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Abstract

The genus Tenacibaculum encompasses several species pathogenic for marine fish. Tenacibaculum dicentrarchi and
“Tenacibaculum finnmarkense" (Quotation marks denote species that have not been validly named.) were retrieved from
skin lesions of farmed fish such as European sea bass or Atlantic salmon. They cause a condition referred to as tenacibaculosis
and severe outbreaks and important fish losses have been reported in Spanish, Norwegian, and Chilean marine farms. We
report here the draft genomes of the T. dicentrarchi and “T. finnmarkense"” type strains. These genomes were compared with
draft genomes from field isolates retrieved from Chile and Norway and with previously published Tenacibaculum genomes. We
used Average Nucleotide Identity and core genome-based phylogeny as a proxy index for species boundary delineation. This
work highlights evolution of closely related fish-pathogenic species and suggests that homologous recombination likely
contributes to genome evolution. It also corrects the species affiliation of strain AYD7486TD claimed by Grothusen et al.
(2016).
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Introduction

The rapid development of intensive aquaculture has been as-
sociated with a dramatic increase in outbreaks of infectious
diseases (FAO 2016; Bayliss et al. 2017). The rapid interna-
tional spread of pathogens through the trade of fish and eggs
or as a response to environmental changes has been docu-
mented (Brynildsrud et al. 2014; Rahmati-Holasoo et al.
2016). In this context, the success and sustainability of aqua-
culture largely depend on the control of pathogens. Among

those, several species of the genus Tenacibaculum are respon-
sible for diseases collectively designated tenacibaculosis
(Avendano-Herrera et al.  2006; Suzuki  2015).
Tenacibaculum dicentrarchi and " Tenacibaculum
finnmarkense" are two among those fish-associated, recently
described species. The former was first isolated from
European sea bass (Dicentrarchus labrax) in Spain (Pineiro-
Vidal et al. 2012) and recently also identified from Atlantic
salmon (Salmo salar) in Chile (Avendano-Herrera et al. 2016)
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and Norway (Olsen et al. 2017) and from red conger eel
(Genypterus chilensis) in Chile (Irgang et al. 2017).
“Tenacibaculum finnmarkense” was isolated from
Atlantic salmon with ulcerative disease in Norway
(Smage et al. 2016).

Identification of the causative agent of tenacibaculosis was
first based on the isolation of bacteria from tissues of diseased
fish and their characterization by phenotypic, biochemical,
and serological methods (Pineiro-Vidal, Carballas et al.
2008; Pineiro-Vidal, Riaza et al. 2008). The use of 16S
rDNA sequencing improved the identification reliability
(Cepeda et al. 2003; Fringuelli et al. 2012). However, these
methods usually cannot differentiate closely related bacterial
species. MLST was developed (Habib et al. 2014) and used to
demonstrate the presence of T. dicentrarchi in Chile
(Avendano-Herrera et al. 2016) and to reveal the variety of
Tenacibaculum spp. in a number of sea-farmed fish species in
Norway (Olsen et al. 2017).

In this study, we present seven draft genomes of
Tenacibaculum strains, including the T. dicentrarchi (USC
3509") and “T. finnmarkense"” (HF)") type strains, as well as
five field isolates from Chile and Norway selected on the basis
of available MLST data (Olsen et al. 2017). Comparison has
been performed with available Tenacibaculum genomes from
Genbank, including strain AYD7486TD originally described as
T. dicentrarchi (Grothusen et al. 2016). We used Average
Nucleotide Identity (ANI) to delineate species boundaries
and core genome analysis to infer phylogenetic relationships
between these strains. We also correct the species affiliation
of strain AYD7486TD.

Materials and Methods

Bacterial Strains

The T. dicentrarchi type strain USC 3509 (Pineiro-Vidal et al.
2012) was obtained from Dr Y. Santos (University of Santiago
de Compostela, Spain) and the “T. finnmarkense” strain HFJT
(Smdage et al. 2016) was obtained from Dr H. Duesund
(Cermag Group AS, Bergen, Norway). Strains TNOOQOS6,
TNOO010, and TNOO020 were isolated from skin ulcers of
Atlantic salmon in Norway whereas strain TNO021 was iso-
lated from mouth ulcer of a corkwing-wrasse (Symphodus
melops) also in Norway (Habib et al. 2014; Olsen et al.
2017). Strain TdChDO5 was retrieved from external lesion of
an Atlantic salmon in Chile (Avendano-Herrera et al. 2016).
Al strains were routinely grown on marine agar 2216 (Difco)
and in the corresponding broth at 170rpm and 15°C
(TNOOO06) or 22 °C (all other strains).

Genome Sequencing and Annotation

Genomic DNA was extracted with the Wizard Genomic DNA
Purification Kit (PROMEGA). All strains were sequenced with
lllumina (HiSeq 2x100 pair-end reads with 300 bp insert size).

Sequencing reads were assembled using Velvet (Zerbino and
Birney 2008) or SPAdes (Bankevich et al. 2012). Genome an-
notation, including manual curation, and genome compari-
son including core genome computation were performed
using the MicroScope platform (Médigue et al. 2017 and
references therein).

ANI and Phylogenetic Reconstruction

ANIs analyses were performed using the ANIm method de-
scribed by Richter and Rossell6-Mdra (2009) and imple-
mented in the Python module Pyani (https:/github.com/
widdowaquinn/pyani). Digital DNA-DNA hybridization was
performed using the GGDC website (http:/ggdc.dsmz.de/)
and Formula 2 (Auch et al. 2010). Logistic regression was
used for reporting the probabilities that DDH is >70% and
thus accounting for bacteria belonging to the same species.
Pairwise alignments were computed using the MUMer soft-
ware (Kurtz et al. 2004). For phylogenetic reconstruction,
comparison of the gene content between strains was done
by pairwise proteome similarity search using BlastP
Bidirectional Best Hit and the MicroScope default parameters
(i.e., >80% protein identity, >80% coverage). A set of 895
groups of orthologous proteins was retained and multiple
alignments on individual orthologous proteins were per-
formed using MUSCLE (Edgar 2004) implemented in the
msa R package (Bioconductor). The resulting alignments
were manually checked and concatenated for tree recon-
struction using UGENE and PhyML with default parameters
(Okonechnikov et al. 2012). Tree rendering was achieved us-
ing the Figtree software (http://tree bio.ed.ac.uk/software/fig-
tree/). The neighbor-net analysis in the Splits Tree 4 software
(http://splitstree.org/; Huson and Bryant 2006) provided a phy-
logenetic network representing possible evolutionary relation-
ships between the concatenated sequences of core genome
genes. Minimal recombination breakpoints were identi-
fied using the four-gamete test (Hudson and Kaplan
1985). Putative recombination events were indicated as
pairwise homoplasy index (PHI; Bruen et al. 2006) calcu-
lated by Splits Tree 4.

Results and Discussion

General Genome Features

A summary of the genomes analyzed in this study is presented
in supplementary table 1, Supplementary Material online.
Strikingly, the sizes of the genomes reported here are the
smallest among those available to date for the genus
Tenacibaculum (e.g., T. maritimum: 3.4Mb, T. soleae:
3.0Mb, T. ovolyticum: 4.1 Mb). The average genome size is
2.7 Mb and 2.9 Mb for T. dicentrarchi and "T. finnmarkense,”
respectively; at 2.4 Mb, strain TNO020 has the smallest ge-
nome. All strains studied are devoid of plasmid.
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ANI Delineates T. dicentrarchi and “T. finnmarkense" and
Allocates Strain AY7486TD to “T. finnmarkense”

ANl was reported to be an accurate and practical method for
species delineation and a 95-96% identity was proposed as
the threshold (Rodriguez-R and Konstantinidis 2014). ANI
comparisons were computed using T. ovolyticum (Suzuki
et al. 2001) as an outgroup and the results were plotted as
a heatmap (supplementary fig. 1A and 1B, Supplementary
Material online). Strains TdChDO5 from Chile and TNO021
from Norway, both previously allocated to the species
T. dicentrarchi (Pineiro-Vidal et al. 2012; Olsen et al. 2017;
Avendano-Herrera et al. 2016), indeed form a highly cohesive
group with T. dicentrarchi USC 3509 (98% ANI and >88%
alignment coverage). In contrast, strain AY7486TD, also orig-
inally described as T. dicentrarchi (Grothusen et al. 2016),
displays an ANI value of only 93% with the type strain of
this species and consequently does not fall within the T. dicen-
trarchi cluster. Instead, strain AYD7486TD forms a cluster with
strains TNOOO6, TNOO10 and “T. finnmarkense” HF)T (>96%
ANl and >85% alignment coverage, above the species delin-
eation threshold). ANI values delineate two subclusters, one
grouping strains TNOO10 and AYD7486TD (99% ANI) and
the other grouping strain TNOO06 and “T. finnmarkense"
HFJT (98% ANI). Supplementary figure 1, Supplementary
Material online, also shows that although T. dicentrarchi
and “T. finnmarkense" are distinct species they obviously dis-
play significant proximity in terms of sequences identity (93—
94% ANI) and fraction of shared genomes (77-88%). Strain
TNOO020 does not belong to any of the previously defined
clusters (88-89% ANI; 55-68% alignment coverage) and
therefore likely belongs to a yet undescribed Tenacibaculum
species as previously suggested (Habib et al. 2014; Olsen et al.
2017). The same conclusions (supplementary fig. 1C,
Supplementary Material online) were drawn using genome-
to-genome distance calculator (Auch et al. 2010). As
expected, T. ovolyticum DSM 18103 behaves as an outgroup
displaying lower sequence identity (85%) and poor alignment
coverage (17-34%) with all other strains studied. Using 895
core genome-encoding protein sequences, we constructed a
phylogenetic tree from the concatenation of each individual
alignment (fig. 1). Bootstrap values strongly support the divi-
sion between T. dicentrarchi and “T. finnmarkense” and the
core genome-based phylogenetic tree perfectly matches
the ANI dendogram. Furthermore, a correlation between
the MLST clades defined by Olsen et al. (2017) and the clus-
ters observed in figure 1 is obvious: “T. finnmarkense” HFJ'
and strain TNOOO6 belong to clade I, strains TNOO10 and
AYD7486TD to clade |, all three T. dlicentrarchi strains to clade
Il and strain TNOO20 to clade IV. Using Splits Tree analysis, a
reticulated network structure between the four clades, indic-
ative of within and between species recombination events
(fig. 2), is observed. The dense network joining clade | and
clade 1l is in good agreement with the grouping of

“T. finnmarkense" strains in two connected subclusters as
previously observed in the MLST data set of Olsen et al.
(2017). Whatever the group of strains considered (i.e.,
clades | and Ill strains, clades |, I, and Ill strains as well
as clades |, I, lll, and IV strains), the PHI test P-value is 0.0,
indicating significant evidence of recombination. In addi-
tion, the high number of recombination breakpoints
found in T. dicentrarchi and “T. finnmarkense" genomes
(10 per kilobase in average) is another clue suggesting
recombination events in these species.

Comparative Genomics Highlights Intricate Relationships
between T. dicentrarchi and “T. finnmarkense”

The average number of predicted CDS for T. dicentrarchi and
“T. finnmarkense" strains is 2,381 and 2,536, respectively,
which is in good agreement with the observed genome sizes.
The core genome is composed of 2,013 and 1,947 CDS for
T. dicentrarchi and “T. finnmarkense,” respectively (supple-
mentary fig. 2A and B, Supplementary Material online). These
small gene sets, about half those of Tenacibaculum agarivor-
ans HZ1" (Xu et al. 2017) and Tenacibaculum jejuense KCTC
22618" (Ficko-Blean 2017), seem related to a deficient
biopolymer-degrading ability of T. dicentrarchi and
“T. finnmarkense." Indeed, these genomes lack the pathways
encoding for the degradation of marine carbohydrates (e.g.,
sulfatase, glycoside hydrolase, polysaccharide lyase) identified
in the environmental species T. agarivorans and T. jejuense, in
line with a restricted ecological niche (i.e., fish tissues) and an
exclusive protein-based predicted regimen for these patho-
genic species. Moreover, the presence of insertion sequences
or their scars as well as genes remnants in T. dicentrarchi,
“T. finnmarkense" and strain TNOO20 argues for genome
reduction trends in contrast to the horizontal transfer genes
in T. jejuense and T. agarivorans. These findings support the
expected small genome size of bacterial pathogens compared
with their nonpathogenic relatives (Weinert and Welch 2017).
The core genome of the seven strains belonging to both
T. dicentrarchi and “T. finnmarkense" is composed of 1,818
CDS (supplementary fig. 2C, Supplementary Material online),
a value close to those computed for each species. Each strain
has ~180 specific genes essentially composed of prophages
remnants, restriction/modification systems, toxin/antitoxin
systems and transposases encoding genes or their scars as
well as genes required for the biosynthesis of exopolysacchar-
ides that likely account for the minor intraspecies genome size
differences previously mentioned. These strain-specific genes,
representing the accessory genome, do not seem linked to
bacterial pathogenicity as no bona fide toxin or virulence
factor-encoding genes have been identified in this gene
pool. Therefore, virulence-encoding genes likely belong to
the core genome common to both T. dicentrarchi and
“T. finnmarkense.” Among those, peptidases containing a
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0.02

Tenacibaculum sp. TNO020 I clade IV
Tenacibaculum dicentrarchi TNOD21
Tenacibaculum dicentrarchi 35097 clade Il
0.psa

Tenacibaculum dicentrarchi TAChD05
Tenacibaculum sp. TNO006

clade lll
Tenacibaculum finnmarkense HFJ"
Tenacibaculum sp. TNOO10

clade |
Tenacibaculum finnmarkense AY7486TD

Tenacibaculum ovolyticum DSM 181 03"

Fic. 1.—Core genome phylogeny. Phylogenetic tree inferred by PhyML with boostraping (100 replicates) using the concatenation of the 895 aligned
orthologous genes. The MLST clades -V defined in Olsen et al. (2017) are reported.

clade Il

T. dicentrarchi USC 3509"
T. dicentrarchi TdChD05

T. dicentrarchi TNO021

T ovolyticum DSM 18103"

T. sp. TNO020
clade IV

clade |

T. sp AYT7486TD

/\/ I 7. sp TNOD10
|

T. sp. TNOOOG
T. finnmarkense HFJ"

clade Ili

Fic. 2.—Detection of recombination. Reticulate evolutionary relationship between concatenated sequences of the 895 core genome genes visualized by
the Splits Tree neighbor-net analysis. The clades defined in Olsen et al. (2017) are reported.

carboxy-terminal protein domain (TIGR04183), predicted to
be required for T9SS-mediated secretion and cell surface ex-
posure (Veith et al. 2013), were identified. These peptidases
(i.e., TFINN_2500013, TFINN_140038, and TFINN_60057
from “T. finnmarkense” HFJ" and their orthologs) are likely
involved in the breakdown of proteinaceous compounds and
the destruction of host tissues. The presence of a M9 family
protease-encoding gene (TFINN_740038 and orthologs), sim-
ilar to the 120kDa collagenase of Clostridium perfringens
(Matsushita et al. 1994) but different from the M43 family
collagenase (encoded by MARIT_1085) identified in T. mariti-
mum (Pérez-Pascual et al. 2017), suggests convergent

evolution for some virulence-linked functions in fish-

pathogenic Tenacibaculum species.

Conclusion

Since the pioneering work of Wakabayashi and col. on T.
maritimum in the eighties (Wakabayashi et al. 1986), many
other Tenacibaculum species have been described. Some of
them are important fish pathogens and an unexpected diver-
sity at different levels (e.g., genetic, fish host, geographical)
has been reported (Habib et al. 2014; Olsen et al. 2017).
Tenacibaculum dicentrarchi strains were previously identified
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from several farmed fish species in Spain, Norway and Chile,
whereas “T. finnmarkense” strains were exclusively isolated in
Norway so far (Olsen et al. 2017). Thanks to genomes com-
parison, we were able to correct the affiliation of strain
AYD7486TD which actually belongs to the species “T.
finnmarkense” rather than to T. dicentrarchi as previously
claimed (Grothusen et al. 2016). Importantly, this result dem-
onstrates that “T. finnmarkense” is also present in Chilean
fish farms. Our data set suggests that T. dlicentrarchi strains
form a cohesive group whereas " T. finnmarkense" strains are
split into two subclusters. Similar subclusters, referred to as
genomovars, were reported in Flavobacterium columnare,
another fish pathogen of the family Flavobacteriaceae with
a broad host range. Correlations between genomovars, fish
hosts and virulence have been suggested (Evenhuis and
LaFrentz 2016; Olivares-Fuster et al. 2007). Hence, the
same type of genomic heterogeneity observed in “T.
finnmarkense” may account for specific traits such as host
specificity or level of virulence. Strikingly, the virulence factors
described in the closely related species T. maritimum (i.e., a
sphingomyelinase, a ceramidase, a chondroitin AC lyase, a
sialidase and a M43 family collagenase; Pérez-Pascual et al.
2017) have not been identified in any of the genomes de-
scribed in the present study. In full agreement with this ob-
servation, a parallel evolution of pathogenicity in the species
encompassed in the genus Tenacibaculum has been proposed
(Habib et al. 2014). However, the grouping of T. dicentrarchi
and “T. finnmarkense" as well as T. soleae and T. ovolyticum
(Habib et al. 2014; Olsen et al. 2017; Smage et al. 2016) in a
single clade exclusively encompassing fish-associated bacteria
suggests evolution of these four species from a pathogenic an-
cestor. In addition, our data support recombination as an im-
portant force shaping genome evolution of these fish pathogens
as previously observed in other members of the family
Flavobacteriaceae (Nicolas et al. 2008; Vos and Didelot 2009).
The genome sequences reported here should therefore facilitate
future epidemiological studies and provide new insights into
pathogenicity and niche adaptation of emerging fish pathogens.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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