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Aeromonas salmonicida subsp. salmonicida is an important pathogen in salmonid aquaculture and is responsible for furunculosis, a common infectious disease in salmon, trout and char. The type-three secretion system (T3SS) is considered as the major virulence attribute of A. salmonicida. It is used by the bacterium to secrete and translocate a large number of toxins and effector proteins into the host cell. Some of these factors such as the bi-functional ADP ribosylating—GTPase activating protein AexT have been shown to have a detrimental impact on the integrity of the cell cytoskeleton, and hence contribute to impair phagocytosis. Other effector proteins that are injected to the host cell such as AopP act by inhibiting the NF-κB signaling pathway blocking the translocation of NF-κB (p65) into the nucleus, thus influencing the host's inflammatory response. Several additional effectors that are secreted and translocated via the T3SS including Ati2, AopN, and ExsE have been suggested to modulate the host's immune response in particular by down regulating the inflammatory reaction. The analysis of the immune response in rainbow trout (Oncorhynchus mykiss) infected with virulent, T3SS harboring A. salmonicida subsp. salmonicida revealed that the infection leads to a rapid and strong downregulation of several immune-relevant markers affecting both the innate and the adaptive immune response, leading to mortality of the infected fish. These findings show that T3SS-delivered effector molecules and toxins of A. salmonicida impair the host's cytoskeleton thus damaging cell physiology and phagocytosis, but also affect the host's immune defense.
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INTRODUCTION

Aeromonas salmonicida subsp. salmonicida (hereafter referred to A. salmonicida) is the etiologic agent of the disease furunculosis in Salmonidae fish (mostly salmon, trout, and char), a major health problem for the growing salmonid aquaculture throughout the world. The disease is known for over a century and results in significant economic and ecologic losses. It still leads to a large consumption of antibiotics. The introduction of vaccination of salmon against furunculosis by classical oil-adjuvant bactrin vaccines, based on particular empirically selected A. salmonicida strains has significantly reduced the use of antibiotics (http://www.who.int/features/2015/antibiotics-norway/en/#). However, frequent outbreaks of furunculosis caused by A. salmonicida persistently occur in fish farms. Profound knowledge on the virulence attributes of A. salmonicida is required to understand its pathogenicity mechanisms in order to develop novel and improved preventive and therapeutic approaches. Several putative virulence factors of A. salmonicida such as the A-layer protein, extracellular proteases, aerolysin, and extracellular hemolysins failed to explain the pathogenicity of A. salmonicida (Ellis et al., 1988; Vipond et al., 1998). Currently, a large body of evidence exists that the type-three secretion system (T3SS) and the T3SS-related toxins and effector proteins are responsible for the pathogenic phenotype of strains of the genus Aeromonas and represent the main virulence system in A. salmonicida. This review gives a concise overview on the highly developed T3SS in A. salmonicida that consists of a proper bacterial membrane located secretion complex coupled to an extracellular nano-syringe to inject toxins and effector proteins into host cells. The role of the different toxins and effector proteins of A. salmonicida T3SS that enables the pathogen to efficiently infect the host by impairing its early warning system and immune defense is discussed. A detailed molecular description of the individual reactions of the various components of the A. salmonicida T3SS found in the extensive review by Vanden Bergh and Frey (2014).

MORPHOLOGY OF THE T3SS IN A. SALMONICIDA

The type III secretion system of A. salmonicida consists of three major structures, (i) the proper secretion apparatus that enables the delivery of protein toxins and effectors across the inner and outer bacterial membrane, (ii) the injection needle that can bridge the environmental gap between bacterium and host cell and transport the substances to the host, and (iii) the translocation apparatus that enables the translocation of the toxins and effectors from the needle across the cellular host membrane into the host cell (Figure 1). Comparison of the individual components or their genetic bases of the T3SS in A. salmonicida with the well described analogs found in Yersinia and Salmonella show strong conservation in particular among the structural proteins of the secretion- and translocation apparatus. Therefore, the morphological information of the A. salmonicida could be derived to a large extent from the archetype T3SS in Yersinia and Salmonella that have been analyzed extensively (Hodgkinson et al., 2009; Cornelis, 2010; Diepold et al., 2011, 2012; Abrusci et al., 2013; Dewoody et al., 2013; Galan et al., 2014). The T3SS is a sophisticated nano-syringe device as it is used by several pathogenic prokaryotes to deliver effector proteins to eukaryotic cells. The T3SS has been proposed to have evolved from the flagellar apparatus (Pallen and Wren, 2007), which through distinct evolutionary passages would have first lost its motility and then acquired needle-like organelles that provide the ability to secrete polypeptides (Galan et al., 2014). T3SS in A. salmonicida is composed by more than 20 proteins including the Asc (Aeromonas secretion) proteins that build the blocks of the secretion channel, the translocation needle and the infectisome, and the Aop (Aeromonas outer proteins) that are released by the bacterium and injected into the host cell. Studies in Salmonella and in Yersinia revealed that the base of the T3SS consists of several rings which span the bacterial inner and outer membranes and the periplasmic space (Figure 1). A large number of AscD and AscJ proteins (24 each in Yersinia) and AscV build up the ring of the inner membrane and AscC mostly the outer membrane channel. A special domain in the center of the inner membrane rings is formed by AscR, AscS, AscT, AscU, which together with AscV are responsible for the secretion mechanisms, as deduced from Yersinia and Salmonella as well as from work done on components of T3SS of A. salmonicida (Burr et al., 2005; Hodgkinson et al., 2009; Cornelis, 2010; Galan et al., 2014) (Table 1). AscV seems to constitute one of the central protein in the secretion mechanisms and is highly conserved among all bacterial T3SS. The translocation needle itself is composed of more than 100 units of the AscF protein that is topped by a ring of AcrV units that connect to the translocon composed of AopB and AopD, which itself integrates as a pore into the host cell membrane (Figure 1). The AopB/AopD pore is expected to strongly determine host-specificity. Hence, AopB and AopD are among the least conserved proteins shared by bacterial T3SS. In analogy to the T3SS of Yersinia enterocolitica (Mota et al., 2005), the needle of the T3SS of A. salmonicida is assumed to be built up of polymerized multimers of AscF. The polymerization of the AscF subunits is performed by AscH. The control of the length of the needle, as determined by the number of AscF subunits, is assumed to be controlled by AscP. After bridging AscV with AopB/ApoD, secretion and translocation of the effectors is initiated orchestrated by the control proteins AscK, AscL, AscQ, and the ATPase AscN (Broz et al., 2007). The functionality of AscV from A. salmonicida has been demonstrated by deletion mutagenesis in A. salmonicida and in Yersinia by a LcrV/AcrV hybrid, which constituted a functional tip of the translocation needle (Burr et al., 2003a; Broz et al., 2007). During the building up of the syringe and the subsequent secretion and translocation of effector molecules to the host cell, several regulators and chaperons stabilize and control the building process of the formation of the needle, the translocon, and the secretion. This regulation is strongly influenced by host cell contact and by the concentration of free Ca2+ ions in the growth medium of A. salmonicida (Burr et al., 2003a).
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FIGURE 1. Schematic overview of a Type III secretion apparatus (top) and its genetic arrangement in Aeromonas salmonicida subsp. salmonicida (bottom). The colored arrows represent the individual genes and are labeled with analogous colors of the constituents of the T3SS apparatus drawn on top. Black arrows indicate the major operons. Note only the prominent Asc proteins are indicated in the drawing on the top part of the figure. Data taken from: (Burr et al., 2003a; Reith et al., 2008; Cornelis, 2010; Galan et al., 2014).



Table 1. T3SS Proteins and pseudogenes and their functions.
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GENETIC FRAMEWORK OF THE T3SS OF A. SALMONICIDA

The genes encoding the structural components of the T3SS in A. salmonicida are encoded on a large conjugative plasmid of 150 kbp named pASvirA in strain JF2267 and pASA5 in strain A449 (Stuber et al., 2003a; Reith et al., 2008) where they are arranged in five major polycistronic operons (Burr et al., 2003a) (Figure 1). The full genome sequence of the virulent A. salmonicida strain A449 has been determined and confirmed the five structural T3SS operons containing the genes that build up the secretion and translocation apparatus (i) exsA,D,ascB,C,D,E,F,G,H,I,J,K,L; (ii) exsC,E,B; (iii) aopN,acr12,ascX,Y,V,acrR,G,V,H, aopB,D; (iv) ascN,O,P,Q,R,S,T,U, and (v) aopX,sycX (Figure 1). They are flanked on both sides by smaller operons containing the genes for various effector proteins and their corresponding chaperones (ati1, ati2; aopH, sycH; aopO, sycO), interspaced by several insertion elements belonging to IS116, IS256, IS630 (Reith et al., 2008; Vanden Bergh and Frey, 2014) (Figure 1). T3SS genes in A. salmonicida are unstable. In strain JF2267, isolated from an arctic char (Savelinus alpinus) with furunculosis, the T3SS virulence plasmid pASvirA is thermo-labile and rapidly lost if the strain is grown at temperatures above 20°C, although such temperatures (22–28°C) are generally recommended for growth of A. salmonicida by reference literature such as Bergey's Manual of Systematic Bacteriology and other guidelines (Stuber et al., 2003a). Furthermore, stressful conditions such as growth at or exposure to temperatures above 20°C also can lead to loss of the T3SS operons by homologous recombination between the two IS256 copies that flank the T3SS gene cluster (Daher et al., 2011; Tanaka et al., 2012) or by smaller rearrangement events by IS256 and other ISs such as IS630 (Studer et al., 2013; Tanaka et al., 2013; Emond-Rheault et al., 2015a,b). IS elements are also expected to be involved in the integration of the T3SS gene cluster into the chromosome as this has been observed in Aeromonas hydrophila strain SSU and Aeromonas veronii strain AER39. Furthermore, the T3SS effector aopH and its corresponding chaperon sycH gene have also been found on a smaller plasmid pASA6 (18.6 kb) which might be a derivative of the virulence plasmid pASA5. Interestingly the gene of the adenosine diphosphate (ADP) ribosylating toxin AexT a main toxin of A. salmonicida, as well of a second ADP-riboslyase (AopS) that however seems to be inactive in this species, are found chromosomally located on both strains A449 and JF2267 (Braun et al., 2002; Reith et al., 2008).

In general the basic genetic structure of A. salmonicida seems to be well conserved worldwide and over a relatively long time period and is generally linked with geographical origins as recently shown by Studer et al. (2013) and Emond-Rheault et al. (2015a). However, the cluster of virulence genes related to T3SS seems to be continuously exposed to local genetic rearrangements and deletions through internal insertion elements, thermosensitive plasmids and gene exchanges by horizontal transfer among environmental bacteria (Stuber et al., 2003b; Burr and Frey, 2007; Tanaka et al., 2012). An important consequence of gene deletions is the progressive loss of virulence genes observed with A. salmonicida under laboratory conditions where the selective pressure for virulence is absent. This has led to a total loss of all structural T3SS genes in the type strain of A. salmonicida ATCC 33658T and that has completely lost its virulence for fish (Burr and Frey, 2009) and hence is unsuitable for studies of A. salmonicida pathogenicity.

Furthermore, genomic investigations combined with PCR genotyping of a wild type A. salmonicida strain isolated from a brown trout with furunculosis revealed that this strain also is sensitive to genetic instability when exposed to 25°C, leading to insertion sequence-dependent rearrangement of the locus on the pAsa5 plasmid that encodes a T3SS, deleting an area which is essential for the virulence of the bacterium, including the genes exsD, ascV, and ascU (Emond-Rheault et al., 2015b). Hence molecular epidemiological assessments of A. salmonicida require the confirmation of the presence the major T3SS genes in order to be relevant for the occurrence of the disease.

T3SS ASSOCIATED VIRULENCE IN A. SALMONICIDA

While several virulence factors such as aerolysin AerA, surface layer protein VapA, serine protease Ahe2, and the LPS activated CGAT lipase SatA (Salte et al., 1992, 1993) had been characterized since a long time, only the T3SS could be determined to have a major effect on virulence. Independent studies with isogenic A. salmonicida strains containing deletion mutations for genes of structural proteins of the T3SS proved to be non-virulent both in cellular systems and in Amoebae, as well as in vivo in the natural host, the trout (Burr et al., 2002, 2003b, 2005; Dacanay et al., 2006, 2010; Froquet et al., 2007; Daher et al., 2011). In a recent study it was shown that intraperitoneal injection of 500 colony forming units (cfu) of A. salmonicida wild-type strain JF2267 resulted in 80% mortality after 7 days, whereas the isogenic secretion-deficient ΔascV derivative showed no mortality at a 200 times higher dose (105 cfu/fish) (Burr et al., 2005) and injection of a 200,000 times higher dose (108 cfu/fish), which is far from any natural infection, caused only 20% mortality (Vanden Bergh and Frey, 2014).

The T3SS effectors of A. salmonicida are mainly composed of AexT, AopH, Ati2, AopP, AopO, AopN as identified by mass spectrometry (Vanden Bergh et al., 2013a) (Table 1). From these proteins, AexT, AopP, and Ati2 have been investigated in detail with regard to cytotoxicity and showed functional homology with the analogs genes in Salmonella and Yersinia, while the others were deduced by similarity with T3SS effectors from other bacteria. They will be described shortly individually below. Furthermore, the regulator ExsE and the chaperone Ati1 have been found to be secreted by T3SS (Vanden Bergh et al., 2013a) but their function as effectors is not known.

AexT is a potent bifunctional toxin and possesses a GTPase-activating domain that acts on small monomeric GTPases of the Rho family (Rho, Rac, and Cdc42) and an ADP ribosylating domain that ribosylates in particular non-muscular but also muscular actin (Braun et al., 2002; Burr et al., 2003a; Fehr et al., 2007). Both enzymatic domains on AexT are able to depolymerize actin and cause cell rounding independently (Fehr et al., 2007). AexT is considered as one of the main toxins of A. salmonicida. However, deletion of the aexT gene leads only to a partial attenuation as demonstrated by a delayed cytotoxicity in rainbow trout gonad (RTG) and epithelioma papulosum cyprinid (EPC) cells (Fehr et al., 2007).

AopP was shown to inhibit the translocation of the p50/p65 protein complex (NFκB1/RelA) of the NFκB signaling pathway into the nucleus of the target cells. AopP inhibits IκB kinase β (IKKβ) phosphorylation and blocks IκBα phosphorylation revealing that the AopP mediated inhibition of the NFκB pathway occurs upstream of IκB phosphorylation (Fehr et al., 2006). Inhibition of the NFκB pathway by AopP after stimulation with tumor necrosis factor α (TNFα) induces a strong pro-apoptotic reaction in the host cell (Fehr et al., 2006; Jones et al., 2012).

AopH is an analog to the Yersinia phosphotyrosine phosphatase YopH that dephosphorylates tyrosine residues of multiple proteins at the cellular membrane of the host cell that are involved in focal adhesion complexes. This results in the loss of local adhesion alteration of the actin cytoskeleton structure and leads to loss of the phagocytosis of the affected phagocytes. In Y. enterocolitica, it was shown that the protein YopH, downregulates the respiratory burst while blocking T cell signaling activation and initiation of the adaptive immune response (Cornelis, 2002; Broberg and Orth, 2010). The role of AopH in A. salmonicida has not yet been studied by itself. However, it is thought to have a prominent activity in disturbing cell signaling that would be responsible for the initiation of the adaptive immune response (Vanden Bergh et al., 2013b; Vanden Bergh and Frey, 2014).

AopO is an analog to the Yersinia YopO, a serine/threonine kinase that disturbs the normal distribution of actin in the host cell as shown by Nejedlik et al. (2004). It inactivates Gαq signaling pathways by phosphorylation affecting multiple downstream targets involved in the actin cytoskeleton assembly. In A. salmonicida deletion mutants of the aopO gene in connection with ΔaexT and ΔaopH mutations were shown to affect leukocyte activation and downstream immune responses in Atlantic salmon (Fast et al., 2009). The specific role of AopO in infections by A. salmonicida has not yet been analyzed in detail. However, AopO was shown to undergo a particularly strong induction upon infection of fish compared to growth in axenic culture medium and hence seems to be required for the infections process (Menanteau-Ledouble and El-Matbouli, 2016).

AopN is involved in controlling the secretion of translocator proteins as a gate keeper inside the bacterium. However, it is also secreted by the T3SS in virulent A. salmonicida like effector proteins (Vanden Bergh et al., 2013b). Secretion of AopN, however occurred at a somewhat lower extent than the other effectors described (Bergh et al., 2013). AopN homologs in other bacteria are described as T3SS effectors which play a role in virulence and can have a dual role: controlling the secretion of translocator proteins inside bacteria and suppressing immunity (Vanden Bergh et al., 2013b). Hence, AopN like AopH is assumed to contribute to the strong inhibition of basic immune mediators such as interferon γ (INFγ) particularly in the beginning of infection with virulent A. salmonicida that harbors a functional T3SS.

Ati2 was identified in Vibrio parahaemolyticus as a phosphatidylinositol phosphatase involved in detachment of actin binding proteins from the plasma membrane leading to the destabilization of the host cell and its cytolysis (Broberg et al., 2010; Dallaire-Dufresne et al., 2013).

IMMUNE-MODULATING FUNCTIONS OF T3SS EFFECTORS

Fish challenged with virulent, T3SS+, A. salmonicida show a typical dissemination of bacteria that starts 12 h post challenge and is heavily detected 3–4 days in kidneys (Farto et al., 2011; Vanden Bergh and Frey, 2014). Subsequently A. salmonicida colonizes spleen, liver, and terminally the cardiac and skeletal muscles (Burr et al., 2005; Wahli et al., 2005; Farto et al., 2011). Virulent A. salmonicida with a functional T3SS (strain JF2267) was found to provoke a relatively modest Toll-like receptor (TLR) response mainly inducing the TLR11 family. In contrast a marked trafficking of myeloid cells as an immunophysiological outcome of inflammation in whitefish after an infection with A. salmonicida was observed (Altmann et al., 2016). Similarly, infection of rainbow trout with the same A. salmonicida wild-type showed to only moderately induce the expression of factors contributing to TLR signaling, but strongly activated the innate and adaptive cellular response. In fact, a massive migration of macrophages and granulocytes into the coelomic cavity was observed together with emigration of B lymphocytes from, and immigration of T lymphocytes into the head kidney (Brietzke et al., 2015).

A major effect of the T3SS toxins that are translocated to the host cells is actin depolymerization and destabilization of the actin cytoskeleton caused by the ADP ribosylase—GTPase activating toxin AexT, the serine/threonine kinase AopO and the phosphotyrosine phosphatase AopH. Potentially the phosphatidylinositol phosphatase Ati2 shares a similar activity that leads to cell rounding in cultivated fish cells to survival in phagocytic host cells causing spread of the pathogen and colonization of the host in vivo respectively, as a ΔaexT—ΔaopO—ΔaopH triple mutant did not fully abolish destabilization of actin cytoskeleton (Dacanay et al., 2006). Colonization of the host and survival in the macrophage must be considered as a special impairment of the macrophages in their task as immune cells to clear infections.

The immune suppressive effect induced by A. salmonicida was postulated already in 1935 (Scotland. Furunculosis committee and Mackie, 1935). However, until the discovery of T3SS as a major virulence attribute and its instability in A. salmonicida (Burr et al., 2002, 2003a,b, 2005; Stuber et al., 2003a) the variable effects shown in different experiments could not be explained. Furthermore, studies using the type strain of A. salmonicida, that was shown to be non-pathogenic due to the loss of the T3SS-containing virulence plasmid pASA5/pASvirA (Burr and Frey, 2009), resulted in erroneous results with regards to virulence mechanisms. Hence, any data in relation with virulence and immune-suppression or immune activation reported from infection studies with A. salmonicida needs to be interpreted with care and only if clear data concerning the presence respectively absence of the T3SS are stated.

In many fish species, filaments of cells connecting directly the thymus with the head kidney are expected to be used for lymphocyte migration from the thymus to the head kidney (Bowden et al., 2005). Interestingly, thymectomised fish challenged with A. salmonicida reveal higher antibody titres than intact controls. The reconstitution of thymectomised fish with preserved thymocytes depresses the immunoglobulinemia to levels similar to those of the control group suggesting that A. salmonicida promotes thymocytes mediated suppression of B-cell activation or plasma cell secretion (Findlay and Tatner, 1996). Moreover, in vitro, virulent A. salmonicida elicits a significant increase in IL-10 expression by fish leukocytes from the head kidney; IL-10 is a cytokine produced by various cell populations which downregulates the cellular immune response and contributes to Treg-mediated suppression in association with other cytokines. In contrast, deletion of T3SS genes significantly decreases the expression of this cytokine (Fast et al., 2009). Furthermore, in the 3 days following a challenge with A. salmonicida, the expression of genes associated with the following immunosuppressive Treg response are enhanced in the head kidney of fish: fibroleukin Fgl2, Es1 (HES1/KNPI), and serum amyloid A (Millan et al., 2011). Current data show, that virulent A. salmonicida use the whole arsenal of the T3SS and its effectors to neutralize the fish's immune response immediately after infection and lasting at least 5 days post infection. Rainbow trout infected with a fully virulent A. salmonicida that harbors a functional T3SS was invariably associated with a remarkable downregulation or even complete shut off of the expression of specific immune markers affecting both the innate and the adaptive immune response and caused mortality of the infected fish. Hence, translocation of T3SS effectors of A. salmonicida is expected to translate into a concerted blockade of relevant immune players (Vanden Bergh et al., 2013a,b; Vanden Bergh and Frey, 2014).

Altogether, T3SS-delivered toxins and effector molecules of A. salmonicida do not only impair the host's cytoskeleton destabilization of the actin cytoskeleton and thus damaging cell physiology and phagocytosis, but also directly affect the induction of critical immune markers including the shut-down of important warning signals to neighboring cells of the host in order recognize infection and induce immune defense.

SURVIVAL OF T3SS PROFICIENT A. SALMONICIDA IN THE ENVIRONMENT

Growth of A. salmonicida in inanimate conditions such as in axenic growth medium does not require the presence of a functional T3SS. Indeed T3SS genes remain silent in standard growth media and induction of the T3SS genes is regulated by contact with fish cells or under conditions of low levels of free calcium ions which is prevalent e.g., intracellularly (Burr et al., 2003a). Hence the presence of the whole genetic T3SS background is expected to represent an unnecessary fitness cost to A. salmonicida replicating or surviving outside the infected host, such as in open aquatic environment. However, the presence of such a sophisticated system as T3SS, found in A. salmonicida and other environmental bacteria, which is directed to disrupt the host cytoskeleton of an eukaryote lets speculate that these virulence strategies are the results of selective pressure of these bacteria to survive in the aquatic environment by escaping from the engulfment and killing of feral phagocytes such as amoebas. Hence, the actin cytoskeleton destabilizing mechanisms not only serve to tie up bacteriophageous protozoans and escape phagocytosis, but also to use concurrently the potential predator to survive and replicate inside, and finally to lyse the raider, escape and spread to the environment. Virulent A. salmonicida JF2267 have been demonstrated to be lethal for the amoeba Dictyostelium discoideum while the isogenic T3SS deficient ΔascV mutant (JF2747) was a-virulent in this host. In addition, trans-complementation of the ΔascV mutation restored the virulent phenotype for Dictyostelium (Froquet et al., 2007). It is therefore speculated that wild phagocytes such as Dictyostelium species might serve as reservoir and multiplier for virulent A. salmonicida, thus keeping the T3SS harboring strains in the environment, particularly in fecal and food waste enriched sediment, as it is found in proximity of fish farms. This explains why the high prevalence of protistan hosts in water with fecal contamination or plankton is considered as a source of virulent A. salmonidica and origin of furunculosis outbreaks (King and Shotts, 1988; Nese and Enger, 1993; Vanden Bergh and Frey, 2014).

CONCLUSIVE REMARKS

The T3SS of A. salmonicida constitutes its major virulence which enables this pathogen to impair the host's cytoskeleton thus damaging cell physiology and phagocytosis and concurrently to directly affect the induction of critical immune markers of the innate and adaptive immune system shutting off completely the host's important warning signals to recognize infection and prevent onset of disease. Moreover, the T3SS enables the host to survive phagocytosis by protozoans in the environment using them as an alternative host to multiply and preserve their large genetic background of this complex virulence apparatus.
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