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Stress response and virulence factors 
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Abstract 

The study of the stress responses in bacteria has given us a wealth of information regarding the mechanisms 
employed by these bacteria in aggressive or even non-optimal living conditions. This information has been applied 
by several researchers to identify molecular targets related to pathogeny, virulence, and survival, among others, and 
to design new prophylactic or therapeutic strategies against them. In this study, our knowledge of these mechanisms 
has been summarized with emphasis on some aquatic pathogenic bacteria of relevance to the health and produc-
tive aspects of Chilean salmon farming (Piscirickettsia salmonis, Tenacibaculum spp., Renibacterium salmoninarum, and 
Yersinia ruckeri). This study will aid further investigations aimed at shedding more light on possible lines of action for 
these pathogens in the coming years.
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Introduction
According to the Chilean authority, Sernapesca, salmo-
nid species such as the Atlantic salmon (Salmo salar), 
rainbow trout (Oncorhynchus mykiss), and coho salmon 
(Oncorhynchus kisutch) have dominated aquaculture in 
Chile for the past 40 years, accounting for 72 percent, 8%, 
and 20% of current cultivation centers, respectively [1]. 
This production activity has grown due to the increas-
ing and continuous need for healthy proteins and the 
interest of developed markets for high-quality salmon 
fillets, increasing from 100 thousand tons at the end of 
the 90  s to over 800 thousand tons in 2019—2020 [1]. 
However, rapid production growth has created favorable 

conditions for the emergence of infectious diseases which 
pose a threat to the sustainability of the industry, not only 
through mortality and decreased productivity, but also 
through environmental factors, such as the widespread 
use of antibiotics and pesticides which affect the indus-
try’s image and access to markets [2, 3].

Some of these diseases are caused by bacterial patho-
gens, such as P. salmonis, R. salmoninarum, Tenacibacu-
lum spp., and Y. ruckeri among others. These pathogens 
vary greatly in their current economic relevance to the 
industry, and the research interest they have generated in 
recent years, but they all share the lack of effective con-
trol methods [2, 4].

In the first place, P. salmonis is a Gram-negative, non-
motile, pleomorphic, and facultative intracellular Gam-
maproteobacteria [5]. It is the most important bacterial 
pathogen for salmon farming in Chile causing salmonid 
rickettsial septicemia (SRS), which accounts for about 
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55% of infectious disease fatalities in Salmo salar, 73% in 
O. mykiss, and about 60% in O. kisutch [1].

Tenacibaculum spp., on the other hand, are Gram-
negative bacteria that are morphologically observed as 
straight filamentous rods [6]. They are responsible for 
an ulcerative disease known as marine tenacibaculosis 
that presents with ulcers with yellow plaques around the 
mouth and on epidermal surfaces of fish [7–11]. Some 
Tenacibaculum species are currently considered emerg-
ing pathogens for salmonid cultures in other salmonid-
producing countries [9, 12]. It is important to note, 
however, that this genre is considered the second most 
relevant bacterial pathogen for Chilean salmon farms, 
with about 30% of mortalities related to infectious dis-
eases in S. salar, and about 10% of mortalities in O. 
mykyss and O. kisutch in the year 2020 alone [1].

The third relevant pathogen is R. salmoninarum. It is 
the oldest known bacterial pathogen of fish and the only 
gram-positive bacterium on this list. It is a non-motile, 
non-capsulated, non-endospore forming, aerobic bacte-
ria that causes bacterial kidney disease in salmonids [13]. 
Frequently, this pathogen produces a chronic infection in 
fish at low temperatures [14], accounting for about 9,5% 
of mortalities related to infectious diseases in S. salar, 
about 5% of mortalities in O. mykiss, and about 20% of 
mortalities in O. kisutch in Chile in 2020 [14].

Finally, Y. ruckeri is a facultative, Gram-negative patho-
gen that causes enteric redmouth disease (ERM), a sep-
ticemic disease that primarily affects salmonids, and on 
the large scale, the global fish farming industry [15]. In 
recent years, the number of outbreaks provoked by this 
pathogen in the aquaculture industry has substantially 
increased, affecting fish at all stages of development, and 
exhibiting higher mortality in adult specimens [16]. Since 
this disease has been unknown in Chile, there are no epi-
demiological records regarding its prevalence and distri-
bution, which is expected to change in the coming years, 
given the global increase in cases.

All of these pathologies currently lack highly effective 
treatments and preventive tools to prevent infections at a 
high rate, as evidenced by the annual prevalence of some 
of them [2–5]. This is due in part to the fact that Chilean 
aquaculture and research initiatives to address its health 
problems are only 20 years old. However, there is increas-
ing interest in the exhaustive study of the causal agents of 
these diseases, which has increased the volume of stud-
ies in this area. For example, commercially available vac-
cines to control "piscirickettsiosis" (the generic name for 
acute infection with P. salmonis) were tested a few years 
ago [2] providing a good overview of their characteris-
tics, and providing development proposal for new and 
better alternatives, focusing primarily on the pathogen-
host response analysis, and the use of surface proteins. 

Another recent study looked at the current status of pis-
cirickettsiosis research, and the gaps that still need to be 
filled [17]. As a general observation, the majority of the 
research done thus far with these pathogens has been 
concentrated on epidemiological, pharmacological, and 
genomic fields, with very few, or almost none of them 
focusing on the biochemical or mechanistic components 
of their virulence repertoires. In this way, analyzing and 
understanding what gaps need to be filled in this spe-
cific field not only opens possibilities to develop better 
and more effective treatments and preventive options 
but also paves way for future research lines for our young 
scientists.

Main text
Both prokaryotic and eukaryotic cells rely on homeosta-
sis to function properly. For this reason, some organisms 
in nature have evolved a series of metabolic mechanisms 
aimed at reducing the damage generated by different 
types of stress. Pathogenic bacteria, for example, must 
frequently tolerate adverse conditions both outside and 
inside their respective hosts. For example, the evolution 
of adaptation and persistence mechanisms to withstand 
the specific conditions of the respiratory and gastroin-
testinal systems [18, 19]. Many of these factors are also 
involved in pathogenesis, virulence, and even antibi-
otic tolerance, which have been extensively studied 
and described in several bacterial pathogens of animals 
and humans, such as Salmonella enterica, Shigella spp, 
Escherichia coli, Helicobacter spp, Vibrio spp, Campylo-
bacter jejuni, among several others [18–21]. The study 
of the expression and influence of these factors in these 
pathogenic models has led to the rational design of effec-
tive control mechanisms and treatment strategies for the 
associated diseases. Similarly, reviewing how much we 
know about these mechanisms in pathogens could be a 
useful strategy for the design of better control mecha-
nisms soon.

Oxidative stress response
The ability of some of these specific bacteria to thrive 
inside target cells makes them difficult to deal with. P. sal-
monis, for instance, is a facultative intracellular pathogen 
that invades the salmon’s liver, kidney, spleen, intestine, 
brain, ovary, and gills [5]. Furthermore, P. salmonis, Y. 
ruckeri, and R. salmoninarum can survive and reproduce 
in salmon macrophages and monocytes [22–29]. This 
very fact explains their ability to evade and/or resist the 
oxidative stress associated with this condition. In this 
regard, some investigations have revealed that rainbow 
trouts injected with R. salmoninarum produced more 
Reactive Nitrogen Species (RNS), such as NO measured 
in the serum, as well as in the gills and kidney tissues of 
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those fish [30], thus suggesting that RNS play an impor-
tant role in the defense against this pathogen.

The detoxifying capacity of host organisms against 
reactive oxygen species (ROS) and nitrogen (RNS) is 
widely distributed in nature and is related to the expres-
sion of a set of specialized enzymes such as catalases 
and superoxide dismutases, among others, previously 
identified in a variety of microorganisms, including well-
known pathogens such as Salmonella, and also geneti-
cally related bacteria such as Francisella spp [18, 19, 21, 
31–34].

In this regard, genomic and genetic analyses of virulent 
strains of P. salmonis have enabled the identification of 
several genes with high homology to others previously 
associated with stress response and virulence mecha-
nisms [35–41], such as ROS and RNS detoxification 
systems, toxin-antitoxin systems, iron capture, and trans-
port systems, porins and channels, chaperon proteins, 
and others. Similar bioinformatic analyses have revealed 
that Tenacibaculum maritimum genome encodes three 
superoxide dismutases: manganese-dependent SodA, 
iron-dependent SodB, and zinc-dependent SodC super-
oxide dismutases [42], as well as two catalase/peroxidase 
(KatA and KatG), indicating a strong and sophisticated 
mechanism to deal with oxidative stress, which is sup-
ported by the fact that treatments with hydrogen perox-
ide did not significantly reduce T. maritimum infections 
in fish [43]. Other investigations have demonstrated that 
several genes related to heavy metal resistance, such as 
the drug efflux system AcrA–AcrB–TolC from E. coli, 
can remove cationic heavy metals and limit ROS genera-
tion in Tenacibaculum [44, 45].

In the instance of R. salmoninarum, a bioinformatic 
study of its genome identified genes involved in oxidative 
stress response, as well as genes involved in virulence and 
antibiotic-resistance strategies with higher similarities to 
Mycobacterium [46]. A 57-kDa protein (p57) found on 
the bacterial cell surface which can be secreted in host 
environments [47], thus acting as a potent inhibitor of the 
respiratory burst is another critical component for oxida-
tive stress response and virulence in R. salmoninarum 
[30, 48]. Furthermore, p57 is also linked to autoaggrega-
tion and virulence of this pathogen [49, 50]. With regards 
to the oxidative stress response, SodA plays a vital role 
during R. salmoninarum infection by catalyzing the con-
version of superoxide anions to hydrogen peroxide [46].

The genes sodA and sodB, which encode manganese-
dependent and iron-dependent superoxide dismutases, 
respectively, were also found in the Y. ruckeri genome 
[51] confirming its widespread distribution. Interestingly, 
the existence of small non-coding RNAs homologous to 
RyhB (called RhyB-1 and RhyB-2) have been described in 
Y. ruckeri, which are produced in salmon cells under iron 

deprivation circumstances to suppress the development 
of sodB [52]. This could allow the pathogen to tailor the 
relative levels of SodA and SodB isozymes to its nutri-
tional and growth requirements. This is especially ben-
eficial when iron concentrations are low and antioxidant 
enzymes are required (for instance, inside the host).

Another study considered the existence of small RNAs 
(sRNAs) in the genome of P. salmonis, several of which 
are linked to stress responses and the development of vir-
ulence factors [53]. The t44 sRNA was previously linked 
to early phases of Salmonella Typhimurium infection, 
and the Sau-5971 and RsaA sRNAs were linked to the 
potential of Staphylococcus aureus to generate resistant 
phenotypes to various unfavorable environmental condi-
tions, including antibiotic treatments [53].

As a result, the link between the general metabolism 
of the bacteria and the regulation of the stress response 
is more complex. There is a direct relationship between 
the induction of the oxidative response mediated by ROS 
and/or RNS and the stringent conditions that bacteria 
face during the infective process, as well as the expression 
of factors associated with tolerance/resistance to antibi-
otics, increased virulence, and tolerance to vital nutrient 
limitations, such as iron and amino acids [54–58], which 
has previously been characterized in several pathogens 
such as E. coli, M. tuberculosis, and P. aeruginosa, among 
others [18, 19, 21].

Pulgar et al. (2015), for instance, announced the iden-
tification of 143 putative virulence genes distinct from 
those previously identified as siderophores and OMPs 
within the genome of P. salmonis LF89 strain [37], 
emphasizing the presence of the core genes of the type IV 
secretion system (T4SS), which had already been iden-
tified SPS:refid::bib36(36) and subsequently found and 
highlighted by other scientific reports [54–58] as a rel-
evant target in the pathogenesis processes of P. salmonis. 
T4SS is indeed an important virulence factor found in a 
variety of intracellular pathogens, including Helicobac-
ter pylori, Legionella pneumophila, among others [19, 
21, 34]. T4SS expression in virulent P. salmonis strains 
has been demonstrated using SHK-1 cell cultures, which 
mimic natural infection circumstances, or cell-free cul-
ture media with iron deprivation, through RNA-Seq or 
microarray approaches [54–56]. In those studies, T4SS 
expression was accompanied by a series of different fla-
gella-structured genes, iron metabolism-related genes, 
oxidative stress, and drug resistance genes, among oth-
ers, supporting the hypothesis that all of them are part of 
the adaptive response of the bacteria to stringent condi-
tions and that they play an important role in the patho-
genic process.

In another study, a genomic analysis of two virulent 
strains of the P. salmonis belonging to the EM90 and 
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LF89 genogroups revealed that the first strain had two 
T4SS systems, whereas, the second strain had three. This 
is explained by 20-kb insertion/deletion (indel) in the 
LF89 genogroup strain containing the tra genes. Also, 
the authors speculate that those indels could be related to 
the differences in the range of hosts that both strains can 
affect [57].

Similarly, it was recently revealed that the region con-
taining T4SS undergoes a genomic rearrangement within 
an attenuated P. salmonis strain, as a result of consecutive 
passages in a synthetic culture medium, which could be 
linked to the loss of virulence [59]. This genomic plastic-
ity of P. salmonis is probably related to the differentiation 
and constant evolution of the two recognized genogroups 
(LF89 and EM90) described to date [38, 60], and closely 
related to the difference in virulence and resistance 
to antibiotics between the strains isolated by different 
research groups [2, 39, 61].

Many virulent strains of Y. ruckeri have the tra operon 
encoding T4SS, which has been suggested to be neces-
sary for the pathogen survival in fish macrophages, and 
that showed similarity in sequence and organization to 
the tra operon of Serratia entomophila, with some of 
them showing sequence similarity to the Dot/Icm pro-
teins of Legionella pneumophiln [16]. Moreover, a mutant 
tra strain was less virulent than the wild-type strain 
supporting its key role in pathogen survival in fish mac-
rophages. Additionally, the expression of the tra genes in 
Y. ruckery is regulated by temperature and nutrient avail-
ability, showing its highest expression at 18 °C with nutri-
ent limitation [16]. Previously it had been shown that the 
expression of the traHIJKCLMN cluster encoding the 
T4SS of Y. ruckeri was reduced by 64% upon incubation 
at 28  °C in comparison to 18  °C [62], which is very rel-
evant since Y. ruckeri has an optimal growth temperature 
of 28 °C but the outbreaks occur at temperatures around 
18 °C. Up-regulation of several genes related to Y. ruckeri 
pathogenesis has been observed at 18 °C instead of 28 °C 
[63] being a factor to consider in future studies.

The T4SS is very versatile, being able to secrete a series 
of effector molecules within the host, including DNA, 
proteins, protein complexes, and DNA–protein com-
plexes, although their specific nature varies from bacte-
ria to bacteria [64, 65]. The repertoire of effectors that are 
delivered to the cytosolic space is key in the pathogenesis 
process and the manipulation of the host’s cellular physi-
ology [64], but in general there are three major groups 
of T4SS involved in: DNA transfer (conjugative T4SSs), 
DNA uptake/release to and from the extracellular space, 
and transfer virulence factors and protein complexes into 
host cells [65]. Therefore, identifying them in each case 
is essential to elucidate whether they act on the modifi-
cation of the cytoskeleton, and the modulation of vesicle 

traffic as Salmonella, or escapes from the phagosome 
blocking fusion with the lysosome such as Francisella or 
Shigella genres [31, 64] to mention a few examples.

A couple of good approximations to the proteomic 
identification of a set of virulence factors in P. salmonis 
were recently reported. The first of them characterized 
the protein profiles of the bacteria and the infected cell at 
two stages defined as “propagation” and “vacuolization.” 
In general, the proteins identified were classified within 
the following functional groups: cell motility, extracel-
lular structures, intracellular traffic, vesicular secretion 
and transport, transport and metabolism of lipids, and 
prophages and transposons [66]. Among them, it was 
identified effector delivery systems such as T4SS, pro-
teins related to flagella formation, toxins, and stress adap-
tation proteins, as well as iron capture systems, those 
that also present differences in expression between the 
different stages of the infection studied [66]. The sec-
ond study was made with a highly virulent strain of P. 
salmonis (Austral005) and conducted to identify a pro-
tein profile that could be used as a vaccine formula (67). 
A set of 28 proteins were classified as virulence factors 
involved in adherence, efflux, iron metabolism, secre-
tion systems, and stress response. Among them, the most 
relevant are katA (catalase), sodCI (a superoxidase dis-
mutase precursor), ahpC (an alkyl hidroperoxidase), bcfH 
(a thiol-disulfide isomerase), and ML1683 (a histone-like 
protein) all directly involved in bacterial stress response 
[18, 67]. Additionally, several virulence factors play a 
relevant role in the infection process, such as pilA-pilC 
involved in the formation of pili, or fliE related to the 
flagellum and virB9-1, icmG and icmE, genes belonging 
to the T4SS, which was already discussed in this manu-
script as a key factor in the virulence process. Finally, the 
genes fur and hasF related to iron metabolism were also 
identified which gives rise to the discussion regarding the 
importance of this cofactor in the stress response and the 
pathogenesis of these bacterial pathogens.

Although numerous studies have shown the direct rela-
tionship of T4SS systems in the virulence and pathogen-
esis of various bacterial species, and as we have reviewed 
here several others are showing a relationship between 
oxidative stress and T4SS expression, there are still very 
few that show a direct relationship between the establish-
ment of the response to the surrounding oxidative stress, 
T4SS expression and an increase in virulence or patho-
genesis, which represents a clear challenge for the com-
ing years of research.

Iron metabolism and stress response
Iron is an essential nutrient for many cellular processes, 
being crucial in energy metabolism, virulence, and effec-
tive host infection, and as a cofactor for several enzymatic 



Page 5 of 9Fuentes et al. Biological Research           (2022) 55:21  

activities in bacterial pathogens [68]. However, both iron 
deficiency and iron overload can affect the redox state, 
hence the modulation of iron homeostasis is a critical 
process and bacteria have evolved multiple systems that 
contribute to its regulation.

Regarding the pathogenic process, the levels of free 
iron in the biological fluids within the host are extremely 
limited because the element is strongly bound to high-
affinity iron-binding proteins. To obtain this scarce iron, 
most pathogenic bacteria have developed iron uptake 
systems that usually involve two components: (a) low-
molecular-weight siderophores released by the bacteria 
that will chelate iron and subsequently transfer it to the 
pathogen and (b) iron-regulated outer membrane pro-
teins (IROMPs) that function as receptors of the iron-
siderophores complexes [43, 69]. Thus, during bacterial 
infection, when iron availability is limiting for bacte-
rial growth, the siderophores produced by bacteria are 
secreted into the extracellular environment, where they 
form a siderophore-Fe3+complex, which is then captured 
by the bacterium through a specific bacterial outer mem-
brane receptor. Once inside the bacterium, the  Fe3+ is 
reduced to  Fe2+ to release free iron, which can then be 
utilized in metabolic processes [68].

Tenacibaculum spp members can express high-affinity 
iron uptake mechanisms, which can compete with the 
host iron-binding proteins [43]. This bacterium produces 
bisucaberin B siderophores and transporters, heme-
related proteins, iron-regulation proteins, and a Fur 
regulator homolog [44]. Avendaño-Herrera et  al. (2005) 
described that an environmental strain of T. maritimum 
utilized several iron sources like hemoglobin, ferric 
ammonic citrate, hemin, and transferrin when added to 
iron-deficient media, allowing the bacteria the utilization 
of heme groups from the host as an iron source by direct 
binding [43].

Similarly, R. salmoninarum possesses iron‐acquisition 
mechanisms related to (a) NADPH reductase [70]; (b) 
siderophore production; and (c) haem utilization [71]. 
These bacteria have genes related to hemin uptake mech-
anisms, including, permeases, receptors, ATPase subu-
nits, and haem oxygenases. Studies revealed that these 
genes are induced under iron-limited conditions, for iron 
acquisition purposes. In addition, the increased expres-
sion of these iron‐acquisition mechanisms by R. sal-
moninarum generates a hypervirulent phenotype, which 
proposes these genes as attractive candidates for thera-
peutic tools against R. salmoninarum [72].

For its part, Y. ruckeri produces the iron-chelating 
enterobactin-like siderophore ruckerbactin to cap-
ture iron [73]. The genes encoding the ruckerbactin are 
rucC and rucD, whose expression is upregulated under 
iron starvation and at 18 °C, but not at 28 °C [63], again 

interrelating the physiological condition with the viru-
lence potential of this pathogen. Furthermore, Y. ruckeri 
possesses the yhlBA operon which contains the yhlA and 
yhlB genes [63] encoding a hemolysin and its activation 
and secretion partner respectively [74]. The increased 
expression of this operon is regulated by iron availabil-
ity but also by temperature (18 °C) and leads to cytolysis 
and hemolysis of fish cells allowing it to capture the iron 
contained in them [74]. The yhlBA cluster is conserved 
among several Y. ruckeri strains isolated from different 
sources and countries highlighting the relevance of this 
operon in Y. ruckeri virulence [73, 75].

Additionally, some proteomics analyses of Y. ruckeri 
strains grown under iron-limiting conditions and com-
parative bioinformatic analysis identified the participa-
tion of some outer membrane proteins (OMPs) related to 
iron transport (ShuA, HemR, and other TonB-dependent 
receptors). Their inherent role in iron homeostasis and 
their expression profiles under iron-poor conditions 
provide insights arguing for the potential roles of these 
proteins in host–pathogen interactions and Y. ruckeri vir-
ulence [76–78].

Concerning the response of P. salmonis against iron 
deprivation inside the host cell, the study of the expres-
sion patterns of the bacteria has led to the identification 
of several genes related to the iron capture and metabo-
lism and also the regulator Fur [37, 41] which regulates 
the iron uptake but also the expression of several viru-
lence factors in pathogen Gram-negative bacteria [18, 
19, 34] and that was later functionally characterized [79]. 
Complementarily, in the iron stringent condition, P. sal-
monis showed the overexpression of RelA and SpoT, 
which are related to the synthesis and modulation of 
(p)ppGpp that in turn modulates the response to stress 
against amino acid starvation among others including 
iron [80]. Furthermore, it is known that (p)ppGpp mod-
ulates positively the RpoS transcriptional factor which 
commands the general stress response in bacteria includ-
ing effectors and T4SS [18–21, 34, 81] that consequently 
presented an increase in expression of over eightfold dur-
ing the intracellular growth of P. salmonis [80] which was 
observed also in late infection stages [66].

In a recent study, an iron chelator (e.g., DFP) was 
employed to highlight the role of iron availability in the 
infective process [82]. In general, the cytopathic effect 
was reduced in  vitro using SHK-1 cells, and mortality 
was reduced in rainbow trout groups treated with two 
different concentrations of the chelator when compared 
to controls. Although the authors warn and discuss the 
need to make fine adjustments in the diets to determine 
the doses of use (due to the physiological imbalance that 
its use could cause), this approach opens up an excel-
lent opportunity to characterize the stress response of 
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P. salmonis and the other pathogens facing this new 
alternative.

Biofilm formation
As previously stated, the interaction of these pathogens’ 
molecular responses in the infection process is com-
plex and involves multiple processes. In this regard, it 
is important to note that among the functions related 
to RelA-SpoT, (p)ppGpp, and RpoS is the activation of 
biofilm formation in various pathogenic bacteria fac-
ing stringent conditions [19], affecting the expression of 
genes related to virulence, toxin production, motility, and 
chemotaxis, among others, across a given bacterial path-
ogenic population, contributing to bacterial adaptation 
and colonization [19]. Furthermore, it has been reported 
that the activation of a two-component system known as 
UvrY/ BarA in E. coli occurs after the activation of RpoS, 
allowing the synthesis of many non-coding RNAs that 
influence the transcriptional response in the same way as 
Y. ruckeri [53, 55, 16].

Regarding the biofilm formation, some cultures of P. 
salmonis virulent strains belonging to LF89 and EM90 
genogroups grown under different NaCl and Fe concen-
trations showed an increase in biofilm formation [83], 
evidencing the relationship between these stress condi-
tions and the response. Furthermore, it was established 
that the planktonic forms of some strains of the EM geno-
group and the sessile forms of some strains of the LF89 
genogroup presented higher levels of virulence in SHK-1 
cell cultures [83] which also could be related to the dif-
ferences in virulence observed between strains of both 
genogroups [2, 39, 61]. In the same way, another study 
reports differences in the time and viability of biofilms 
formed in vitro by two different virulent isolates of P. sal-
monis (also belonging to LF89 and EM90 genogroups) 
independently of the nutritional content of the medium, 
but interestingly they showed differences in tolerance or 
sensitivity to salmon mucus, which is the first barrier of 
salmon, with the isolate belonging to genogroup EM 90 
genogroup being more tolerant [84].

Biofilm formation in T. maritimum cells has been 
observed on hard surfaces [85], which may be related to 
their hydrophobicity and pathogenicity against turbot 
(Scophthalmus maximus), but it has also been observed 
that the bacteria are capable of producing substantial 
amounts of "slime", allowing them to adhere to hydro-
phobic surfaces, which may be related to their ability 
to adhere to the fish’s external surfaces [86]. It is prob-
able that the ability of T. maritimum to adhere would be 
related to pathogenicity and virulence since adhesive iso-
lates of this bacteria appear to be more pathogenic than 
other less adherent [87]. In the same way, three differ-
ent T. dicentrarchi strains were tested for their ability to 

adhere to an inert surface and to generate biofilms show-
ing that all the strains were able to do so [88].

Also, Y. ruckeri can form biofilms in different materi-
als found in fish farms, being a key factor in recurrent 
infections in rainbow trout aquaculture [16]. Recently the 
role of two membrane autotransporters called invasion 
Yrlnv and Invasine-like molecule Yrllm was investigated 
showing that both have a promoting effect on biofilm for-
mation over different abiotic surfaces [89]. The biofilm 
formation over those surfaces gives Y. ruckeri a higher 
tolerance against antibiotics compared to planktonic cells 
due to the biofilm itself but also due to the change in the 
outer membrane pattern of the surface-associated cells 
of these virulent strains [16]. Additionally, this pathogen 
can adhere to, and invade various fish cell lines, a process 
that is closely related to the presence and expression of 
flagella in virulent strains, and with the quorum sensing 
system that regulates the expression of virulence factors, 
motility, and pathogen entry into host cells [16].

Inert surfaces in aquaculture environments can house 
biofilms and serve as reservoirs for pathogenic bacte-
ria, demonstrating the importance of biofilms in disease 
transmission [16, 84–86].

Conclusions
There are different levels of knowledge about the bacte-
rial pathogens that affect aquaculture in Chile. However, 
there is considerable scientific evidence regarding the 
pathogenicity mechanisms used by different well-known 
pathogens and that—in general—present similar systems 
and strategies. The use of this comparative information 
can serve to advance more quickly in the identification 
and characterization of the different components that 
make up each one. In particular, the knowledge of the 
effectors that T4SS systems transport once inside mac-
rophages, and which of them are common and/or dif-
ferent among the pathogens that affect salmonids, the 
understanding of the response mediated by iron starva-
tion, or the regulation and blocking of biofilm formation 
in the surrounding structures, will give us insights on 
how to efficiently can control future infectious outbreaks, 
improving the advances already made and avoiding the 
excessive use of antibiotics to the different pathogens of 
the national aquaculture.
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