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Cabello and Godfrey (2019) recently published the review “Salmon aquaculture, Piscirickettsia salmonis virulence,
and One Health: Dealing with harmful synergies between heavy antimicrobial use and piscine and human
health,” in Aquaculture. Several gaps in the review hinder readers from understanding the complexity of
P. salmonis and the bacterium-host interaction. This is in addition to omitting essential information that, in my
opinion, should be reported because erroneous policy, economic, and social decisions could be made and could
notably impact the Chilean aquaculture industry. For example, P. salmonis is not an opportunistic pathogen with
poor virulence/pathogenicity, and the literature instead widely supports several pathogenic mechanisms (e.g.,
iron uptake) and virulence capacity in vitro and in vivo. Furthermore, P. salmonis is not an emerging pathogen –
P. salmonis was described 31 years ago, is currently the primary cause for salmonid mortalities in Chile, and is
even officially monitored as a national health threat. Yet other examples reveal gross bias, such as indicating that
quinolones are a current treatment for P. salmonis. In reality, the use of quinolones have drastically decreased
since 2015 according to official government reports (<1% total volume depending on the year), and prior use is
not only against piscirickettsiosis but also the bacterium responsible for bacterial kidney disease. The scope of
this commentary addresses all of these issues in Cabello and Godfrey’s (2019) review.

Cabello and Godfrey (2019) recently published the review “Salmon
aquaculture, Piscirickettsia salmonis virulence, and One Health: Dealing
with harmful synergies between heavy antimicrobial use and piscine
and human health,” in Aquaculture. The presented state of the art
generally lacks the clarity and robustness required for a review. For
example, the authors discuss the contents of Avendaño-Herrera (2018)
and Mardones et al. (2018). However, a number of the given theoretical
opinions and concepts on piscirickettsiosis and the causative Piscirick
ettsia salmonis are not substantiated by the scientific literature.
Furthermore, several gaps in the review hinder readers from under
standing the complexity of P. salmonis and the bacterium-host interac
tion. This is in addition to omitting essential information that, in my
opinion, should be reported. In my view, part of the presented infor
mation might cause misunderstandings, and, therefore, erroneous pol
icy, economic, and social decisions could be made. Such decisions could
notably impact the Chilean aquaculture industry, which provides direct/
indirect employment to roughly 70,000 people and accounts for 36% of
Chile’s food exports (Mardones et al., 2018). The scope of this com
mentary addresses all of these issues in Cabello and Godfrey’s (2019)
review.
To begin, Cabello and Godfrey (2019) refer to P. salmonis as “…an
emergent salmon pathogen in Chile…” Nevertheless, Avendaño-Herrera
(2018) never applies the concept of an emerging pathogen to this bac
terium since the World Organization for Animal Health (OIE) defines an
emerging disease as “…a disease, other than listed diseases, which has a
significant impact on aquatic animal or public health resulting from: (a)
a change of known pathogenic agent or its spread to a new geographic
area or species; or (b) a newly recognized or suspected pathogenic

agent.” P. salmonis was reported in 1988 in coho salmon (Oncorhynchus
kisutch), and mortalities were notified shortly thereafter in the other
salmonid species, leading to naming as salmonid rickettsial syndrome
(SRS). The term syndrome is used when the causative agent is unknown
or when a set of characteristic symptoms of a disease or disorder are
present. The causative agent was finally recovered and described in the
late 1980s – Piscirickettsia salmonis LF-89 (type strain ATCC® VR-1361).
Other P. salmonis isolates were subsequently detected in Atlantic salmon
(Salmo salar) and rainbow trout (Oncorhynchus mykiss) (Cvitanich et al.,
1991, 1995), and, since 2005, the disease is officially termed piscirick
ettsiosis. In 2019, piscirickettsiosis was responsible for 47.6%, 49.6%,
and 12.5% of mortalities in Chilean Atlantic salmon, rainbow trout, and
coho salmon farming, respectively (SERNAPESCA, 2019). Given this
history, P. salmonis cannot be classified as an emerging pathogen, and
conceptually the correct term is piscirickettsiosis, as the OIE indicates,
and not salmonid rickettsial syndrome, since the bacterium is also not a
rickettsia.
Cabello and Godfrey (2019) further argue that “…the extraordinarily
large amounts of antimicrobials used in Chilean salmon aquaculture to
prevent and treat the disease it causes, salmonid rickettsial syndrome…”
Historic antibiotic use in the Chilean industry is well documented given
the mandatory reporting protocols required by Chilean law of all salmon
farms. These regulations mean that the Chilean National Fisheries and
Aquaculture Service (SERNAPESCA) has, since 2007, annually pub
lished use statistics (http://www.sernapesca.cl/sites/default/files/i
nforme_sobre_uso_de_antimicrobianos_2018.pdf). However, this report
details the total volumes used by the salmonid industry and not the
specific quantities used by each aquaculture center or farming company.
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The transparency of this specific information has been requested by the
NGO Oceana Chile, but legal discussions are still ongoing with
SERNAPESCA.
Importantly, Chilean regulations only allow bacterial infections in
farmed fish to be controlled with registered pharmacological products
under veterinary supervision or when used on hydrobiological species.
Consequently, outbreaks caused by P. salmonis are controlled using
florfenicol and oxytetracycline, but flumequine use was reported until
2015. Today, national health authorities first require clinical diagnosis
through laboratory tests and antimicrobial selection based on bacterial
susceptibility studies (San Martin et al., 2015; San Martín et al., 2019).
Furthermore, neither florfenicol nor oxytetracycline is defined by the
World Health Organization as priority critically important antimicro
bials, and florfenicol is exclusively used in animals (Lara et al., 2018).
Given that clinical diagnosis is required before administering treatment,
antibiotics have not been used for more than a decade for preventive or
prophylactic purposes (for a summary of prophylaxis and treatment
alternatives used in Chile, see Flores-Kossack et al., 2020). Still, this fact
was erroneously described by Cabello and Godfrey (2019).
Indeed, various sentences about the use of antibiotics in Cabello and
Godfrey (2019) are imprecise. In specific reference to 2015, for example,
they state that, “Most of the latter (mainly tetracycline, florfenicol and
quinolones such as oxolinic acid and flumequine) have limited effec
tiveness in altering the course of disease.” Tetracycline use has not been
reported in the Chilean salmon industry in the last ten years (see SER
NAPESCA statistics). In the case of quinolones, SERNAPESCA reports
show that flumequine was used until 2015 for the control of infections of
bacterial kidney diseases caused by Renibacterium salmoninarum. More
over, antibiotic use in salmon production in Chile has decreased by 44%
since 2015 (i.e., total antibiotics: 557.2 t [2015] versus 312 t [2019])
(see SERNAPESCA statistics). While oxytetracycline belongs to the
tetracycline class, this drug is a broad-spectrum anti-infective for animal
production and is licensed for aquatic species, including salmonids
(Smith et al. 2008). Moreover, an in vitro susceptibility study demon
strated that, in terms of potency, tetracycline should not be used in the
place of oxytetracycline for some bacterial species (Mead et al., 2018).
Additionally worth considering is that given the volumes of florfenicol
and oxytetracycline used to control piscirickettsiosis, it is somewhat
surprising and contradictory that Contreras-Lynch et al. (2019) and
Henríquez et al. (2015) suggest that the response of P. salmonis to
considerable selective pressure by antibiotics has resulted in the
appearance of isolates with only slightly reduced susceptibility. Indeed,
assessments of the epidemiological cut-off values in vitro for both anti
biotics showed isolates to have low minimum inhibitory concentration
(MIC) values (Contreras-Lynch et al. 2019; San Martin et al. 2019).
Therefore, the irregular effects observed for the application of antimi
crobial therapies against P. salmonis infections in marine farms remain
an incognito. The differentiated outcomes might be related to the
intracellular nature of the pathogen or, even, to properties of perme
ability that allow for the expulsion of ethidium bromide, a chemical
analog to florfenicol (Cartes et al., 2017; Figueroa et al., 2019a). This is
an important topic that warrants future research, but with a specific field
focus.
Various initiatives also seek to decrease antibiotic use. Recently
released 2019 data show that 55 marine salmon farms are certified as
free of antibiotics by SERNAPESCA, five centers more than were certi
fied in 2018. Furthermore, the country and national industry are
committed to further halving use by 2030. We know that this is a
challenging goal, but alliances, such as established with the Monterey
Bay Aquarium or the Pincoy Project (https://www.proyectopincoy.
com), have significantly advanced Chile on this path, particularly
since 2015, as supported by reported data. More specifically, antibiotic
use has decreased by 28% between 2017 and 2019 (i.e., 412 g to 293 g,
as measured in grams of active ingredient per ton of harvested biomass)
(https://www.salmonexpert.cl/article/csarp-salmonicultura-chilenadisminuy-en-un-28-uso-de-antibiticos/).

These efforts are accompanied by the use of vaccines against
P. salmonis, which are legally required for all fish grown in the Mag
allanes Region (Resolución Exenta N◦ 6246; http://www.sernapesca.cl/
sites/default/files/res._ex._ndeg_6246-2017_establece_programa_ma
gallanes_0.pdf). There are currently 33 commercially available vaccines
against piscirickettsiosis. The available vaccines include mono- and
multivalent vaccines, vaccines prepared using antigens of killed
P. salmonis bacteria or recombinant proteins, and DNA vaccines. These
vaccines comply with all regulatory and experimental requirements
established by SERNAPESCA (Chilean authority). There are several is
sues regarding vaccine efficiency, however, particularly as related to
field conditions and in not providing protection during the entire pro
duction lifecycle of fish (see review Masey et al. 2016; Mardones et al.,
2018).
Cabello and Godfrey (2019) continue by denoting that, “A side-effect
of this heavy antimicrobial use is dysbiosis of the piscine microbiome, a
condition that may facilitate colonization of the skin and internal organs
by P. salmonis and other piscine pathogens.” The marine-fattening
phase, as compared to the freshwater stage, occurs in the more south
erly Patagonian waters of the Los Lagos, Aysén, and Magallanes Regions
of Chile (also known as Regions X, XI, and XII, respectively). A confir
matory diagnosis of P. salmonis by an official laboratory, which can take
2 to 4 days, is operationally required to treat fish. SERNAPESCA must
then authorize that treatment take place, which can take between 7 and
10 days. Thereafter, the veterinarian requests the food plant located in
the Biobío Region (at least 600 km from the nearest marine farm) pre
pare medicated feed with the authorized dose and quantity, and only for
the farm and/or cage(s) containing the diseased fish (i.e., previously
diagnosed). Therefore, the treatment of fish infected with P. salmonis can
take 12 days for centers in the Los Lagos Region and 20 days for those in
the Aysén and Magallanes Regions. During this process, infected fish are
negatively affected by a loss of appetite; lethargy; erratic, slow, and
uncoordinated swimming; additional stress; secondary infections;
depression of the immune system; skin damage; and mortality. Different
gross clinical signs can develop during the diagnostic/treatment
formulation period in cages containing infected salmonids. These signs
include both external lesions (e.g. small white spots; pale gills; abdom
inal swelling; and petechial and ecchymotic hemorrhages on fin bases
and periocular/perianal areas) and internal organs damage (e.g. to the
liver, kidney, spleen, and intestine) (Figueroa et al., 2019b). Such in
juries can occur since P. salmonis colonization was already underway
before diagnosis. These operational aspects are often unknown and need
to be highlighted to appreciate the complexity of the problem entirely.
Another critical point to consider is the assumption made by Cabello
and Godfrey (2019) that the majority of antibiotic resistance genes flux
from the environment to the other bacteria. Specifically, Cabello and
Godfrey (2019) state that, “Resistance genes and mobile genetic ele
ments containing them from these bacteria are transmissible bidirec
tionally by horizontal gene transmission to other bacteria, and some of
them appear to have reached the resistome of human pathogens in the
population bordering salmon aquaculture.” This conclusion is highly
debatable and goes against the more widely accepted paradigm that
antibiotic resistance genes enter aquatic environments from the human
resistome (Higuera-Llantén et al., 2018; Domínguez et al., 2019). More
specifically, Domínguez et al. (2019) postulate that since aminoglyco
sides have not been used in Chilean salmon farming, then the clinical
origin of discovered resistance integrons is likely human. HigueraLlantén et al. (2018) similarly propose that since resistance integron 1 is
common to Escherichia coli, its origin cannot be reliably explained, nor
can salmon farming be inculpated. Finally, the review by Danner et al.
(2019) states that antibiotic resistance genes were more likely intro
duced to the aquatic environment by enteric bacteria originating from
disposed domestic effluents.
Salmon production in Chile is often compared to its European com
petitors, especially in regards to piscirickettsiosis. Cabello and Godfrey
(2019) state that, “P. salmonis is present in many other salmon
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aquaculture areas (Norway, Scotland, Ireland, Canada, the United
States), and was probably introduced to Chile from one of them, but only
in Chile it has been associated with high mortalities in juvenile salmon.”
This statement is sustained by the sentence, “Genomic data, including
whole-genome sequencing of P. salmonis, indicate a common origin of
different strains isolated from various places, with no drastic differences
in the presence or potential expression of putative virulence genes.”
Contradictorily, when consulting part of the cited literature, compara
tive analyses at the molecular level closely cluster different P. salmonis
isolates from Norway, Canada, and Chile into a monophyletic gen
ogroup, with the exception of the Chilean EM-90 outlier isolate (Heath
et al., 2000; Mauel et al. 1999).
Isolates are traditionally distributed into two identifiable gen
ogroups, e.g., LF-89 and EM-90 (Casanova et al., 2003). However, an
alyses using the 16S rDNA and 16S–23S ITS sequences of a more
extensive isolate set established some genogroup differences. For
example, two Irish isolates were found related to EM-90, but another
two Irish isolates were determined to be part of a novel genogroup (Reid
et al., 2004). Of additional note was that Scottish isolates clustered with
farmed Atlantic salmon isolates from Norway and Canada (Reid et al.,
2004). While ITS electrophoretic mobility analysis classified 11 Chilean
isolates into the LF-89 and EM-90 genogroups (Casanova et al. 2013), no
relation was found between mobility and geographic origin. Genomic
divergences within the LF-89 and EM-90 reference strains were later
detected by subjecting 19 P. salmonis strains of varying geographic ori
gins and genogroups to genomic-structure and in silico pan-genome
analyses. These assessments revealed specific virulence factors associ
ated with endotoxins, colonization, adherence, and invasion factors.
Such virulence factors might be directly related to inter-genogroup
variations in pathogenesis and interactions between the host and path
ogen (Nourdin-Galindo et al., 2017). More recently, Isla et al. (2019)
designed an efficient MLST scheme for 42 P. salmonis, confirming the
existence of two other genogroups homologous to the LF-89 and EM-90
strains (termed LF-89-like and EM-90-like). Isla et al. (2019) addition
ally recovered a seven-isolate hybrid genogroup from different
geographical areas and fish hosts in Chile, which might result in speci
ation or P. salmonis sub-species.
As noted by Cabello and Godfrey (2019), other non-genomic factors
could be relevantly involved in P. salmonis pathogenesis, thus influ
encing disease occurrences and severity (e.g. trait- and density-mediated
response of host to pathogen and local to global environmental fluctu
ations) (Mardones et al., 2018). However, the wide distribution of the
EM-90 genotype has been demonstrated through field diagnoses of
piscirickettsiosis in Chilean salmon farms, and this genotype is respon
sible for a high number of piscirickettsiosis outbreaks (Saavedra et al.,
2017). The higher outbreak occurrence has been associated with the
higher pathogenicity of EM-90 than the type strain LF-89 (Lagos et al.,
2017; Rozas-Serri et al., 2017).
According to Cabello and Godfrey (2019), P. salmonis and fish hosts
are widely distributed across the globe. In actuality, some reports have
only observed the bacterium, while others have isolated and cultivated
P. salmonis, but still others have detected only DNA (Bartholomew et al.,
2017). The impacts of piscirickettsiosis on salmonid cultures in other
areas of the world are not as well documented and usually coincidental
to other infectious diseases (Evelyn et al., 1998). This is in addition to
being associated with poor environmental conditions (particularly algal
blooms), overstocked net pens, and poor smolt conditions (Olsen et al.,
1997). Piscirickettsiosis control in Chile has been complicated by high
pathogen endemicity across the salmon-farming regions (Mardones
et al., 2018), which might be explained by seawater temperature.
Piscirickettsiosis outbreaks are chronic in Chile, where water tem
peratures are optimal for pathogen growth (i.e., 8 ◦ C to 16 ◦ C).
Furthering this point, in vitro replication is optimal between 15 ◦ C and
18 ◦ C, and at 21 ◦ C, replication is inhibited (Fryer et al., 1992, Mauel and
Miller 2002, Fryer and Hedrick, 2003). Sensitivity not only to elevated
but also freezing temperatures may explain why P. salmonis prevalence

is less or almost nil in the Patagonian waters of the Magallanes Region (i.
e., 4.7–9.9 ◦ C, productive data from farms). This was one of the reasons
behind establishing farms near the southerly cities of Punta Arenas and
Puerto Natales, as well as in Antarctic waters. These installations have
not reported suspected or confirmed cases of piscirickettsiosis during
2019 (SERNAPESCA, 2019). Temperature appears to influence the
seasonality of P. salmonis infections, which usually begin in spring and
into summer, when the water temperature is increasing or high and the
smolts are transferred to saltwater (Jakob et al., 2014), accounting for
50–60% of yearly piscirickettsiosis diagnoses.
Therefore, the question arises, where is P. salmonis the rest of the
year? The aquatic environment of southern Chile would appear not to be
a good alternative. Experiments have shown that P. salmonis can survive
14 days in saltwater but is almost immediately inactivated in freshwater
(Lannan and Fryer, 1994). A field study further demonstrated longevity
in seawater by detecting P. salmonis DNA in proximity to commercial
aquaculture operations for 40 days after a disease outbreak (Olivares
and Marshall, 2010). Furthermore, P. salmonis can adhere to living
surfaces and form biofilms on abiotic substrates (Larenas et al., 2003;
Marshall et al., 2012), expressing the cheA chemotaxis gene to induce
biofilm production (Albornoz et al., 2017). Despite this knowledge,
questions remain. To this end, the Aquaculture Health Management
Program (PGSA), a public-private initiative executed by SERNAPESCA
and financed by the Ministry of Economy and Association of Chilean
Salmon Producers (SalmonChile), has investigated some of the 52 pri
ority research questions resulting from the 2018 expert workshop held
in Puerto Montt, Chile (Mardones et al., 2018). Question 19 in particular
asks, “How does P. salmonis interact with surfaces and survive outside of
hosts?” Our research group has demonstrated the ability of P. salmonis to
form viable, mucus-tolerant biofilms on plastic surfaces in seawater.
This ability represents a potentially important environmental risk for the
persistence and dissemination of piscirickettsiosis (Levipan et al., 2020).
Furthermore, P. salmonis survives inside the protozoan Acanthamoeba
castellanii, constituting a possible mechanism of persistence in culture
water (Gómez et al. 2019).
In addition to the previous points, Cabello and Godfrey (2019)
postulate that P. salmonis is a low-virulence organism. This key issue and
its foundations need to be discussed in depth. The given proposal is
supported by evidence from the first infection studies, which were
conducted when no consensus existed for infection route (e.g., intra
peritoneal, subcutaneous, cohabitation, etc.). The results of these studies
have, consequently, been controversial. Before 2008, knowledge on the
infection strategy of P. salmonis was scarce due to experimental limita
tions and, primarily, because this bacterium is intracellular (Rojas et al.,
2009). In addition, challenges in fish were performed with P. salmonis
maintained under cryopreservation for prolonged periods, despite
extended storage decreasing pathogenicity. Thankfully, studies con
ducted since 2012 have used field isolates different to the LF-89 type
strain isolated in 1989 (Wilda et al., 2012).
The limitations of cryopreservation were overcome after P. salmonis
was found able to grow in cell-free media, resulting in classification as a
facultative intracellular bacterium (Mauel et al., 2008; Mikalsen et al.,
2008; Yañez et al., 2012; Henríquez et al., 2013). This discovery revo
lutionized knowledge about the bacterium, facilitating understandings
about P. salmonis biology, physiology at the system level, and genomescale metabolic and regulatory models. This finding also permitted the
development of strategies for understanding pathological behavior.
Illustrating this point, of the 184 publications that appear in the PubMed
database when searching for Piscirickettsia salmonis, 136 articles (i.e.
73.9%) were published after 2008. Reviewing this background, I would
like to highlight some articles in chronological order that shed light on
the pathogenic potential and mechanisms of P. salmonis.
One of the best-characterized virulence factors in bacteria is secre
tion systems, which bacteria use to deliver effector proteins to the
environment or the host-cell cytoplasm. During in vitro infection, the Dot
/ Icm secretion system of P. salmonis is expressed, indicating constitutive
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expression (Gómez et al., 2013; Yáñez et al., 2014). Utilizing the Atlantic
salmon head kidney (SHK-1) cell line infected with P. salmonis, Isla et al.
(2014) found significant increases in the expression of P. salmonis pro
teins ClpB and BipA. These proteins are important virulence factors for
mammalian facultative intracellular pathogens, such as Legionella and
Francisella, and probably play a similar role in the intracellular survival
of P. salmonis (Meibom et al., 2008; Isla et al., 2014). Furthermore,
P. salmonis can physiologically produce siderophores and present genes
for the biosynthesis/transport of vibroferrin and the ferric uptake
regulator Fur (Almarza et al., 2016; Machuca and Martinez, 2016; Cal
quín et al., 2018). The expression of these genes under iron-depleted
conditions may allow the bacterium to cope with iron-deprivation
mechanisms in the host. Also biologically active during P. salmonis
infection are the Sec-dependent pathway and the type 4B secretion
systems (Cortés et al., 2017). These functions have also been demon
strated in intracellular bacterial pathogens for humans, such as Legion
ella pneumophila and Coxiella burnetii (Segal et al., 2005).
P. salmonis strains might also be uniquely identified by pathogenicity
(or genomic) islands. These can include the presence of virulence genes
in pathogenic but not non-pathogenic bacteria of the same or related
species. Lagos et al. (2017) reported the existence of genomic islands for
nine P. salmonis strains. Oliver et al. (2016) discovered the production of
outer membrane vesicles in P. salmonis, which generated a cytopathic
effect in CHSE-214 cells, suggesting a role in pathogenesis. In a later
study, the cytotoxicity of different outer membrane vesicles (OMV)
concentrations purified from P. salmonis LF-89 was confirmed in vivo
using adult zebrafish (Danio rerio) as an infection model (Tandberg et al.,
2017). Furthermore, putative virulence-related proteins were identified
in P. salmonis membrane vesicles from the proteome of the LF-89 type
strain (i.e., hemolysin and outer-membrane porin F). The OMV prote
ome of P. salmonis also presented five and two amino acid sequences
respectively from the Bordetella pertussis toxin subunit 1 and the E. coli
heat-labile enterotoxin alpha chain (Oliver et al., 2017).
Keeping this background on pathogenicity in mind, Cabello and
Godfrey (2019) suggest that “P. salmonis may well be an environmental
horizontally transmitted opportunistic organism and/or a well-adapted,
immunologically tolerated, probably vertically colonizing endogenous
symbiont/pathobiont of the salmonid microbiome.” The authors are
thus defining P. salmonis as an opportunistic pathogen capable of pre
senting a lifestyle as an endogenous pathobiont of the salmon micro
biome versus being a pathogenic bacterium identified since 1989.
Recognition as a pathogenic microorganism, according to the “gold
standard of microbiology,” requires fulfillment of Koch’s third postulate
(Loeffler 1884). The term opportunistic pathogen has been coined to
describe instances in which a pathogen fails to infect healthy individuals
and requires a certain degree of immunological (or microbiota)
impairment to induce disease.
For Cabello and Godfrey (2019), the apparent higher virulence of
P. salmonis in Chile is notably impacted and triggered by external
environmental conditions that negatively affect salmon health. As sub
stantiated above, numerous studies have analyzed the mechanisms of
microbial pathogenesis in P. salmonis (e.g., secretion system, iron-uptake
mechanisms, pathogenicity islands, and pertussis toxin, among others),
but it should not be forgotten that, like other intracellular pathogens,
P. salmonis can infect, survive, and replicate within the macrophage/
monocyte without inducing characteristic cytopathic effects (Rojas
et al., 2009). To this point, research on P. salmonis interacting with
CHSE-214 cells in vitro showed that attachment and invasion are rapid
events (Smith et al. 2010). Notwithstanding, some studies have not only
confirmed Koch’s postulates (i.e., characteristic of a pathogen) but have
also elucidated how an individual P. salmonis strain or genogroup can
cause symptoms of the respective infectious disease. Obviously, envi
ronmental factors (e.g., temperature, salinity and/or other epidemio
logical components) cannot be ruled out as potential initiators of the
sophisticated virulence factors produced by different P. salmonis strains
to overwhelm the immune system and impair cellular and organ

functions in fish. It could even be speculated that some P. salmonis iso
lates are more virulent than others. In fact, differences in relation to
geographic distribution, antibiotic susceptibility, and host specificity
have been reported within two genogroups (Saavedra et al., 2017).
Therefore, an essential step towards better understanding the functional
role of environmental variables in the virulence of P. salmonis is to pose
hypotheses or questions, precisely as in Mardones et al. (2018).
However, the hypothesis of considering P. salmonis a pathobiont is
more complex to support. As defined by Pitlik and Koren (2017),
“Pathobionts are temporarily benign microbes with the potential, under
modified ecosystem conditions, to become key players in disease.
Pathobionts may be endogenous, living for prolonged periods of time
inside or on the host, or exogenous, invading the host during opportu
nistic situations. In both cases, the end result is the transformation of the
beneficial microbiome into a health-perturbing pathobiome.” In relation
to the microbiome of salmonids, the outermost surface of the skin is
coated with mucus, but little is known about related microbial com
munities and the role of these in fish welfare. Even if the microbiome of
Atlantic salmon was considered a place where P. salmonis would live,
existing research is still in a difficult position to optimally define a
“normal” or “healthy” microbiota. Teleost skin, in contrast to mammals,
secretes mucus that has certain immune functions (Salinas et al., 2011).
The body surface of fish is flexible, scaled, and forms a physical barrier
against the environment. Until five years ago, little research explored
the complex bacterial communities related to teleost skin-mucus (see
review Llewellyn et al. 2014), especially those important from an
aquaculture perspective (e.g., Atlantic salmon).
Interestingly, research has established that P. salmonis can establish
biofilm, so this bacterium could form part of the fish’s bacterial com
munity. However, Atlantic salmon is an anadromous fish (i.e., it lives in
fresh and marine water). Consequently, the microbiome may be deter
mined by the growth stage. Research by Lokesh and Kiron (2016)
revealed that the transition from freshwater to seawater destabilizes the
skin bacterial community, leading to an increase in phylogenetic di
versity in the fish mucus of Atlantic salmon in seawater. Although
diverse bacteria colonize the skin of Atlantic salmon in seawater, only a
few clades (i.e., Proteobacteria, Bacteriodetes, Cyanobacteria, Verru
comicrobia, and SBR1093) were found to be significantly abundant.
However, the scope of Lokesh and Kiron (2016) did not include genuslevel exploration, meaning that the existence of Piscirickettsia was not
demonstrated.
The mucus of Atlantic salmon skin plays a vital role in innate im
mune defense, as has been described for pathogens such as Streptococcus
phocae (Salazar et al., 2016) and Moritella viscosa (Patel et al., 2020).
Therefore, mucus could be an inhibiting factor for the colonization of
P. salmonis. Standard farming practices, however, may play important
roles in promoting the vulnerability of Atlantic salmon. To assess this
point, Minniti et al. (2017) analyzed the composition of the skin-mucus
microbiome from farmed Atlantic salmon before and after netting and
transfer. Taxonomic analysis at the phylum level exhibited a predomi
nance of Proteobacteria (where P. salmonis is located), which aligns with
previous studies in teleost species (Wilson et al., 2008; Chiarello et al.,
2015). Although data analysis at the genus level indicated differences in
the bacterial community among statuses (i.e., pre- vs. post-netting and
transfer), Piscirickettsia was not identified in the rearing water or mucus
(Minniti et al., 2017). Later research by Minniti et al. (2019) on the skinmucus proteins of Atlantic salmon revealed bacterial proteases to be
largely abundant and diverse. These findings underscore the bacterial
ability to degrade the skin-mucus proteins of Atlantic salmon. In addi
tion, research on the intestinal microbiota of Atlantic salmon fed diets
with or without antibiotics did not find the Piscirickettsiaceae family to
be a relevant component of the microbiota, regardless of the type of food
(Gupta et al., 2019).
The hypothesis presented by Cabello and Godfrey (2019) of
P. salmonis being an “…endogenous pathobiont colonizing the normal
salmonid microbiome…” is interesting and very innovative. However,
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existing research is still too preliminary to support this approach. For
now, there is no evidence supporting part of the premise that P. salmonis
is a commensal microorganism of the salmonid microbiota and that
some disorder in the bacterial community (i.e., dysbiosis) could
contribute to transforming it into a pathogen. Another more important
point warranting investigative efforts is establishing a causal link be
tween pathology and an unbalanced microbiome (i.e., dysbiosis). Such
gaps in knowledge could be included in the guidelines presented initially
by Avendaño-Herrera (2018) and Mardones et al. (2018), but topics
need to be prioritized considering the social, environmental, and eco
nomic impacts. Prioritization is necessary given that P. salmonis, in
particular, still requires much study to develop quicker, more costeffective, and better tools and methodologies for detection, diagnosis,
and treatment.
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Iglesias, M.E., Capozzo, A.V., 2012. Development and preliminary validation of an
antibody filtration-assisted single-dilution chemiluminometric immunoassay for
potency testing of Piscirickettsia salmonis vaccines. Biologicals 40, 415–420. https://
doi.org/10.1016/j.biologicals.2012.09.003.
Wilson, B., Danilowicz, B.S., Meijer, W.G., 2008. The diversity of bacterial communities
associated with Atlantic cod Gadus morhua. Microb. Ecol. 55, 425–434. https://doi.
org/10.1007/s00248-007-9288-0.
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