N

N

Isolation, identification, virulence potential and genomic
features of Tenacibaculum piscium isolates recovered
from Chilean salmonids
Ruben Avendano-herrera, Anne Berit Olsen, Ménica Saldarriaga-cordoba,
Duncan J Colquhoun, Victor Reyes, Javier Rivera-bohle, Eric Duchaud, Rute
Irgang

» To cite this version:

Ruben Avendano-herrera, Anne Berit Olsen, Ménica Saldarriaga-cordoba, Duncan J Colquhoun, Vic-
tor Reyes, et al.. Isolation, identification, virulence potential and genomic features of Tenacibaculum
piscium isolates recovered from Chilean salmonids. Transboundary and emerging diseases, 2022, 69
(5), 10.1111/tbed.14606 . hal-04494753

HAL Id: hal-04494753
https://hal.uvsq.fr/hal-04494753
Submitted on 7 Mar 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.uvsq.fr/hal-04494753
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Received: 1 December 2021

Revised: 20 May 2022

W) Check for updates

Accepted: 23 May 2022

DOI: 10.1111/tbed.14606

SHORT COMMUNICATION

Isolation, identification, virulence potential and genomic
features of Tenacibaculum piscium isolates recovered from

Chilean salmonids

Ruben Avendafo-Herrera’?
Ménica Saldarriaga-Cordoba?* ©® |

Javier Rivera-Bohle® |

ILaboratorio de Patologia de Organismos
Acudticos y Biotecnologia Acuicola, Facultad
de Ciencias de la Vida and Centro de
Investigacion Marina Quintay (CIMARQ),
Universidad Andrés Bello, Vifia del Mar, Chile

2Centro FONDAP INCAR, Universidad Andrés
Bello, Vina del Mar, Chile

3Section of Aquatic Biosecurity Research,
Norwegian Veterinary Institute Bergen,
Bergen, Norway

4CIRENYS, Universidad Bernardo O’Higgins,
Santiago, Chile

5Fish Health Research Group, Norwegian
Veterinary Institute As, As, Norway

6Farmacologia en Aquacultura Veterinaria FAV
S.A, Puerto Varas, Chile

7UMR 0892-Virologie et Immunologie
Moléculaires, Université Paris-Saclay, UVSQ,
INRAE, Jouy-en-Josas, France

Correspondence

Ruben Avendano-Herrera, Laboratorio de
Patologia de Organismos Acuaticos y
Biotecnologia Acuicola, Facultad de Ciencias
Bioldgicas, Universidad Andrés Bello, Quillota
980, 2531015 Vina del Mar, Chile.

Email: ravendano@unab.cl;
reavendano@yahoo.com

Funding information

Agencia Nacional de Investigacion y Desarrollo
(ANID, Chile); FONDECYT, Grant/Award
Number: 1190283; FONDAP, Grant/Award
Number: 15110027

Eric Duchaud’ I

| Anne Berit Olsen® |

Duncan J. Colquhoun® ® | Victor Reyes® |

Rute Irgang?

Abstract

Tenacibaculum piscium, a gram-negative bacterium isolated from the skin ulcers of sea-
farmed fish, has only been described in Norway. In the present study, we examined
16 Chilean Tenacibaculum isolates recovered from different organs in moribund and
dead Atlantic salmon (Salmo salar), Rainbow trout (Oncorhynchus mykiss) and Coho
salmon (Oncorhynchus kisutch) cultured at different fish farms between 2014 and 2018.
The present study applied biochemical, phenotypic, fatty acid and whole-genome
sequence-based analyses to confirm the taxonomic status of the Chilean isolates. The
obtained results are the first to confirm the presence of T. piscium in Chile and in Coho
salmon, thus extending the recognized geographical and species distribution of this
bacterium. Subsequent bath-challenge assays in Atlantic salmon utilizing three T. pis-
cium isolates obtained from different hosts resulted in low cumulative mortality (i.e.
0-35%), even after exposure to an unnaturally high concentration of bacterial cells
(i.e. > 107 cells/ml). However, scale loss and frayed fins were observed in dead fish. In
silico whole-genome analysis detected various genes associated with iron acquisition,
encoding of the type IX secretion system and cargo proteins, resistance to tetracy-
cline and fluoroquinolones and stress responses. These data represent an important

milestone towards a better understanding on the genomic repertoire of T. piscium.

KEYWORDS
Atlantic salmon, Coho salmon, Rainbow trout, tenacibaculosis, virulence

Transbound Emerg Dis. 2022;69:3305-e3315.

wileyonlinelibrary.com/journal/tbed © 2022 Wiley-VCH GmbH. e3305


https://orcid.org/0000-0001-5368-4475
https://orcid.org/0000-0001-9440-5874
https://orcid.org/0000-0002-4768-4919
https://orcid.org/0000-0002-2737-6716
https://orcid.org/0000-0003-3353-4714
https://orcid.org/0000-0001-5608-0060
mailto:ravendano@unab.cl
mailto:reavendano@yahoo.com
https://wileyonlinelibrary.com/journal/tbed
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ftbed.14606&domain=pdf&date_stamp=2022-06-21

[ransboundary and Emeriné Dis
", R .

=% | WILEY

1 | INTRODUCTION

(L1

Tenacibaculum species generally present as long rod and/or filamen-
tous gram-negative cells and are widespread in marine environments,
commonly adhering to biotic/abiotic surfaces (Olsen et al, 2019;
Suzuki et al., 2001). Descriptions from Chile include Tenacibaculum
dicentrarchi from Atlantic salmon (Salmo salar) and red conger eel
(Genypterus chilensis) (Avendano-Herrera et al., 2016; Irgang et al.,
2017) and Tenacibaculum maritimum from turbot (Scophthalmus max-
imus) (Bernardet, 1998; Bridel et al., 2020), Atlantic salmon (Apablaza
et al.,, 2017) and Rainbow trout (Oncorhynchus mykiss) (Valdés et al.,
2021). Tenacibaculum finnmarkense was also confirmed following reclas-
sification of anisolate originally described as T. dicentrarchi (Bridel et al.,
2018).

Recently recovered nonspeciated Tenacibaculum isolates from
Chilean Rainbow trout and Coho salmon (Oncorhynchus kisutch) were
clustered by multilocus sequence analysis typing (Habib et al., 2014)
within the Tenacibaculum Clades IV (Olsen et al., 2017) and V
(Avendano-Herrera et al., 2020). Members of Clade IV were recently
described as Tenacibaculum piscium (Olsen et al., 2020), thus indicating
the possible presence of this species in Chile.

The only fish species registered, to date, as being affected by T.
piscium, are Atlantic salmon, Rainbow trout and Corkwing wrasse (Sym-
phodus melops), with skin ulcers and eroded fins commonly observed
(Olsen et al., 2020). Until now, T. piscium had only been described in
Norway. The present study applied biochemical, phenotypic and whole-
genome sequence-based analyses to confirm the taxonomic status of
16 Chilean isolates as T. piscium. The examined isolates were recov-
ered from different organs in moribund and dead Atlantic salmon,
Coho salmon and Rainbow trout. Subsequent bath-challenge assays in
Atlantic salmon utilizing three T. piscium isolates resulted in low cumu-
lative mortality (i.e. 0%-35%). In silico whole-genome analysis detected
various genes associated with iron acquisition, encoding of the type IX
secretion system (T9SS) and cargo proteins, resistance to tetracycline
and fluoroquinolones and stress responses. These data represent an
important milestone towards a better understanding on the genomic

repertoire of T. piscium.

2 | MATERIALS AND METHODS

2.1 | Bacterial isolates

The Tenacibaculum isolates included in this study are listed in Table 1.
This collection includes six Rainbow trout and six Coho salmon isolates
previously reported by Avendafio-Herrera et al. (2020) and four
additional Atlantic salmon isolates collected during an outbreak of
bacterial kidney disease, where the examined fish also displayed
clinical signs of tenacibaculosis (e.g. ulcerative lesions on skin and
mouth). These four isolates were included due to grouping in cluster IV
(Olsenetal., 2017). All isolates were maintained in Criobille tubes (AES
Laboratories) at —80°C and routinely grown on Flexibacter maritimus
medium (FMM) (Pazos et al., 1996) under aerobic conditions for 48-72
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h at 18°C and with not more than two subcultures grown from frozen
stocks.

2.2 | Biochemical characterization

All isolates were examined using morphological, physiological and bio-
chemical tests (Table 1) (Avendafo-Herrera et al., 2016, 2020; Olsen
et al., 2020; Pifieiro-Vidal et al., 2012). Utilization of carbon sources
(i.e. D(+)-sucrose, D(—)-ribose, L-proline, D(+)-galactose, D-glucose, L-
glutamate and L-tyrosine) was tested on a basal agar medium (0.2 g
NaNOj, 0.2 g NH4Cl, 0.05 g yeast extract, 15 g agar in 1 L sea
salts [36 g/L, Sigma]) supplemented with 0.4% (w/v) of each substrate
(Suzukietal.,2001). Furthermore, growth was tested on Columbia base
agar (Oxoid) supplemented with laked horse blood (Thermo Fisher Sci-
entific Inc.) and 1.5% NaCl (w/v). All incubations were at 18°C for 10
days. The presence and levels of enzymatic activities were detected
using miniaturized API®ZYM systems (bioMérieux) according to the

manufacturer’s instructions.

2.3 | DNA extraction, sequencing of 16S rRNA and
housekeeping genes

DNA was extracted using the InstaGene™ Matrix (Bio-Rad) follow-
ing the manufacturer’s instructions. The 16S rRNA gene was PCR-
amplified using primers 27F and 1492R (Lane, 1991). Five housekeep-
ing genes were amplified (atpD-816 bp; fusA-758 bp; glyA-1275 bp;
pgk-927 bp and rimN-594 bp) (Avendafio-Herrera et al., 2020). All
amplicons were sequenced by Macrogen Inc. (Korea).

The resulting 16S rRNA sequences (1,345 bp) and five house-
keeping genes were edited and aligned in Geneious Prime v2020.1.1
(https://www.geneious.com), with manual verification in GeneDoc
(Nicholas et al., 1997). Substitution saturation was analysed using
Xia’s method estimated in DAMBE7 (Xia, 2018). Phylogenetic anal-
ysis for the 16S rRNA sequences was performed by neighbour-
joining in MEGA X (Kumar et al.,, 2018), and multilocus sequence
analysis (MLSA) data were analysed by maximum likelihood and
Bayesian Inference in IQ-TREE 1.6.12 (Hoang et al., 2018; Nguyen
et al., 2015) and MrBayes v3.0B4 (Ronquist & Huelsenbeck, 2003),

respectively.

24 | Fatty acid composition analyses

The fatty acid methyl ester compositions of 13 representative iso-
lates were analysed using the Sherlock Microbial Identification System
(Sasser, 1990) at the Coleccién Espariola de Cultivos Tipos (CECT, Spain).
All isolates were cultured on marine agar (Difco 2216) incubated at
18°C for 48 h. Fatty acid profiles were obtained using an Agilent
6850 gas chromatographer with the MIDI system using the TSBA6
method (MIDI, 2008). Obtained data were compared to the profiles for
T. piscium TNOO20T (Olsen et al., 2020).
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2.5 | Infection challenge assays

The virulence potential of the Tenacibaculum isolates was determined
by infection trials using 320 Atlantic salmon (~80 g when obtained,
~120 g at start of trial). Fish without disease histories and certified
free of any Chilean pathogen were obtained from an infection-free,
commercial freshwater farm and transported to the FAV S.A. facilities
(Puerto Montt, Chile). Prior to transportation, the fish were certi-
fied free of any Chilean pathogen (e.g. infectious pancreatic necrosis
virus, Flavobacterium psychrophilum, Yersinia ruckeri, infectious salmon
anaemia virus, Piscirickettsia salmonis, Renibacterium salmoninarum, T.
maritimum, T. dicentrarchi and Tenacibaculum spp.). Certification was
performed in accordance with existing regulations in Chile; samples
were subjected to standard microscopic and bacteriological exami-
nations, as well as PCR analysis in a private diagnostic laboratory
recognized by the Chilean National Fisheries and Aquaculture Service
(SERNAPESCA).

On arrival to the Experimental Unit of FAV S.A,, the fish were ran-
domly distributed between two fiberglass resin tanks containing 750
L of freshwater maintained at 15 + 1°C and with a water recircula-
tion system (95% recirculation 1.5 times hourly). Fish were fed daily
at 1.5% body weight and were maintained in the unit for 60 days prior
to the challenge. During the maintenance period, the fish underwent
smoltification until obtaining the weight required for the experimen-
tal challenge (=120 g). During smoltification, the fish were maintained
at a salinity of 33 ppm. Water temperature and oxygen concentration
(8 ppm) were maintained using an automatic monitoring and control
system.

For the challenges, the fish were transferred to the maintenance
room to the challenge room. The fish were randomly allocated among
four groups - three experimental groups (inoculation with isolate IM-
14 [from Atlantic salmon], RT-Cé [Rainbow trout] or SC-12 [Coho
salmon]) and one control group (no bacterial inoculation). Groups of
20 Atlantic salmon were randomly distributed among 40 L fiberglass
resin tanks. The tanks contained seawater maintained at 33 ppm salin-
ity, 15 + 1°C, and constant aeration to keep saturation at 70—-80%,
with oxygen recorded every 30 min. The challenge was performed
in duplicate, and two doses were assessed for each isolate. Each
inoculum was prepared in marine broth in volumes of 1,500 ml and
500 ml, which corresponded to high and low dose conditions for
the conducted challenges. The average bacterial concentrations used
for these volumes were ~6.2 x 107 cells/ml for IM-14, ~2.06 x 10?
cells/ml for RT-C6 and ~3.11 x 107 for the strain SC-12, as pre-
viously determined by a direct microscopical count using acridine
orange (1,000x). Fish were bath-challenged for 5 h with constant
aeration.

High (1,500 ml) and low (500 ml) doses were assessed. The final
concentrations of bacteria in the tank water were as follows: IM-14,
1.55 x 108 cells/ml (high dose) and 7.75 x 107 cells/ml (low dose); RT-
C6,7.73 x 107 cells/ml (high dose) and 2.58 x 107 cells/ml (low dose)
and SC-12, 7.78 x 107 cells/ml (high dose) and 3.89 x 107 cells/ml (low
dose). Control tanks were exposed to bacteria-free marine broth (i.e.
two 500 ml tanks and two 1,500 ml tanks).

AVENDANO-HERRERA ET AL.

After 5 h, the treated and control fish were transferred to
new tanks (0.3 m?), and seawater circulation was re-established.
Fish were fed at 1.5% body weight daily, and the tank water
was 95% recirculated two times hourly. In accordance with previ-
ous experimental studies, the trials lasted 7 days. Dead fish were
removed daily and examined for clinical signs of tenacibaculosis. To
confirm if the inoculated bacterium caused death, smear samples
were prepared from external lesions for epifluorescence microscopy
with acridine orange (1,000x) to detect long, thin, rod-shaped
bacteria. Additionally, samples from external lesions were directly
streaked onto FMM plates and incubated at 18°C for up to a week.
The suspected T. piscium colonies were identified using phenotypic
tests.

All procedures involving animals were carried out following the
Canadian Council on Animal Care guidelines on the care and use
of fish in research, teaching and testing (https://ccac.ca/Documents/
Standards/Guidelines/Fish.pdf).

2.6 | Genomic sequencing and genome assembly,
annotation and analysis

Genomic DNA was extracted with the Wizard® Genomic DNA Purifi-
cation Kit (PROMEGA). Genomic DNA from the isolates IM-14, IM-29
and IM-44 were sequenced using an Illumina MiSeq platform with
pair-end reads of 300 bp by the Instituto de Medicina Gendmica
(IMEGEN, Spain). Using the same technology, another seven genomic
DNA (isolates RT-Cé, RT-C9, RT-G4, RT-G24, SC-I3, SC-14 and IM-33)
were sequenced by Omega Bioservices (Norcross, GA, USA) on an
Illumina HiSegX10 sequencer (lllumina, San Diego, CA, USA) using the
pair-end 150 bp run format. These 10 isolates were chosen because
they had been recovered from the three species farmed in Chile (i.e.
Atlantic salmon, Rainbow trout and Coho salmon). De novo genome
assembly included quality control for raw sequences, assembly
quality and contig order (Saldarriaga-Cordoba et al., 2021). Contigu-
ous genome sequences were assembled using T. piscium TNO0O20T
as the reference genome (accession number GCA_900239505).
Average nucleotide identity (ANI) and in silico DNA-DNA
hybridization (isDDH) analyses were performed (Saldarriaga-
Cordobaetal,, 2021).

Each genome was annotated with the Rapid Annotation using
Subsystem Technology (RAST) server v.2.0 (http://rast.nmpdr.org/;
Aziz et al, 2008) and Prokka v1.14.5 (Seemann, 2014). Follow-
ing annotation, each genome sequence was explored for virulence-
related genes (e.g. involved in iron acquisition) using the FeGenie
software (Garber et al, 2020). Genes related to antibiotics and
toxic compounds were detected using the Comprehensive Antibi-
otic Resistance Database (Jia et al, 2017) and Subsystem Feature
Counts incorporated in RAST annotation. MacSyFinder was used to
predict protein-secretion systems (Abby et al., 2014). Finally, each
genome was manually curated to identify genes associated with stress

response.
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2.7 | Strain and genome deposition in public
collection and databases

The Atlantic salmon isolates were deposited in CECT as refer-
ence strains: IM-14 (CECT 9920), IM-29 (CECT 9921), IM-33 (CECT
9922) and IM-44 (CECT 9923). In addition, the Whole-Genome
Shotgun project has been deposited in DDBJ/ENA/GenBank under
the BioProject ID PRIJNA776342 (BioSamples SAMN22787097 to
SAMN22787106). The identifier for the genome assembly of each T.

piscium isolate is indicated in Supplementary Table 1.

3 | RESULTS AND DISCUSSION

Until the present study, T. piscium had only been described in Nor-
way (Olsen et al., 2020), with seven isolates recovered from skin
ulcers, eroded tails/fins, normal skin and/or the kidney of Atlantic
salmon, Rainbow trout and Corkwing wrasse. In this study, 16 Chilean
Tenacibaculum isolates were obtained from Atlantic salmon, Rainbow
trout and Coho salmon cultured at different fish farms between 2014
and 2018. The Rainbow trout and Coho salmon isolates were recov-
ered mainly from external lesions (Avendafno-Herrera et al., 2020),
while the four Atlantic salmon isolates were recovered from internal
organs (Table 1). All isolates displayed colony morphology consistent
with Tenacibaculum species.

Allisolates (n = 16) were identified as long, straight, gram-negative,
gliding rods that were flexirubin negative. Congo red stains were either
positive or weakly positive. Colonies on FMM or marine agar presented
as flat and circular, with a full pale-yellow edge and nonadherence
to the agar. Growth occurred in FMM broth with at least 30% sea-
water. Abundant growth was observed at 10-25°C, whereas weak
growth occurred at temperatures < 5°C. Phenotypically, the Chilean
isolates varied in outcomes for carbohydrates utilization, in nitrate, and
in the APl ZYM test as compared to the Norwegian isolates (Olsen
et al.,, 2020) (Table 1). Such enzymatic heterogenicity has previously
been reported for T. maritimum isolates of differing origin (Avendafo-
Herrera et al., 2004). In instances of weak results, differences might
also be explained by the subjective nature of final readings for the API
ZYM test.

Two taxonomic methods based on conserved genes established the
16 isolates as T. piscium. First, 16S rRNA gene analysis resulted in well-
supported clustering (bootstrap support = 84%) with the T. piscium
type strain TNOO20T, T. finnmarkense genomovar ulcerans TNO0107
and T. finnmarkense genomovar finnmarkense TNOOO6" (Figure 1a).
These relationships were consistent with the high degree of 16S
rRNA conservation among Tenacibaculum and confirm once again
that the 16S rRNA gene is insufficient for discriminating between
closely related Tenacibaculum species (Avendafio-Herrera et al., 2020;
Bridel et al., 2018; Suzuki et al., 2001). Multilocus sequence typing
of concatenated housekeeping genes (4,370 bp) using either maxi-
mum likelihood or Bayesian Inference resulted in highly similar tree
topologies (Figure 1b), including Clades IV and V (Avendafio-Herrera
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et al,, 2020). Interestingly, the MLSA topology slightly differed to that
obtained with 16S rRNA, an outcome perhaps resulting from better
resolution for MLSA (see Habib et al., 2014). Consequently, the MLSA
sequences confirmed phylogenetic relationships between the Chilean
isolates and the Norwegian T. piscium isolates TNO020T, TNO063,
TNOO064 and TNOO066 (Olsen et al., 2020). Comparisons between
10 Chilean T. piscium isolates (i.e. those previously subjected to
genome sequencing) and T. piscium TNO020T through ANI and isDDH
revealed values of 97.74% < ANI> 98.83% and 90.29% < isDDH>
96.11% (Figure 2). These values are well above the generally
accepted species-delineation values of 95-96% (ANI) and 70%
(isDDH) (Chung et al., 2018; Goris et al., 2007; Meier-Kolthoff et al.,
2013). Therefore, all isolates included within clades IV and V belong to
T. piscium.

The obtained fatty acid profiles most closely resembled that of
the T. piscium type strain TNO0O20" (Olsen et al., 2020). The major
components (> 5%) were comprised of a branched chain (Iso-Cys.g,
Anteiso-C4s.9 and iso-Cq5 1), hydroxylated (iso-Cq5.9 3-OH and Cq4.
3-0OH) and summed feature 3 (C16:1w7c/C16:1) fatty acids (Table 2).

Compared to the Chilean T. dicentrarchi (Avendafno-Herrera et al.,
2016) and T. maritimum (Valdes et al., 2021) isolates, the Chilean T. pis-
cium isolates appear to present relatively low virulence. The challenge
assays had low mortalities (Figure 3), despite the use of higher inocula
and longer exposure times (5 h) than in previous studies (Avendafo-
Herrera et al., 2016; Valdes et al., 2021). Using inocula of 500 ml and
1,500 ml, mortalities (observed from the first day) were 20% and 22.5%
for isolate IM-14 and 22% and 35% for isolate SC-12, respectively. Iso-
late RT-Cé presented the lowest/null mortalities (i.e. one death after
3 days). Dead fish suffered scale loss, skin lesions and, for some spec-
imens, tail rot (Figure Supplementary 1). Microscopic examination of
skin lesion smears revealed abundant long, thin, rod-shaped gram-
negative bacteria (data not shown). Colonies similar to T. piscium were
recovered on FMM plates from the external lesions of dead fish for IM-
14 and SC-12. Pure and mixed colonies were observed, and microscopic
examination of purified colonies revealed gram-negative bacteria
presenting a filamentous morphology consistent with Tenacibaculum.
These colonies were confirmed T. piscium through biochemical analy-
ses. No control fish, which were inoculated with the culture medium,
showed clinical signs or death during the challenge. These findings sug-
gest that, just as with the Norwegian Tenacibaculum Group 2 strain
GU124769 (now = TNOO020T) (Olsen et al., 2011), Chilean T. pis-
cium isolates are not a primary pathogen and are of minor pathogenic
significance.

Whole genome assembly revealed few differences in genome size
among the assessed Chilean T. piscium (25,19,415 to 26,10,860 bp).
All were larger than the type strain (24,52,854 bp). The G + C con-
tents of Chilean isolates (30.61% to 30.81%) were very similar to
isolate TNO020T (30.71%). Aligning with larger genomes, the Chilean
isolates presented more coding sequences (2,241 to 2,675) than
the type strain (2,213) (Supplementary Table 1). Regarding genomic
features, iron acquisition mechanisms are essential virulence factors
in other phylogenetically related fish pathogens (e.g. T. maritimum,;
Avendafio-Herrera et al.,, 2005; Pérez-Pascual et al., 2017 and T.
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FIGURE 1 (a) Taxonomic positioning of the 16 Chilean T. piscium isolates among the 31 Tenacibaculum type strains inferred in the MEGA X
program by the neighbour-joining algorithm using 1,345 bp of the 16S rRNA gene. The evolutionary distances were computed using the p distance,
with a bootstrap of 10,000 replicates. Nodes with a bootstrap support > 80% are indicated in each node. Kordia algaecide was used as an external
group. (b) Multilocus sequence analyses performed using the maximum-likelihood and information-bottleneck algorithms were based on the five
concatenated housekeeping-gene sequences (4,370 bp) of 20 T. piscium isolates. Both analyses recovered the same topology. Well-supported
nodes are indicated in each node for the maximum-likelihood (bootstrap support > 80%) and information-bottleneck (posteriori probability >

0.95) trees

dicentrarchi; Saldarriaga-Cordoba et al., 2021). The presently stud-
ied genome sequences were investigated using FeGenie, a compre-
hensive software for identifying and characterizing iron-associated
genes and operons (Garber et al., 2020). Iron-related protein fami-
lies (detailed in Supplementary Table 2) were found in all 11 T. piscium
genomes.

Genome analyses suggest that members of the phylum Bacteroidetes
use the T9SS to secrete many proteins to the cell surface and beyond
(see Barbier et al., 2020). The T. piscium genome encodes the core T9SS
components, including the cytoplasmic membrane proteins (GldL and
GIldM), the outer membrane-associated ring-forming proteins (GIdN
and GIdK), the outer membrane pore-forming protein SprA (Sov)
and the T9SS plug. Additionally identified were the outer-membrane-
associated proteins SprE (PorW), SprF (PorE) and the T9SS-associated
PGN_1783-like protein and the outer-membrane proteins PorG, SprT
(PorT) and PorV. These proteins are linked to T9SS function in Flavobac-
terium johnsoniae and Porphyromonas gingivalis. Proteins secreted by the

T9SS have cleavable N-terminal signal peptides required for export

across the cytoplasmic membrane via the Sec system. These cargo
proteins also have conserved carboxy-terminal domains (CTDs; 60-
100 amino acids) that target them for secretion across the outer
membrane (Barbier et al., 2020; Kharade & McBride, 2015). Ten T9SS
type A (TIGR04183) and six T9SS type B (TIGR04131) CTD-containing
proteins were also predicted in the T. piscium genomes (Supplemen-
tary Table 2). Regarding the stress response (e.g. osmotic, oxidative and
periplasmic stress), the Chilean T. piscium isolates and type strain dis-
played the same genes identified in T. dicentrarchi (Supplementary Table
2) (Saldarriaga-Cérdoba et al., 2021).

Antimicrobial treatments against tenacibaculosis in Chile are
primarily with florfenicol, but oxytetracycline is also used (lrgang
et al., 2021). Therefore, elucidating determinants of antimicrobial
resistance is important. Resistance-related determinants identified
included tetracycline (translation elongation factor G-WP_101916661
and tetracycline resistance protein TetQ-WP_101917382), fluo-
roquinolones (gyrA-WP_193706303 and gyrB-WP_193706307),

betalactamases (metal-dependent hydrolases of the beta-lactamase
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FIGURE 2 OrthoANIu, isDDH and phylogenetic relationships among 10 Chilean T. piscium isolates and the type strain TNOO20T. Phylogeny
analysis was performed with whole-genome sequence data in the Reference Sequence Alignment-based Phylogeny builder inferred via PhyML

(Bertels et al., 2014). Blue dots indicate a bootstrap support > 98%

superfamily I1-WP_101916599) and triclosan and isoniazid
(fabV-WP_101916498). Excepting fabV, all of these genes were pre-
viously identified in T. dicentrarchi (Saldarriaga-Coérdoba et al., 2021).
RAST analysis also identified genes associated with resistance to toxic
compounds (e.g. copper and cobalt/zinc/cadmium; Supplementary
Table 2). Metal-responsive transcriptional regulators play pivotal roles
in metal uptake, pumping out, sequestration and oxidation/reduction
to a less toxic status (Jung & Lee, 2019). The T. piscium genome
encoded for a multidrug and toxic compound extrusion transporter
(WP_101917373), which expels antibiotics out of the cell. Almost all
such transporters recognize fluoroquinolones; however, acriflavine
and aminoglycosides are also good substrates (Kuroda & Tsuchiya,
2009).

In conclusion, the present report is the first to confirm the presence
of T. piscium in Chile, thus extending its recognized geographical dis-
tribution. The obtained findings also indicate that T. piscium presents

low pathogenicity for Atlantic salmon, even after exposure to an

unnaturally high concentration of bacterial cells (i.e. over 107 cells/ml).
However, scale loss and frayed fins were observed in dead fish. Fur-
ther reported herein are the draft genomes of 10 Chilean field isolates.
Genome analysis identified genes associated with virulence, including
iron acquisition mechanisms, encoding of the T9SS, resistance to tetra-
cycline and fluoroquinolones and involved in stress response that likely

contribute to niche adaptation and disease development.
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TABLE 2 Fatty acid profile of the Chilean T. piscium isolates and the Norwegian type strain TNO020"

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Straight chain
Cy31 (12-13) 0.54 030 076 068 052 058 059 038 047 052
Cis0 1.09 1.10 1.00 1.11 1.07 1.07 1.56 111 1.06 1.07 1.33 1.18 1.16 1.6
Cis0 2.2
Cis0 1.79 1.59 1.88 1.64 253 168 271 220 196 252 257 255 1.93
Branched chain
Iso-C130 039 036 043 042 039 047 054 051 055 052 077 048 084 05
Anteiso C139 0.19 025 026 025 020 025 025 024 024
1s0-Cy4.0 1.27 120 215 1.42 1.50 1.08 1.24 1.79 151 1.44 1.24 1.05 158 24
1s0-Cys5.9 13.62 1378 12,06 13.02 1265 1507 1638 13.11 1354 13.78 16.06 1503 1463 111
Anteiso Cy5.9 10.36 1140 1293 10.15 13.16 1230 10.74 1425 1433 1388 1146 1328 1215 140
1s0-Cys5.4 862 873 985 850 849 937 1027 1022 9.82 10.73 997 9.25 10.17 9.6
Anteiso Cqs.4 1.17 1.19 1.77 1.10 1.49 1.48 1.40 1.99 1.85 1.92 1.28 1.38 1.60 21
1s0-C14.0 056 058 067 062 072 057 061 071 066 081 057 054 072 14
1s0-C14.1 191 174 233 213 1.96 1.66 1.60 241 225 2.20 1.65 176  2.08 3.3
Unsaturated
Cys.4 wbC 403 413 387 451 312 357 1.94 300 350 266 225 317 354 32
Cygq w5C 239 264 218 251 206 273 281 228 240 220 263 285 2.48 2.8
C17.4 wbC 311 291 204 340 241 295 1.31 1.75 1.67 1.87 142 252 1.71 24
Cqg:q w5¢ 064 068 054 061 053 068 051 056 055 061 056 062 055
Cyg.q w9c 0.71
Hydroxylated
Iso-Cy5.9 3-OH 15.10 14.31 14,55 1488 1388 1234 1211 1233 12,04 1153 1203 9.63 1379 82
Cy5.0 2-OH 077 082 088 076 091 069 055 093 086 080 066 076 080 0.7
Cy5.0 3-OH 2.07 1.95 166 212 1.66 203 1.23 1.64 1.60 1.68 1.11 1.66 171 Tr
Iso-Cy4.0 3-OH 402 379 545 419 450 276 278 423 369 358 291 263 330 40
Cy4:0 3-OH 638 609 648 611 667 510 632 579 512 537 617 481 447 44
Iso-C479 3-OH 321 318 300 283 309 328 311 278 285 329 323 302 2.69 1.6
C47.02-OH 066 077 076 057 092 071 072 082 080 061 072 0.55
Cyg.0 10-methyl TBSA 072 067 061 076 057 045 032 031 030 0.38
Summed feature 3? 1558 15.38 1271 1594 1466 1639 1886 1403 1573 1490 1820 1698 16.14 17.7
Summed feature 92 0.55 0.48 041 049 078 072 058 054 070 069 067 0.6

Note: Strains: From Atlantic salmon origin: 1, IM-14; 2, IM-29; 3, IM-33 and 4, IM-44; Rainbow trout: 5, RT-Cé; 6, RT-C9; 7, RT-G4; 8, RT-G6; 9, RT-G24; 10,
RT-G26; and 11, RT-G28 and Coho salmon: 12, SC-12; 13, SC-13. Data for 14, T. piscium TNOO20T were retrieved from Olsen et al. (2020). Major fatty acids
(> 5%) are shown in bold.

2Summed feature 3 comprises C14.4W7¢/C14.1 wéc and Summed feature 9 comprises for C47.1-iso w9c/C14.9 10-methyl.
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FIGURE 3 Mean cumulative per cent mortalities of Atlantic salmon immersion challenged with an inoculum of 500 ml (low dose) or 1,500 ml
(high), respectively, containing bacterial concentrations of 7.75 x 107 cells/ml and 1.55 x 108 cells/ml for IM-14 (Atlantic salmon) and 3.89 x 107
cells/ml and 7.78 x 107 cells/ml for SC-12 (Coho salmon). All treatments were performed in duplicate, and two control tanks were immersed in
bacteria-free marine broth. Specimens challenged with RT-C6 (Rainbow trout), respectively, presented no and a single mortality at doses of

2.58 x 107 cells/ml and 7.73 x 107 cells/ml

REFERENCES

Abby, S. S., Neron, B., Menager, H., Touchon, M., & Rocha, E. P. (2014). Mac-
SyFinder: A program to mine genomes for molecular systems with an
application to CRISPR-Cas systems. Plos One, 9, e110726. https://doi.
org/10.1371/journal.pone.0110726

Apablaza, P, Frisch, K., Brevik, @. J., Smage, S. B., Vallestad, C., Duesund, H.,
Mendoza, J., & Nylund, A. (2017). Primary isolation and characterization
of Tenacibaculum maritimum from Chilean Atlantic salmon mortalities
associated with Pseudochattonella spp. algal bloom. Journal of Aquatic
Animal Health, 29, 143-149. https://doi.org/10.1080/08997659.2017.
1339643

Avendano-Herrera, R., Collarte, C., Saldarriaga-Cérdoba, M., & Irgang, R.
(2020). New salmonid hosts for Tenacibaculum species: Expansion of
tenacibaculosis in Chilean aquaculture. Journal of Fish Diseases, 43,
1077-1085. https://doi.org/10.1111/jfd.13213

Avendano-Herrera, R., Irgang, R., Sandoval, C., Moreno-Lira, P, Houel, A.,
Duchaud, E., Poblete-Morales, M., & llardi, P. (2016). Isolation, character-
ization and virulence potential of Tenacibaculum dicentrarchi in salmonid
cultures in Chile. Transboundary and Emerging Diseases, 63, 121-126.
https://doi.org/10.1111/tbed.12464

Avendano-Herrera, R., Magarifos, B., Lopez-Romalde, S., Romalde, J. L., &
Toranzo, A. E. (2004). Phenotypic characterization and description of
two major O-serotypes in Tenacibaculum maritimum strains from marine
fishes. Diseases of Aquatic Organisms, 58(1), 1-8. https://doi.org/10.3354/
dao058001

Avendano-Herrera, R., Toranzo, A. E.,, Romalde, J. L., Lemos, M. L., &
Magarifios, B. (2005). Iron uptake mechanisms in the fish pathogen
Tenacibaculum maritimum. Applied and Environmental Microbiology, 71(11),
6947-6953. https://doi.org/10.1128/AEM.71.11.6947-6953.2005

Aziz, R. K., Bartels, D., Best, A., DeJongh, M., Disz, T., Edwards, R. A,
Formsma, K., Gerdes, S., Glass, E. M., Kubal, M., Meyer, F, Olsen, G. J.,
Olsen, R., Osterman, A. L., Overbeek, R. A., McNeil, L. K., Paarmann, D.,
Paczian, T., Parrello, B., ... Zagnitko, O. (2008). The RAST server: Rapid
annotations using subsystems technology. BMC Genomics, 9, 75. https://
doi.org/10.1186/1471-2164-9-75

Barbier, P, Rochat, T., Mohammed, H. H., Wiens, G. D., Bernardet, J.-F,
Halpern, D., Duchaud, E., & McBride, M. J. (2020). The type IX secre-
tion system is required for virulence of the fish pathogen Flavobacterium
psychrophilum. Applied and Environmental Microbiology, 86, e00799-20.
https://doi.org/10.1128/AEM.00799-20

Bernardet, J.-F. (1998). Cytophaga, Flavobacterium, Flexibacter and Chry-
seobacterium in infections in cultured marine fish. Fish Pathology, 33,
229-238. https://doi.org/10.3147/jsfp.33.229

Bertels, F., Silander, O. K., Pachkov, M., Rainey, P. B., & van Nimwegen, E.
(2014). Automated reconstruction of whole-genome phylogenies from
short-sequence reads. Molecular Biology and Evolution, 31(5), 1077-
1088. https://doi.org/10.1093/molbev/msu088

Bridel, S., Bourgeon, F., Marie, A., Saulnier, D., Pasek, S., Nicolas, P,
Bernardet, J.-F., & Duchaud, E. (2020). Genetic diversity and population
structure of Tenacibaculum maritimum, a serious bacterial pathogen of
marine fish: From genome comparisons to high throughput MALDI-TOF
typing. Veterinary Research, 51(1), 60. https://doi.org/10.1186/s13567-
020-00782-0

Bridel, S., Olsen, A. B, Nilsen, H., Bernardet, J.-F., Achaz, G., Avendafio-
Herrera, R., & Duchaud, E. (2018). Comparative genomics of Tenacibac-
ulum dicentrarchi and “Tenacibaculum finnmarkense” highlights intricate
evolution of fish-pathogenic species. Genome Biology and Evolution, 10,
452-457. https://doi.org/10.1093/ghe/evy020

85UB0| SUOLULLOD BA1IER1D 3|ceo!|dde au Ag peusenob e sjone YO ‘88N Jo'S3|n1 1o} A%eiq 1 8UIIUO 8|1 UO (SUORIPUOD-PLE-SLLB}/ 00" A3 | IM'AReq 1 Bu|uo//SdY) SUORIPUOD PUE SW L 33 885 *[7202/80/20] U0 Ariq1 BUIIUO ABJIM ‘SSUIAA-UB-UNUBNY-IU RS-S9 |BSIA 8P 9IS BAIUN AQ 9091T PEYTTTT 0T/I0p/LO0D 8] 1M AfeIq1BUIUO//STNY WO PBPeOIUMOQ 'S ‘Z20Z ‘Z89TSI8T


https://doi.org/10.1371/journal.pone.0110726
https://doi.org/10.1371/journal.pone.0110726
https://doi.org/10.1080/08997659.2017.1339643
https://doi.org/10.1080/08997659.2017.1339643
https://doi.org/10.1111/jfd.13213
https://doi.org/10.1111/tbed.12464
https://doi.org/10.3354/dao058001
https://doi.org/10.3354/dao058001
https://doi.org/10.1128/AEM.71.11.6947-6953.2005
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1128/AEM.00799-20
https://doi.org/10.3147/jsfp.33.229
https://doi.org/10.1093/molbev/msu088
https://doi.org/10.1186/s13567-020-00782-0
https://doi.org/10.1186/s13567-020-00782-0
https://doi.org/10.1093/gbe/evy020

[ransboundary and Emeriné D

Wy - ~ (T

= | WILEY

Chung, M., Munro, J. B., Tettelin, H., & Dunning Hotopp, J. C. (2018). Using
core genome alignments to assign bacterial species. MSystems, 3(6), 1-
21. https://doi.org/10.1128/msystems.00236- 18

Garber, A. I, Nealson, K. H., Okamoto, A., McAllister, S. M., Chan, C. S.,
Barco, R. A., & Merino, N. (2020). FeGenie: A comprehensive tool for the
identification of iron genes and iron gene neighborhoods in genome and
metagenome assemblies. Frontiers in Microbiology, 11, 1-23. https://doi.
org/10.3389/fmicb.2020.00037

Goris, J., Konstantinidis, K. T., Klappenbach, J. A., Coenye, T., Vandamme,
P, & Tiedje, J. M. (2007). DNA-DNA hybridization values and their rela-
tionship to whole-genome sequence similarities. International Journal of
Systematic and Evolutionary Microbiology, 57(1), 81-91. https://doi.org/
10.1099/ijs.0.64483-0

Habib, C., Houel, A., Lunazzi, A., Bernardet, J.-F., Olsen, A. B., Nilsen, H.,
Toranzo, A. E., Castro, N., Nicolas, P, & Duchaud, E. (2014). Multi-
locus sequence analysis of the marine bacteria genus Tenacibaculum
suggests parallel evolution of fish pathogenicity and endemic coloniza-
tion of aquaculture systems. Applied and Environmental Microbiology, 80,
5503-5514. https://doi.org/10.1128/AEM.01177-14

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q., & Vinh, L.
S. (2018). UFBoot2: Improving the ultrafast bootstrap approximation.
Molecular Biology and Evolution, 35, 518-522. https://doi.org/10.1093/
molbev/msx281

Irgang, R., Gonzdlez-Luna, R., Gutiérrez, J., Poblete-Morales, M.,
Rojas, V., & Tapia-Cammas, D. (2017). First identification and
characterization of Tenacibaculum dicentrarchi isolated from Chilean
red conger eel (Genypterus chilensis, Guichenot 1848). Journal of Fish
Diseases, 40, 1915-1920. https://doi.org/10.1111/jfd.12643

Irgang, R., Mancilla, M., & Avendaiio-Herrera, R. (2021). Florfenicol and
oxytetracycline susceptibility in Chilean isolates of Tenacibaculum dicen-
trarchi: An emerging pathogen for farmed salmonids. Journal of Fish
Diseases, 44, 1043-1046. https://doi.org/10.1111/jfd.13380

Jia, B., Amogelang, R. R, Alcock, B., Waglechner, N., Guo, P, Tsang, K. K.,
Lago, B. A,, Dave, B. M, Pereira, S., Sharma, A. N., Doshi, S., Courtot, M.,
Lo, R., Williams, L. E., Frye, J. G,, Elsayegh, T., Sardar, D., Westman, E.
L., Pawlowski, A. C,, ... McArthur, A. G. (2017). CARD 2017: Expansion
and model-centric curation of the comprehensive antibiotic resistance
database. Nucleic Acids Research, 45(D1), D566-D573. https://doi.org/
10.1093/nar/gkw1004

Jung, J.,, & Lee, S. J. (2019). Biochemical and biodiversity insights into heavy
metal ion-responsive transcription regulators for synthetic biological
heavy metal sensors. Journal of Microbiology and Biotechnology, 29(10),
1522-1542. https://doi.org/10.4014/jmb.1908.08002

Kharade, S. S., & McBride, M. J. (2015). Flavobacterium johnsoniae PorV is
required for secretion of a subset of proteins targeted to the type IX
secretion system. Journal of Bacteriology, 197, 147-158. https://doi.org/
10.1128/JB.02085-14

Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X:
Molecular evolutionary genetics analysis across computing platforms.
Molecular Biology and Evolution, 35, 1547-1549. https://doi.org/10.1093/
molbey/msy096

Kuroda, T., & Tsuchiya, T. (2009). Multidrug efflux transporters in the MATE
family. Biochimica et Biophysica Acta (BBA), Proteins and PRoteomics, 1794,
763-768. https://doi.org/10.1016/j.bbapap.2008.11.012

Lane, D. J. (1991). 165/23S rRNA sequencing. In E. Stackenbrandt & M.
Goodfellow (Eds.), Nucleic acid techniques in bacterial systematics (pp.
115-175). Wiley.

Meier-Kolthoff, J. P, Auch, A. F, Klenk, H. -P,, & Goker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and
improved distance functions. BMC Bioinformatics [Electronic Resource], 14,
60. https://doi.org/10-1186/1471-2105-14-60

MIDI. (2008). Sherlock Microbial Identification System Operating Manual.
Version 6.1.

iseq es,‘f s

AVENDANO-HERRERA ET AL.

Nguyen, L.-T., Schmidt, H. A, von Haeseler, A., & Minh, B. Q. (2015). IQ-TREE:
A fast and effective stochastic algorithm for estimating maximum likeli-
hood phylogenies. Molecular Biology and Evolution, 32, 268-274. https://
doi.org/10.1093/molbev/msu300

Nicholas, K. B., Nicholas, Jr., H. B., & Deerfield, Il, D. W. (1997). GeneDoc:
Analysis and Visualization of Genetic Variation. EMBNET.NEWS 4:14.

Olsen, A.B., Gulla, S., Steinum, T., Colquhoun, D. J., Nilsen, H. K., & Duchaud,
E. (2017). Multilocus sequence analysis reveals extensive genetic vari-
ety within Tenacibaculum spp. associated with ulcers in sea-farmed fish
in Norway. Veterinary Microbiology, 205, 39-45. https://doi.org/10.1016/
j.vetmic.2017.04.028

Olsen, A. B., Nilsen, H., Sandlund, N., Mikkelsen, H., Sgrum, H., & Colquhoun,
D. J. (2011). Tenacibaculum sp. associated with winter ulcers in sea-
reared Atlantic salmon Salmo salar. Diseases of Aquatic Organisms, 94(3),
189-199. https://doi.org/10.3354/dao02324

Olsen, A. B., Powell, J,, Siah, A., Colquhoun, D. J., & Avendaiio-Herrera, R.
(2019). Tenacibaculosis. In B. Edgar, F. R. José, & M. Alicia (Eds.), Technical
report: An overview of emerging diseases in salmonid farming industry (pp.
43-51). Aqua Global Technical Services Elanco Canada Ltd., Research
Park Center.

Olsen, A. B., Spilsberg, B., Nilsen, H. K., Lagesen, K., Gulla, S., Avendafio-
Herrera, R, Irgang, R., Duchaud, E., & Colquhoun, D. J. (2020). Tenacibac-
ulum piscium sp. nov. isolated from skin ulcers of sea-farmed fish and
description of Tenacibaculum finnmarkense sp. nov. with subdivision into
genomovars finnmarkense and ulcerans. International Journal of System-
atic and Environmental Microbiology, 70, 6079-6090. https://doi.org/10.
1099/ijsem.0.004501

Pazos, F., Santos, Y., Macias, A. R., Nufiez, S., & Toranzo, A. E. (1996). Evalua-
tion of media for the successful culture of Flexibacter maritimus. Journal of
Fish Diseases, 19, 193-197. https://doi.org/10.1111/j.1365-2761.1996.
tb00701.x

Pérez-Pascual, D., Lunazzi, A., Magdelenat, G., Rouy, Z., Roulet, A., Lopez-
Roques, C., Larocque, R., Barbeyron, T., Gobet, A., Michel, G., Bernardet,
J.-F., & Duchaud, E. (2017). The complete genome sequence of the fish
pathogen Tenacibaculum maritimum provides insight into virulence mech-
anisms. Frontiers in Microbiology, 8, 1542. https://doi.org/10.3389/fmicb.
2017.01542

Pifeiro-Vidal, M., Gijon, D., Zarza, C., & Santos, Y. (2012). Tenacibaculum
dicentrarchi sp. nov., a marine bacterium of the family Flavobacteriaceae
isolated from European sea bass. International Journal of Systematic
and Evolutionary Microbiology, 62, 425-429. https://doi.org/10.1099/ijs.
0.025122-0

Ronquist, F., & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics, 19, 1572-1574. https://
doi.org/10.1093/ioinformatics/btg180

Saldarriaga-Cordoba, M., Irgang, R., & Avendano-Herrera, R. (2021). Com-
parison between genome sequences of Chilean Tenacibaculum dicentrar-
chiisolated from red conger eel (Genypterus chilensis) and Atlantic salmon
(Salmo salar) focusing on bacterial virulence determinants. Journal of Fish
Diseases, 44, 1843-1860. https://doi.org/10.1111/jfd.13503

Sasser. (1990). Identification of bacteria by gas chromatography of cellular
fatty acids (MIDI Technical Note 101). MIDI Inc.

Seemann, T. (2014). Prokka: Rapid prokaryotic genome annotation. Bioin-
formatics, 30, 2068-2069. https://doi.org/10.1093/bioinformatics/btu
153

Suzuki, M., Nakagawa, Y., Harayama, S., & Yamamoto, S. (2001). Phyloge-
netic analysis and taxonomic study of marine Cytophaga-like bacteria:
Proposal for Tenacibaculum gen. nov. with Tenacibaculum maritimum
comb. nov. and Tenacibaculum ovolyticum comb. nov., and description
of Tenacibaculum mesophilum sp. nov. and Tenacibaculum amylolyticum
sp. nov. International Journal of Systematic and Evolutionary Micro-
biology, 51, 1639-1652. https://doi.org/10.1099/00207713-51-5-16
39

85UB0| SUOLULLOD BA1IER1D 3|ceo!|dde au Ag peusenob e sjone YO ‘88N Jo'S3|n1 1o} A%eiq 1 8UIIUO 8|1 UO (SUORIPUOD-PLE-SLLB}/ 00" A3 | IM'AReq 1 Bu|uo//SdY) SUORIPUOD PUE SW L 33 885 *[7202/80/20] U0 Ariq1 BUIIUO ABJIM ‘SSUIAA-UB-UNUBNY-IU RS-S9 |BSIA 8P 9IS BAIUN AQ 9091T PEYTTTT 0T/I0p/LO0D 8] 1M AfeIq1BUIUO//STNY WO PBPeOIUMOQ 'S ‘Z20Z ‘Z89TSI8T


https://doi.org/10.1128/msystems.00236-18
https://doi.org/10.3389/fmicb.2020.00037
https://doi.org/10.3389/fmicb.2020.00037
https://doi.org/10.1099/ijs.0.64483-0
https://doi.org/10.1099/ijs.0.64483-0
https://doi.org/10.1128/AEM.01177-14
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1111/jfd.12643
https://doi.org/10.1111/jfd.13380
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.4014/jmb.1908.08002
https://doi.org/10.1128/JB.02085-14
https://doi.org/10.1128/JB.02085-14
https://doi.org/10.1093/molbey/msy096
https://doi.org/10.1093/molbey/msy096
https://doi.org/10.1016/j.bbapap.2008.11.012
https://doi.org/10-1186/1471-2105-14-60
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1016/j.vetmic.2017.04.028
https://doi.org/10.1016/j.vetmic.2017.04.028
https://doi.org/10.3354/dao02324
https://doi.org/10.1099/ijsem.0.004501
https://doi.org/10.1099/ijsem.0.004501
https://doi.org/10.1111/j.1365-2761.1996.tb00701.x
https://doi.org/10.1111/j.1365-2761.1996.tb00701.x
https://doi.org/10.3389/fmicb.2017.01542
https://doi.org/10.3389/fmicb.2017.01542
https://doi.org/10.1099/ijs.0.025122-0
https://doi.org/10.1099/ijs.0.025122-0
https://doi.org/10.1093/ioinformatics/btg180
https://doi.org/10.1093/ioinformatics/btg180
https://doi.org/10.1111/jfd.13503
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1099/00207713-51-5-1639
https://doi.org/10.1099/00207713-51-5-1639

AVENDANO-HERRERA ET AL.

ol 1

Valdés, S., Irgang, R., Barros, M. C,, llardi, P, Saldarriaga-Cérdoba, M.,
Rivera-Bohle, J., Madrid, E., Gajardo-Cérdova, J., & Avendafno-Herrera,
R. (2021). First report and characterization of Tenacibaculum maritimum
isolates recovered from rainbow trout (Oncorhynchus mykiss) farmed in
Chile. Journal of Fish Diseases, 44, 1481-1490. https://doi.org/10.1111/
jfd. 13466

Xia, X. (2018). DAMBE7: New and improved tools for data analysis in
molecular biology and evolution. Molecular Biology and Evolution, 35,
1550-1552. https://doi.org/10.1093/molbev/msy073

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Tronsboundory and Emeriné B)

iseases;

= s N

How to cite this article: Avendafio-Herrera, R., Olsen, A.B.,
Saldarriaga-Cordoba, M., Colquhoun, D. J., Reyes, V.,
Rivera-Bohle, J., Duchaud, E., & Irgang, R. (2022). Isolation,
identification, virulence potential and genomic features of
Tenacibaculum piscium isolates recovered from Chilean
salmonids. Transboundary and Emerging Diseases, 69,
e€3305-e3315. https://doi.org/10.1111/tbed.14606

85UB0| SUOLULLOD BA1IER1D 3|ceo!|dde au Ag peusenob e sjone YO ‘88N Jo'S3|n1 1o} A%eiq 1 8UIIUO 8|1 UO (SUORIPUOD-PLE-SLLB}/ 00" A3 | IM'AReq 1 Bu|uo//SdY) SUORIPUOD PUE SW L 33 885 *[7202/80/20] U0 Ariq1 BUIIUO ABJIM ‘SSUIAA-UB-UNUBNY-IU RS-S9 |BSIA 8P 9IS BAIUN AQ 9091T PEYTTTT 0T/I0p/LO0D 8] 1M AfeIq1BUIUO//STNY WO PBPeOIUMOQ 'S ‘Z20Z ‘Z89TSI8T


https://doi.org/10.1111/jfd.13466
https://doi.org/10.1111/jfd.13466
https://doi.org/10.1093/molbev/msy073
https://doi.org/10.1111/tbed.14606

	Isolation, identification, virulence potential and genomic features of Tenacibaculum piscium isolates recovered from Chilean salmonids
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Bacterial isolates
	2.2 | Biochemical characterization
	2.3 | DNA extraction, sequencing of 16S rRNA and housekeeping genes
	2.4 | Fatty acid composition analyses
	2.5 | Infection challenge assays
	2.6 | Genomic sequencing and genome assembly, annotation and analysis
	2.7 | Strain and genome deposition in public collection and databases

	3 | RESULTS AND DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	ETHICAL APPROVAL
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


