawater in the flow-through tanks. Further, the wild-caught fish from this study were 

handled multiple times during capture and transport, which could have damaged mucous 

surfaces, made the fish more vulnerable to infection as well as the development of ulcers, 

and increased the risk of an outbreak in holding tanks. Such experimental work could also 

allow for the disentangling of co-infection effects, given that we observed T. maritimum in 

numerous individuals prior to and during the study (Fig. 2), though not at high loads in any of 

the most severely lesioned (i.e., featured) fish. Our results suggest that T. dicentrarchi was 

likely the etiological agent of morbidity and mortality, but we cannot exclude the involvement 

or synergistic effects of T. maritimum in disease onset or progression. Challenge 

experiments could also help clarify any role that mucus removal during capture and handling 

may have played in the development of the mouth and caudal peduncle lesions we 

observed. 

Together, these results represent the first report of tenacibaculosis in wild-caught Pacific 

salmon, with T. dicentrarchi as the likely causative agent. These findings add to the global 

body of evidence linking Tenacibaculum spp. to tenacibaculosis in Pacific salmon, aligning 

with previous cases in cultured settings, including hatchery Chinook in California 16, farmed 

Chinook in New Zealand 11, farmed coho in Chile 14, and hatchery coho in Alaska 15. 
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