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Gram-negative bacteria have developed several nanoma-
chine channels known as type I, lll, IV and VI secretion
systems that enable export of effector proteins/toxins
from their cytosol across the outer membrane to target
host cells. Protein secretion systems are critical to bac-
terial virulence and interactions with other organisms.
Aeromonas utilize various secretion machines, e.g. two-
step T2SS, a Sec-dependent system, as well as one-step,
Sec-independent T3SS and T6SS systems to transport ef-
fector proteins/toxins and virulence factors. Type Ill se-
cretion system (T3SS) is considered to be the dominant
virulence system in Aeromonas. Activity of bacterial T3SS
effector proteins most often leads to disorders in signal-
ling pathways and reorganization of the cell cytoskel-
eton. There are also scientific reports on a pathogenicity
mechanism associated with the host cell apopotosis/py-
roptosis resulting from secretion of a cytotoxic entero-
toxin, i.e. the Act protein, by the T2SS secretion system
and an effector protein Hcp by the T6SS system. Type
IV secretion system (T4SS) is the system which translo-
cates protein substrates, protein-DNA complexes and
DNA into eukaryotic or bacterial target cells. In this pa-
per, contribution of virulence determinants involved in
the pathogenicity potential of Aeromonas is discussed.
Considering that the variable expression of virulence fac-
tors has a decisive impact on the differences observed
in the virulence of particular species of microorganisms,
it is important to assess a correlation between bacterial
pathogenicity and their virulence-associated genes.
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INTRODUCTION

Bacterial pathogens have evolved a multitude of strat-
egies against prokaryotic competitors and eukaryotic
hosts to colonize, invade, and overcome the host im-
mune response (Sha e/ al, 2005; Fernandez-Bravo &
Figueras, 2020). One of important prokaryotic cell func-
tions is protein secretion, which comprises transport of
proteins from the cytoplasm to the extracellular medium
and/or directly into other bacteria or ecukaryotic cells.
Protein secretion has an essential impact on these strat-
egies, used by many bacterial pathogens (Maffei ef al,
2017; Burdette e al., 2018; Sana ef al., 2019). Since bacte-
ria form a variety of biotic associations, such as biofilms
or pathogenic associations with larger host organisms
(Donlan, 2002; Bogino ez al, 2013), the role of protein
secretion in modulating all of these interactions has been
an important focus in the area of bacterial pathogenesis
(T'seng et al., 2009; Nazir et al., 2017).

Many proteins secreted by pathogens, such as toxins
and effector proteins, contribute to increased adhesion
of microorganisms to eukaryotic cells and to direct dis-
ruption of target cell functions playing a role in promot-
ing their virulence (Brodsky ez a/, 2010). These proteins
can be transferred from the bacterial cytoplasm into
host cells or host environment »iz a variety of mecha-
nisms, usually involving dedicated protein secretion sys-
tems, which are molecular machines translocating effec-
tor proteins across the host plasma membrane (Holland,
2004; Abby & Rocha, 2017; McQuade & Stock, 2018;
Meuskens ¢ al, 2019). Bacterial pathogens use secre-
tion devices in a number of processes that are essential
for their growth. These secretory nanomachines fulfil a
prominent role in pathogenic or symbiotic interactions
between “invaders” and their hosts or in formation
of microbial communities (Galan & Waksman, 2018).
Gram-negative bacteria have developed a wide variety
of protein secretion apparatuses (known as type II, III,
IV, and VI secretion systems) that facilitate export of
infection-related proteins through the inner and outer
membrane (Depluverez e al., 2016; Kubori, 2016; Abby
& Rocha, 2017; Jana & Salomon, 2019).

Pathogenic bacteria are capable of causing diseases in
susceptible hosts through the activity of multiple viru-
lence determinants that work individually or in combi-
nation. Effector proteins secreted zia these systems are
usually critical for bacterial virulence, e.g. loss of T3SS
is sufficient to render the bacteria completely avirulent.
Evaluation of distribution of the virulence-associated
genes that encode various effector proteins and toxins
and their correlation with bacterial virulence could pro-
vide valuable insights into bacterial pathogenicity (Wu
et al., 2008; El-Bahar ef al., 2019; Reyes-Rodriguez e al.,
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2019; Talagrand-Reboul ez al, 2020). This review pre-
sents a concise summary of the secreted effectors/tox-
ins’ contribution to the virulence potential of Aeromonas.
Since expression of virulence determinants has a decisive
impact on the differences observed in the virulence of
particular species of microorganisms, it is necessary to
study the correlation between virulence genes and bacte-
rial pathogenicity. The role of bacterial secretion path-
ways (T2SS, T3SS, and T6SS) used to efficiently infect
the host is discussed as well.

SECRETED VIRULENCE FACTORS IN AEROMONAS

Aeromonas, which are representatives of Gram-nega-
tive bacteria, are found in aquatic environments world-
wide (Evangelista-Barreto ez al., 2010; Soto-Davila ez al.,
2019). These rods are mostly pathogenic to poikilother-
mic animals, including amphibians, fish, and reptiles.
These opportunistic pathogens provoke a large vari-
ety of fish diseases, which particularly affect cultured
salmonids and cyprinid species, causing ulcers, haem-
orrhages, septicemias and furunculosis (the latter con-
cerns diseases caused by Aeromonas salmonicida subsp.
salmonicida in salmonids) (Dwivedi e al., 2008; Dworac-
zek et al., 2019). In humans, they can cause wound in-
fections, bacteraemia, gastroenteritis, and less frequently
hepatobiliary infections, respiratory infections, urinary
tract infections, and peritonitis. These diseases are usu-
ally more severe in immunocompromised than immu-
nocompetent individuals (Wahli e# 4/, 2005; Tang et al.,

2014; Praveen et al., 2016; Abd-El-Malek, 2017; Duman
et al., 2018).

The pathogenicity of Aeromonas was found to be mul-
tifactorial (Turska-Szewczuk e al, 2014; Rasmussen-Ivey
et al., 2016; Reyes-Rodriguez ez al., 2019) and attributed
to a wide range of virulence-related factors (Albert ez al,
20005 Igbinosa et al., 2012; Tomas, 2012; Turska-Szew-
czuk et al, 2013), including structural components, i.c.
polar (fla) and lateral flagella (laf), pili, capsules, the S-
layer, outer membrane proteins (OMP), and lipopolysac-
charide (LPS). Moreover, interaction between such path-
ogenic bacteria as Aeromonas and host cells is produced
by their extracellular components and toxins, including
haemolytic toxins, such as: 1) aerolysin with haemolytic
and cytolytic properties (Aer), 2) cytotoxic enterotoxin
(Act) with multiple biological activities, including abil-
ity to lyse red blood cells and destruct tissue culture
cell lines (Chopra ez al., 2000), 3) thermolabile (Alt), and
thermostable (Ast) cytotonic enterotoxins (Alt causes
elevation of cyclic AMP and prostaglandin levels in in-
testinal epithelial cells, Ast possess similar properties to
Alt) (Albert et al, 2000), 4) serine protease (Ser) with
extracellular proteolytic activity, 5) elastase (Ela) with
caseinolytic and elastolytic activities (Rasmussen-Ivey ef
al., 2016), 6) glycerophospholipids, such as cholesterol
acyltransferase (GCAT), which attacks membrane phos-
pholipids and leads to lysis of fish tissues (Tomas, 2012),
and secretion systems (Ghenghesh ¢z a/, 2014; Rasmus-
sen-Ivey ez al, 2016; Dlamini ez al., 2018; Dworaczek et
al., 2019; Fernandez-Bravo & Figueras, 2020). To under-
stand the pathogenicity of Aeromonas, the contribution
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Figure 1. Role of the virulence factors contributing to the virulence of Aeromonas
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of these factors should be defined. The role of determi-
nants involved in various stages of infection mechanisms
is presented in Fig. 1. Many researchers have focused
their attention on the biochemical activity of extracellu-
lar enzymes that may lead to damage to the host cell,
facilitating the pathogen to invade the host and cause
infection (Sun ez al, 2016). Pathogenicity of _Aeromonas
results from a combination of various virulence deter-
minants; therefore, continuous monitoring of the occur-
rence of several virulence-related determinants in isolates
is crucial to clarify the pathogenesis and epidemiology of
(Chacon et al., 2003; Aguilera-Arreola et al, 2005). Ex-
pression of genes (al, act, exoA, efe.) that encode differ-
ent toxins has been widely analysed in determining the
pathogenicity potential of Aeromonas (Li et al., 2011; Yi et
al., 2013). Wang et al. characterized the hemolysin genes
in Aeromonas hydrophila and Aeromonas sobria isolates. They
suggest that ahb/ was the most prevalent hemolysin gene
in all of the examined Aeromonas isolates (Wang et al.,
2003). Another paper reports on a new functional he-
molysin A gene (b/A), which was found in a clinical
isolate of A. hydrophila (Erxova et al, 2007). As proved
by molecular characterization, the 444 gene showed no
homology with other known hemolysin and aerolysin
genes identified in Aeromonas isolates. A role of this new
hemolysin gene in the virulence potential of Aeromonas
has been suggested.

Zhou and others (Zhou ¢t al, 2019) investigated vit-
ulence-related genes in Aeromonas strains obtained from
patients suffering from extra-intestinal and intestinal dis-
eases. The study of the distribution of virulence genes in
the most common Aeromonas species A. veronii, A. caviae,
A. dbakensis, and A. hydrophila, which have been iso-
lated from clinical specimens, revealed 40 combinations
of 10 genes, among which a/t/ela/lip/fla was the most
dominant combination in the isolates. The a/#/ela/li and
act/ asel-G/fla combinations dominated as well. Although
different numbers and types of virulence genes associ-
ated with _Aeromonas pathogenicity were shown, there
was no significant correlation between these genes and
the invasion potential both in intestinal and extra-intes-
tinal infections (Zhou ez al, 2019). Similarly, Wu et al.
showed no correlation between the presence of the viru-
lence genes aerA, hhyA, alt, ast, and ascl'G in Aeromonas
isolates and the infection progress (Wu et al, 2007). In
contrast, Zhou and others (Zhou ¢# al., 2019) found that
A. hydrophila species was more dominant in the case of
extra-intestinal infections in comparison to intestinal in-
fections. Moreover, they revealed predominance of this
species, especially in patients with malignant tumors. As
suggested by the authors, Aeromonas sp. should be con-
sidered as an infectious agent in immunosuppressed pa-
tients — in particular, those with gastroenteritis, liver cir-
rhosis, post liver transplantation, and malignancy. Other
authors have studied the genetic diversity of Aeromonas
species isolated from lake water (IKhor ¢f al, 2015). Their
results indicated involvement of multiple virulence genes
(mainly: ser, aer, fla, ela act, and aexT), and among others
alt and ast or their combination in A. hydrophila patho-
genicity.

The latest research on correlation between the viru-
lence genes and pathogenicity of A. hydrophila isolates
has shown the presence of the aer gene in the majority
of screened isolates (El-Bahar e¢f al, 2019). The act and
bhhA genes were also identified, but in a much smaller
number of the isolates. However, the ast gene was not
found in any of the studied isolates. A direct relationship
between the percentage of mortality and the genotype
of the isolates was proposed based on the pathogenic-

ity test. The mortality rates were ~60% for isolates in
which the virulence genes aert and ac were identified
and ~ 70% for isolates with other genes: aer" and hiyA*.
A slightly smaller percentage (approx. 50%) was deter-
mined in isolates characterized by the presence of only
one of the following genes: act, aer, and hylA. For iso-
lates devoid of virulence genes, a mortality rate of ap-
prox. 20% was determined (El-Bahar ez a/, 2019). Stud-
ies of the relationship between the presence of virulence
genes and pathogenicity of A. bydrophila conducted previ-
ously by Li and others (Li ez a/, 2011) showed a more
frequent occurrence of the aerA*altabp* virulence geno-
type in bacterial isolates from the diseased than from
the healthy fish (Li ez a/, 2011). A recent report of the
comparative and evolutionary genomics of Aeromonas iso-
lates has brought a breakthrough in understanding bacte-
rial virulence (Talagrand-Reboul e al., 2020). The authors
have perfomed phylogenomic analyses of several viru-
lence-associated genes: aer/act, ast, alt, exoA, aexT, aexU,
and /afA. They suggested that the complexity of genes in
terms of the varied gene organization, alternating evo-
lutionary modes, and their unequal distribution could
help to elucidate the difficulties in assessment of dero-
monas pathogenicity. Their observations were consistent
with the existing assumption that Aer/Act is considered
as the main enterotoxin involved in bacterial virulence.
The novel accomplishment addressed the relationship
between aer/act and ser genes that probably results from
their functions. The aert/ser pattern suggested that pro-
teases (other than serine) may contribute to aerolysin
activation or that Aer/Act is secreted but not matured
in transmembrane protein complexes. The authors have
demonstrated that the analysis of virulence-related genes
should be conducted at the population level and studies
performed on type strains cannot be generalized to the
whole species (Talagrand-Reboul e /., 2020).

Aeromonas spp. have evolved various secretion path-
ways to translocate virulence-related proteins to the ex-
tracellular medium or directly into the host cells. Type
IL, III, and VI (T2SS, T3SS, and TO6SS, respectively) are
well-known secretion systems identified in Aeromonas
(Zhong et al., 2019). The type II secretion system is re-
lated to the extracellular release of amylases, proteases,
and aerolysin, as well as translocation of virulence de-
terminants across the cell outer membrane (Sandkvist,
2001; Filloux, 2004; Li et al, 2011; Korotkov e al.,
2012; Chernyatina & Low, 2019; Korotkov & Sandkvist,
2019). It is a double-membrane-spanning protein secte-
tion system consisting of 12—15 various general secretory
pathway (Gsp) proteins in multiple copies (Korotkov ez
al., 2012). 'T3SS, which is considered as the dominant
virulence system in Aeromonas (Origgi et al., 2017; Fer-
nandez-Bravo & Figueras, 2020), facilitates translocation
of protein effectors across the plasma membrane into
the host cell or secretion of pore-forming translocators
that facilitate the transport of effector proteins (Chacon
et al., 2004; Sha et al., 2007; 1zore et al., 2011; Rangel et
al., 2019). The type VI secretion system acts by inserting
toxins into the host via valine-glycine repeat proteins and
hemolysin-coregulated proteins (Wang e# al., 2011; Yang
et al., 2018; Fernandez-Bravo et al, 2019). After secte-
tion, these proteins exhibit antimicrobial pore-forming
properties or remain as structural proteins (Bhowmick &
Bhattacharjee, 2018). In recent years, research is particu-
larly focused on the role of expression of genes encod-
ing various toxins and secretion pathways in promoting
Aeromonas virulence mechanisms (Dacanay e al., 2000;
Vanden Bergh & Frey, 2014; Soto-Davila ez al., 2019).
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T2SS SECRETION SYSTEM AND EFFECTOR PROTEINS

Aeromonas infections are a result of complex molecu-
lar interactions between the pathogenic bacteria and the
host cell, as indicated by proteins and toxins secreted
into the extracellular environment. In _Aeromonas, two
types of hemolysins (« and B) differing in functional
and physiological properties were determined (Epple et
al., 2004). Both have the ability to form pores in the
membrane of the host cell, thus generating osmotic lysis
(Cabezas e al., 2017). Aerolysin, i.c. the prototype hemo-
lysin of the genus encoded by the aerA gene (Fernandez-
Bravo & Figueras, 2020), is secreted by the T2SS sys-
tem (Korotkov et al, 2012). Pore-forming toxins (PFTSs)
secreted by bacterial pathogens, such as _Aeromonas, are
major virulence factors used to modulate host cell ap-
optosis and cause auspicious infections (Bischofberger ef
al., 2012; Escajadillo & Nizet, 2018). They are able to
induce different types of host cell death, as demonstrat-
ed in numerous papers (Gonzalez et al, 2011; Wiles &
Mulvey, 2013; Ramirez-Carreto et al, 2019). PFTs act by
causing damage to the host cell membrane, which acti-
vates various signalling pathways in the cells (Podobnik
et al., 2017). Consequently, the permanent toxin-mediated
membrane injury often leads to cell death (Gonzalez e
al, 2011). The crucial parameter determining the type
of death (apoptosis, necrosis, or pyroptosis) is the con-
centration of toxins and cell types. Aerolysin (as PFT) is
secreted as an inactive precursor (pro-aerolysin), which
is transformed into aerolysin only after binding to high-
affinity receptors on the target cell (Jia ez al, 2016). With
its ability to form heptameric pores, this bacterial a-toxin
leads to induction of membrane damage and cell death
(lacovache e7 al., 2006; Wuethrich ef al., 2014; Escajadillo
& Nizet, 2018). Cell apoptosis is associated with activa-
tion of caspases. Imre et al. have demonstrated that cas-
pase-2 is necessary for PFT-mediated apoptosis and acts
as an initiator caspase in _Aeromonas aerolysin-mediated
apoptosis (Imre e al., 2012).

Aerolysin is a dimer, both in the crystal from and in
solutions. Its main secondary structure is a 3-sheet (more
than 70% of the molecule) (lacovache ¢# al., 2016). Con-
version of proaerolysin to active aerolysin requires re-
moval of approximately 43 amino acids from the C-ter-
minus (Iacovache ef al, 2011). Cleavage can be achieved
by proteases secreted by the bacteria or found in the di-
gestive tract, e.g. trypsin, chymotrypsin, and furin (Abra-
mi et al., 1998). Three sites of cleavage have been identi-
fied: Lys-427 by trypsin, Arg-429 by chymotrypsin, and
Arg-432 by furin. Aerolysin is a channel-forming toxin
(Tacovache e# al., 2000) that binds to a specific receptor
on the surface of target cells and oligomerizes to form
heptamers, which can insert into the plasma membrane
(Makobe ez al., 2012; Cirauqui e/ al., 2017). Recently, a
tripartite a-pore forming toxin (from the alpha heli-
cal CytolysinA family) has been identified in Aeromonas
hydrophila (AhIABC). Structural analysis proved that the
AhIABC toxin requires all three components for cell ly-
sis. Wilson and others (Wilson ez al, 2019) proposed a
bi-fold hinge mechanism of transition from the soluble
to the pore form in AhIB structures, and a tetrameric
assembly used by soluble AhIC to hide their hydropho-
bic residues related to the membrane. The type II se-
cretion system, i.e. a well-known virulence mechanism in
Aeromonas, is a trans-envelope apparatus used to deliver
folded protein toxins to the sutface and/or the extracel-
lular environment of the cell (Howard ez a/, 2019). Bac-
terial T2SS constitutes a large structure, including more
than a dozen various proteins in multiple copies (How-

ard ez al, 2019). As demonstrated by Li and Howard (Li
& Howard, 2010) in the secretion pathway of Aeromonas
hydrophila, for assembly of type 2 secretion apparatus (se-
cretin ExeD in the outer membrane), proteins ExeA and
ExeB form an inner membrane complex which interacts
with the peptidoglycan. While the peptidoglycan-ExeAB
complex (PG-AB) is required for assembly of ExeD,
the assembling mechanism remains unexplained. In their
analysis of protein-protein interactions, Vanderlinde et
al. suggested a putative mechanism by which the PG-
AB complex facilitates the assembly of ExeD g a direct
interaction between ExeB and ExeD (Vandetlinde ez 4/,
2014). Other researchers demonstrated a secretion defect
in ExeAB mutants as a result of an inability to assemble
ExeD secretin in the outer membrane. The location and
multimerization of overproduced ExeD in these mutants
indicated a role of the ExeAB complex in the transport
of ExeD to the outer membrane (Ast e al., 2002).

T3SS SECRETION SYSTEM AND EFFECTOR PROTEINS

Many authors have shown that the toxicity of T3SS
causes mutations in both, the structural genes and effec-
tor proteins, thereby demonstrating that structural genes
are necessary for the toxicity and virulence of Aeromonas
species, such as A. salmonicida and A. wveronii (Reyes-
Rodriguez e al., 2019). Effector proteins secreted zia the
type III sectetion system, such as the setrine/threonine
kinase (AopO), tyrosine phosphatase (AopH), and ADP-
ribosylating toxin (AexT) have been extensively studied.
The activity of T3SS toxins leads to disorders in signal-
ling pathways and reorganization of the cell cytoskeleton,
thus contributing to phagocytosis impairment, as proven
in numerous scientific reports (see Table 1) (Vanden
Bergh & Frey, 2014; Origgi et al, 2017; Soto-Davila et
al., 2019). The bi-functional ADP ribosylating — GTPase
activating protein (AexT) is one of the effector proteins
secreted zia the T3SS system exerting a detrimental im-
pact on the cell cytoskeleton and causing disruption of
actin filaments in target cells (Fehr ez al, 2007; Vilches
et al., 2008). Increased mortality resulting from the pres-
ence of the AexU effector in a mouse model of Aero-
monas infection has been reported based on comparative
genomic and functional tests of virulence genes (Grim
et al., 2013). Characterization of virulence determinants
in A. hydrophila proved that the virulence was associated
with a combination of virulence factors: Act (T2SS ef-
fector), ExoA (exotoxin A), AexU (T3SS effector), and
hemolysin co-regulated protein (Hep, TG6SS effector) or
the presence of one of them (Grim e/ al, 2014).

Effectors, secreted and translocated viz the T3SS sys-
tem, may induce host’s inflammatory response (Asrat e
al., 2015; Soto-Davila e al., 2019). This was demonstrat-
ed for the AoP effector, which inhibits the NF-»B sig-
nalling pathway contributing to modulation of the host’s
inflammatory response (Fehr ez af, 2006). Influence on
the host’s immune response, especially by down-reg-
ulation of the process, has been also suggested in the
case of other protein effectors, such as Ati2, AopN, and
ExsE (Vanden Bergh e/ a4/, 2013). Origgi and others
(Origgi et al, 2017) demonstrated that infection of the
rainbow trout (Oncorhynchus myfkiss) with Aeromonas salmo-
nicida strains with both, fully functional and secretion-
impaired T3SS, was related to a strong immune suppres-
sion. The infection was also shown to be fatal only in
the presence of fully functional T3SS, while the lack of
T3SS was neither related to an immune suppression nor
to death of the rainbow trout. These results confirmed
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Table 1. Aeromonas effector proteins with defined mechanisms of action

Virulence-related  Secretion  Mechanism of pathogenesis References
genes system
act 2 T2SS Cytotoxic enterotoxin with hemolytic, cytotoxic, and enterotoxic (Sha et al., 2005)
activities.
Induced upregulation of genes involved in immune responses (e.g.,  (Galindo et al., 2003
IL-8) and apoptosis (e.g., Bcl-2-like genes).
Activation of MEK1, JNK, ERK1/2, and c-Jun of the MAPK pathway; (Galindo et al., 2004)
induced classical membrane blebbing; increased production of mi-
tochondrial cytochrome C, caspase-3, -8, and -9 activation.
aexU T3SS Highly cytotoxic ADP-ribosyltranferase activity (ADPRT) to the host (Braun et al., 2002)
proteins.
Disruption of actin filaments and cell rounding, chromatin conden- (Sierra et al., 2007)
sation, activation of caspase 3 and 9 (initiating host cell apoptosis).
GTPase-activating protein (GAP) activity mainly responsible for the (Sierra et al., 2010)
host cell apoptosis and disruption of actin filaments, and inhibition
of NF-kB signalling.
Ability to co-localize with B4-integrin resulting in cytotoxicity to the  (Abolghait et al., 2011)
host cells.
aexT T3SS Highly cytotoxic ADP-ribosyltranferase activity (ADPRT) to the host (Braun et al., 2002; Burr et al.,
proteins. 2003; Vilches et al., 2008)
Promotes actin depolymerization. (Braun et al., 2002; Burr et al.,
2003; Vilches et al., 2008; Van-
den Bergh et al., 2013)
Bifunctional toxin, possesses a GTPase-activating domain and an (Burr et al., 2005; Fehr et al.,
ADP-ribosylating domain, which ADP-ribosylates both muscular and  2006)
non-muscular actin. Both domains fulfill an independent role in the
actin depolymerization and cell rounding.
aopP T3SS Inhibitory activity against the NF-kB pathway (NF-kB pathway inhibi- (Dacanay et al., 2006; Fehr et
tion is highly proapoptotic after simultaneous cellular stimulation of  al., 2006; Jones et al., 2012)
the tumor necrosis factor-a).
Induces apoptosis of a mammalian cell. (Jones et al., 2012)
aopH T3SS Putative tyrosine phosphatase. (Beaz-Hidalgo & Figueras,
2013; Vanden Bergh et al.,
2013)
Dephosphorylation of protein tyrosine residues in complexes of (Najimi et al., 2009; Broberg &
focal adhesion at the cellular membrane, leading to loss of the focal ~ Orth, 2010)
adhesion complex, changes in actin cytoskeleton, and prevention of
phagocytosis.
Induces cytotoxicity in Hela cells after transfection. (Dacanay et al., 2006)
aopO T3SS Remains poorly understood. (Sha et al., 2007)
Putative serine/threonine kinase. (Dacanay et al., 2006; Vanden
Bergh et al., 2013; Menanteau-
-Ledouble & El-Matbouli, 2016;
Bartkova et al., 2017)
Disturbs the normal distribution of actin in the host cell. (Groves et al., 2010)
ati2 T3SS Suspected of having inositol polyphosphate phosphatase activity. (Reith et al., 2008)

Ati2 is toxic to the host cell in a catalysis-dependent manner.

(Dallaire-Dufresne et al., 2013)
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Virulence-related  Secretion ~ Mechanism of pathogenesis References

genes system

vgrG1 T6SS ADP-ribosylating toxin that is able to interrupt the host cell cytoske- (Suarez et al., 2008; Suarez et
leton and induce apoptosis in Hela cells. al.,, 2010; Sha et al., 2013)
VgrG-2 negatively affects bacterial motility, while VgrG-3 works to (Sha et al., 2013)
positively influence motility; VgrG-1 does not directly influence mo-
tility, but is necessary for the activity of VgrG-2 and VgrG-3.
VgrG-1 negatively affects protease production in the absence of (Sha et al., 2013)
VgrG-2 and VgrG-3.
All VgrGs play a role in biofilm formation (VgrG-2 and VgrG-3 are (Sha et al., 2013)
critical in regulating biofilm formation).
All VgrG proteins form a trimeric needle-like structure, allowing bac-  (Bonemann et al., 2010)
teria to penetrate the membrane and to transport effector proteins
upon target cell contact.

hcp T6SS Translocation to the target host cell is followed by apoptosis after (Suarez et al., 2008)

caspase activation.

Prevents phagocytosis.

(Suarez et al., 2010)

Inhibited proinflammatory cytokine production; induced immu-

nosuppressive cytokines, such as interleukin-10 and transforming

growth factor-b.

(Suarez et al., 2010)

Forms stacked hexameric rings to create a tube topped with VgrG
tips (the needle-like complex allows bacteria to puncture the host
cell and deliver effectors into the cell).

(Ho et al., 2014; Russell et al.,
2014; Cianfanelli et al., 2016)

Hcp1 positively affects biofilm formation (opposite effect to Hcp2).

Hcp3 positively regulates biofilm formation (in the presence of Hcp1
and Hcp2)

(Wang et al., 2018)

Negative effect of Hcp1 on the bacterial motility and protease pro-

(Sha et al., 2013)

duction. Increased bacterial mortality and protease production.

that T3SS and T3SS effector proteins/toxins have a bi-
directional influence and contribute to destabilisation
of the cell cytoskeleton, causing disturbance of normal
physiological functions (such as preservation of cellular
architecture, vesicular transport, phagocytosis). Simul-
taneously, this leads to deactivation of the host alarm
system recognizing infection and inducing immune re-
sponse. A predominant role of the complex interactions
between T3SS effectors was highlighted in this activity.

The T3SS system is a sophisticated nano-syringe de-
vice which consists of ~20-25 different proteins and
includes three main elements (Burkinshaw & Strynadka,
2014; Notti & Stebbins, 2016; Deng 7 al, 2017; Wagner
et al., 2018; Pena et al., 2019):

— Secretion apparatus — a structure through which
protein toxins/effectors are delivered across the inner
and outer membrane (Gaytan e/ al, 2016; Deng et al,
2017);

— Injection needle — a structure that facilitates bridging
the gap between bacteria and the host cell, and transport
of substances into the host (Park ez a/, 2018; Lara-Tejero
& Galan, 2019);

— Translocation apparatus — a structure by which ef-
fectors and toxins are translocated from the needle
(Akopyan et al., 2011; Mattei ¢/ al., 2011).

A unique feature of the multiprotein T3SS system
is the programmed secretion activity in some bacteria,
which helps to avoid overproductive secretion of ef-
fectors (Gaytan et al., 2016). The mechanisms for T3SS
have not yet been fully investigated. The secretion of ef-
fectors is considered to be hierarchical, as demonstrat-
ed by Lara-Tejero and others (Lara-Tejero ef al., 2011).
Type III secreted proteins are targeted to the secretion
apparatus vza a secretion signal located within the first 20

N-terminal amino acids. The secretion signal is poorly
preserved at the primary amino-acid sequence level, al-
though it shows some specific characteristics, e.g. enrich-
ment in serine, threonine, isoleucine, and proline. Addi-
tionally, customized chaperones that bind a ~100-amino
acid domain placed immediately downstream of the ami-
no-terminal secretion signal for substrate targeting are
necessary. In a partially unfolded state retaining its sec-
ondary structure, this domain is held by binding to the
chaperone. The secondary structure configuration is an
additional targeting signal, determines the location of the
bound substrate in the secretion hierarchy, and primes
the substrates for secretion (Galan & Waksman, 2018).

T6SS SECRETION SYSTEM AND EFFECTOR PROTEINS

Another secretion system that has been identified in
Aeromonas is 'T6SS, ie. the so-called Vas (virulence-as-
sociated secretion). T6SS, like T3SS, is a Sec independ-
ent system with an ability to transport protein effectors
(Lien & Lai, 2017) directly to the cell surface or the host
cell (Pukatzki ef al, 2009; Trunk et al, 2018; Lewis e/ al.,
2019; Fernandez-Bravo & Figueras, 2020). The effector
valine-glycine repeat G proteins (VgrG) and hemolysin
co-regulated protein (Hcp) are the best known among
the secreted ones (Whitney ez al, 2014). Translocation of
T6SS-secreted Hep in human colonic epithelial cells in-
fected with A. dbakensis has been investigated by Suarez
et al. Translocation has been shown to lead to apopto-
sis of host cells following activation of caspase 3 (Su-
arez ¢t al., 2008). Other research has indicated an inhibi-
tory effect of Hcp on bacterial phagocytosis (Suarez ef
al., 2010). In another paper, cytotoxic effects of VgrGl
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on host cells »ia ADP-ribosylation of actin were demon-
strated (Suarez ez al., 2010).

The type VI secretion apparatus is a versatile molecu-
lar machine consisting of two parts, namely a syringe-
like structure extending to the cell membrane and a
membrane-bound protein complex (Ho ez al, 2014). Re-
cent studies have shown that the syringe-like structure is
structurally analogous to the bacteriophage systolic tail
(Zoued et al., 2014; Basler, 2015), although it is much
longer than the systolic tail (Veesler & Cambillau, 2011;
Uchida ez al, 2014). It is assumed that the syringe-like
structure includes the VgrG, Hep, and VipA/VipB pro-
teins (Uchida ez 4/, 2014). Sha and others (Sha et al,
2013) evaluated the role of TG6SS effector proteins co-
regulated by hemolysin (Hcp) and valine-glycine repeat
G proteins (VgrG: VgrG-1, -2 and -3) in Aeromonas by-
drophila  pathogenesis. Besides their predicted role as
structural components and effector proteins, the experi-
mental data cleatly indicated that Hep and VgrG paral-
ogs also affected bacterial motility, protease production,
and biofilm formation. The results showed that the Hep
and VgrG paralogs found in the TG6SS cluster were large-
ly involved in formation of the T6SS structures, while
Hcp-1 and VgrG-1 located outside the T6SS cluster were
T6SS effectors. Considering the influence on bacterial
physiology, Hep-1 exerted an effect on bacterial motility
and production of a protease; in its absence, an increase
in both types of activity was noticed. Similarly, VgrG-1
has been found to play an important role in regulating
bacterial protease production, while VgrG-2 and VgrG-3
were crucial in regulating bacterial motility and biofilm
formation. The contribution of two TG6SS effectors of
Aeromonas hydrophila to their virulence and the function
of T6SS in both i vitro and in vivo models of infection
have been established (Sha es a/, 2013). Recent analysis
of the hgpT and »erG7 genes from T6SS has demonstrat-
ed that their deletion from a virulent A. hydrophila isolate
leads to reduction of their virulence (approx. 2-fold) in
relation to the parent strain (Tekedar ez a/, 2018). This
proves a significant contribution of these genes in the
Aeromonas virulence potential. The list of T3SS, T2SS,
and TG6SS effector proteins with defined biochemical ac-
tivities is included in Table 1.

OUTER MEMBRANE VESICLES: SECRETION SYSTEM
TYPE O

In the last few years, a new secretion system called
type O has been described in Gram-negative bacteria.
This system releases molecules inside particles derived
from the outer membrane, called the outer membrane
vesicles (OMVs), into the extracellular environment
(Jan, 2017; Shehata es al, 2019). OMVs are spherical
nanoparticles with a diameter in a range of 50 to 250
nm. They are formed by the lipid bilayer, phospholipids,
and outer membrane proteins. The vesicles arise when a
protuberance develops in the membrane, which is even-
tually released as a vesicle. Several functions of OMVs
have been described, including DNA transport (Avila-
Calderon ez al., 2018). Although OMVs have been stud-
ied extensively in bacterial pathogens, the data on their
composition are still incomplete. Avila-Calderén et al.
performed a proteomic analysis to determine the com-
position of purified OMVs from A. hydrophila ATCC®
7966™ and their effect on host cells. The authors found
211 unique proteins in OMVs from A. hydrophila, among
which the HcpA protein, RtxA toxin, and haemoly-
sin. Ahhl are well-known determinants of virulence. It

has been also shown that OMVs induced activation of
lymphocyte and monocyte apoptosis. Over-expression
of pro-inflammatory cytokines was also demonstrated
(Avila-Calderon ef al, 2018). Due to their high immu-
nogenicity, OMVs have been successfully applied as a
vaccine platform against sepsis and bacterial meningitis.
The use of Gram-negative OMVs as a vaccine platform
is facilitated by engineering heterologous antigens to
the vesicles. Since antigens retain a native conformation
and are able to target a specific immune response, addi-
tion of heterologous proteins to OMVs has become a
very promising strategy in the field of bioengineering of
bacterial outer membrane vesicles as a vaccine platform
(Gertitzen et al., 2017).

CONCLUSION

Pathogenesis of _Aeromonas infections is regarded to
be multifactorial. Knowledge about the contribution of
virulence determinants, including extracellular hemo-
lysins, aerolysin, and effector proteins/toxins secreted via
secretion nanomachines, is crucial and provides valuable
insights into pathogenic mechanisms. The presence of
factor-encoding and regulatory genes which can modu-
late bacterial virulence is associated with high variability
between strains and species. Gene expression within Ae-
romonas species can be also differentiated, depending on
the environmental conditions, such as the human host
or water. Protein secretion systems are critical to bacte-
rial virulence and interactions with other organisms. Ae-
romonas utilize various secretion machines, e.g. two-step
T2SS system, for secretion of bacterial toxins and pepti-
dases, including GCAT and aerolysin. Unlike T2SS, T3SS
enables one-step secretion and translocation of microbial
toxins or effector proteins with diverse biochemical ac-
tivities into the host cells, causing disruption of the actin
cytoskeleton, induction of apoptosis, signal transduction
prevention and phagocytosis. T3SS, as the common viru-
lence mechanism in Aeromonas, is one of the widely stud-
ied bacterial virulence determinants and its importance
in the bacteria-host interactions is unquestioned. Among
other weapons, T6SS is found in Aeromonas sp., which is
used for both — the transport of microbial toxins into
the host cell and secretion of some bacterial toxins, pro-
moting bacterial dissemination. What is important, both
the T3- and T6-secretion systems operate independently,
which significantly affects the bacterial virulence mecha-
nisms. Although various factors have been attributed to
bacterial virulence, several others still remain to be dis-
covered (Reynolds, 2009; Khajanchi ef al., 2010; Rangel ef
al., 2019; Reyes-Rodriguez e al., 2019). Recently, a grow-
ing number of scientific reports have suggested that en-
vironmental factors have a significant impact on the evo-
lution of new metabolic adaptations that may be associ-
ated with bacterial pathogenicity (Staib & Fuchs, 2014).

Conflict of interest statement

The authors declare that they have no known com-
peting financial interests or personal relationships that
could have appeared to influence the work reported in
this paper.

REFERENCES

Abby SS, Rocha EPC (2017) Identification of protein secretion sys-
tems in bacterial genomes using MacSyFinder. Mezhods Mo/ Biol 1615:
1-21. https://doi.org/10.1007/978-1-4939-7033-9_1


https://doi.org/10.1007/978-1-4939-7033-9_1

290 J. Matys and others

2020

Abd-El-Malek AM (2017) Incidence and virulence characteristics of
spp. in fish. Vet World 10: 34-37. https://doi.org/10.14202/vet-
wortld.2017.34-37

Abolghait SK, Iida T, Kodama T, Cantarelli VV, Akeda Y, Honda T
(2011) Recombinant AexU effector protein of Aeromonas veronii bv.
sobria disrupts the actin cytoskeleton by downregulation of Racl
and induces direct cytotoxicity to beta4-integtin expressing cell lines.
Microbial - Pathogenesis  51:  454-465. https://doi.org/10.1016/j.mic-
path.2011.09.006

Abrami L, Fivaz M, Decroly E, Seidah NG, Jean F, Thomas G, Leppla
SH, Buckley JT, van der Goot FG (1998) The pore-forming toxin
proacrolysin is activated by furin. | Bio/ Chem 273: 32656-32661.
https://doi.org/10.1074/jbc.273.49.32656

Aguilera-Arreola MG, Hernandez-Rodriguez C, Zuniga G, Figueras M],
Castro-Escarpulli G (2005) Aeromonas hydrophila clinical and envi-
ronmental ecotypes as revealed by genetic diversity and virulence
genes. FEMS Microbiol Lett 242: 231-240. https://doi.org/10.1016/j.
femsle.2004.11.011

Akopyan K, Edgren T, Wang-Edgren H, Rosqvist R, Fahlgren A,
Wolf-Watz H, Fallman M (2011) Translocation of surface-localized
effectors in type 11 secretion. Proc Natl Acad Sci U S A 108: 1639—
1644. https://doi.org/10.1073/pnas.1013888108

Albert MJ, Ansaruzzaman M, Talukder KA, Chopra AK, Kuhn I, Rah-
man M, Faruque AS, Islam MS, Sack RB, Mollby R (2000) Preva-
lence of enterotoxin genes in spp. isolated from children with di-
arrhea, healthy controls, and the environment. | Clin Microbiol 38:
3785-3790

Asrat S, Davis KM, Isberg RR (2015) Modulation of the host innate
immune and 1nﬂammatorv response by translocated bacterial pro-
teins. Cell Microbiol 17: 785-795. https: //d(n org/10.1111/cmi.12445

Ast VM, Schoenhofen IC, Langen GR, Stratilo CW, Chamberlain MD,
Howard SP (2002) Expression of the ExeAB complex of Aeromonas
hydrophila is required for the localization and assembly of the
ExeD secretion port multimer. Mo/ Microbiol 44: 217-231. https://
doi.org/10.1046/1.1365-2958.2002.02870.x

Avila-Calderon ED, Otero-Olarra JE, Flores-Romo L, Peralta H,
Aguilera-Arreola MG, Morales-Garcia MR, Calderon-Amador ],
Medina-Chavez O, Donis-Maturano 1., Ruiz-Palma MDS, Contre-
ras-Rodriguez A (2018) The Outer Membrane Vesicles of Aeromonas
hydrophila ATCC((R)) 7966(IM): a proteomic analysis and effect
on host cells. Frontiers Microbiol 9: 2765. https://doi.org/10.3389/
fmicb.2018.02765

Bartkova S, Leekitcharoenphon P, Aarestrup FM, Dalsgaard 1 (2017)
Epidemiology of Danish _Aeromonas salmonicida subsp. salmonicida
in fish farms using whole genome sequencing. Frontiers Microbiol 8:
2411. https://doi.org/10.3389/fmicb.2017.02411

Basler M (2015) Type VI secretion system: secretion by a contractile
nanomachine. Philosgphical transactions of the Royal Society of London. Se-
ries B, Biol S¢i 370. https://doi.org/10.1098/rsth.2015.0021

Beaz-Hidalgo R, Figueras MJ (2013) spp. whole genomes and viru-
lence factors implicated in fish disease. | Fish Dis 36: 371-388. htt-
ps://doi.org/10.1111/jfd.12025

Bhowmick UD, Bhattachatjee S (2018) Bacteriological, clinical and vir-
ulence aspects of Aeromonas-associated diseases in humans. Polish |
Microbiol 67: 137-149. https://doi.org/10.21307 /pjm-2018-020

Bischofberger M, Iacovache I, van der Goot FG (2012) Pathogenic
pore-forming proteins: function and host response. Ce// Host Microbe
12: 266-275. https://doi.org/10.1016/j.chom.2012.08.005

Bogino PC, Oliva Mde L, Sorroche FG, Giordano W (2013) The role
of bacterial biofilms and surface components in plant-bacterial as-
sociations. Int | Mol Sci 14: 15838-15859. https://doi.org/10.3390/
ijms140815838

Bonemann G, Pietrosiuk A, Mogk A (2010) Tubules and donuts:
a type VI secretion story. Mol Microbiol 76: 815-821. https://doi.
org/10.1111/§.1365-2958. 2()1() 07171.x

Braun M, Stuber K, Schlatter Y, Wahli T, Kuhnert P, Frey J (2002)
Characterization of an ADP-ribosyltransferase toxin (AexT) from
Aeromonas salmonicida subsp. salmonicida. | Bacterio/ 184: 1851-1858.
https://doi.org/10.1128/jb.184.7.1851-1858.2002

Broberg CA, Orth K (2010) Tipping the balance by manipulating post-
translatlona_l modifications. Curr Opin Microbiol 13: 34-40. https://
doi.org/10.1016/j.mib.2009.12.004

Brodsky IE, Palm NW, Sadanand S, Ryndak MB, Sutterwala FS, Fla-
vell RA, Bliska JB, Medzhitov R (2010) A Yersinia effector protein
promotes virulence by preventing inflammasome recognition of the
type 111 secretion system. Ce// Host Microbe T: 376-387. https://doi.
org/10.1016/j.chom.2010.04.009

Burdette LA, Leach SA, Wong HT, Tullman-Ercek D (2018) Devel-
oping Gram-negative bacteria for the secretion of heterologous
proteins. Microbial Cell Factories 17: 196. https://doi.org/10.1186/
512934-018-1041-5

Burkinshaw BJ, Strynadka NC (2014) Assembly and structure of
the 'T3SS. Biochim Biophys Acta 1843: 1649-1663. https://doi.
org/10.1016/j.bbamcr.2014.01.035

Burr SE, Pugovkin D, Wahli T, Segner H, Frey J (2005) Attenuated
virulence of an Aeromonas salmonicida sabsp. salmonicida type 111

secretion mutant in a rainbow trout model. Microbiology 151: 2111—
2118. https://doi.org/10.1099/mic.0.27926-0

Burr SE, Stuber K, Frey J (2003) The ADP-ribosylating toxin, AexT,
from Aeromonas salmonicida subsp. salmonicida is translocated via a
type IIT secretion pathway. | Bacteriol 185: 6583-6591. https://doi.
org/10.1128/jb.185.22.6583-6591.2003

Cabezas S, Ho S, Ros U, Lanio ME, Alvarez C, van der Goot FG
(2017) Damage of ecukaryotic cells by the pore-forming toxin
sticholysin II: Consequences of the potassium efflux. Biochimi Bio-
Phys Acta. Biomembranes 1859: 982-992. https://doi.org/10.1016/j.
bbamem.2017.02.001

Chacon MR, Figueras M]J, Castro-Escarpulli G, Soler L, Guarro J
(2003) Distribution of virulence genes in clinical and environmen-
tal isolates of Aeromonas spp. Antonie van Leemwenhoek 84: 269-278.
https://doi.org/10.1023/a:1026042125243

Chacon MR, Soler I, Groisman EA, Guarro J, Figueras MJ (2004)
Type III secretion system genes in clinical Aeromonas isolates. | Clin
Microbio/  42: 1285-1287. https://doi.org/10.1128/jcm.42.3.1285-
1287.2004

Chernyatina AA, Low HH (2019) Core architecture of a bacterial type
1I secretion system. Nat Commun 10: 5437. https://doi.org/10.1038/
s41467-019-13301-3

Chopra AK, Xu X, Ribardo D, Gonzalez M, Kuhl K, Peterson JW,
Houston CW (2000) The cytotoxic enterotoxin of Aeromonas hy-
drophila induces proinflammatory cytokine production and activates
arachidonic acid metabolism in macrophages. Infection Immunity 68:
2808-2818. https://doi.org/10.1128/iai.68.5.2808-2818.2000

Cianfanelli FR, Monlezun L, Coulthurst SJ (2016) Aim, load, fire: the
type VI secretion system, a bacterial nanoweapon. Trends Microbiol
24: 51-62. https://doi.org/10.1016/j.tim.2015.10.005

Cirauqui N, Abrtiata LA, van der Goot FG, Dal Peraro M (2017) Struc-
tural, physicochemical and dynamic features conserved within the
aerolysin pore-forming toxin family. S¢ Reporss 7: 13932. https://
doi.org/10.1038/s41598-017-13714-4

Dacanay A, Knickle L, Solanky KS, Boyd JM, Walter JA, Brown LL,
Johnson SC, Reith M (2006) Contribution of the type III secre-
tdon system (TTSS) to virulence of _Aeromonas salmonicida subsp.
salmonicida. Microbiology 152: 1847-1856. https://doi.org/10.1099/
mic.0.28768-0

Dallaire-Dufresne S, Barbeau X, Sarty D, Tanaka KH, Denoncourt
AM, Lague P, Reith ME, Charette S] (2013) Aeromonas salmonicida
Ati2 is an effector protein of the type three secretion system. Micro-
biology 159: 1937-1945. https://doi.org/10.1099/mic.0.067959-0

Deng W, Marshall NC, Rowland JL, McCoy JM, Worrall L], Santos
AS, Strynadka NCJ, Finlay BB (2017) Assembly, structure, function
and regulation of type III secretion systems. Nat Rev. Microbiol 15:
323-337. https://doi.org/10.1038 /nrmicro.2017.20

Depluverez S, Devos S, Devreese B (2016) The role of bacterial se-
cretion systems in the virulence of gram-negative airway pathogens
associated with cystic fibrosis. Frontiers Microbiol T: 1336. https://doi.
org/10.3389/fmicb.2016.01336

Dlamini BS, Montso PK, Kumatr A, Ateba CN (2018) Distribution of
virulence factors, determinants of antibiotic resistance and molecu-
lar fingerprinting of Salmonella species isolated from cattle and beef
samples: suggestive evidence of animal-to-meat contamination. En-
viron Sci Pollution Res Int 25: 32694-32708. https://doi.org/10.1007/
s11356-018-3231-4

Donlan RM (2002) Biofilms: microbial life on surfaces. Emerging Infec-
tions Dis 8: 881-890. https://doi.org/10.3201/¢id0809.020063

Duman M, Saticioglu IB, Janda JM, Altun S (2018) The determina-
tion of the infectious status and prevalence of motile Aeromonas
species isolated from disease cases in rainbow trout (Oncorhynchus
mykiss) and aquarium fish. | Fish Dis 41: 1843-1857. https://doi.
org/10.1111/j£d.12896

Dwivedi M, Mishra A, Prasad A, Azim A, Singh RK, Baronia AK,
Prasad KN, Dwivedi UN (2008) Aeromonas caviae septicemia in
immunocompetent gastrointestinal carriers. Brag | Infect Dis: Official
Publication of the Bragilian Society of Infections Diseases 12: 547-548. htt-
ps://doi.org/10.1590/51413-86702008000600023

Dworaczek K, Drzewiecka D, Pekala-Safinska A, Turska-Szewczuk A
(2019) Structural and Serologica_l Studies of the O6-Related Anti-
gen of Aeromonas veronii bv. sobria Strain K557 isolated from Cjy-
prinus carpio on a polish fish farm, which contains IL-perosamine
(4-amino-4,6-dideoxy-L-mannose), a unique sugar characteristic for
Aeromonas serogroup O6. Marine Drugs 17. https://doi.org/10.3390/
md17070399

Dworaczek K, Kurzylewska M, Karas MA, Janczarek M, Pekala-Sa-
finska A, Turska-Szewczuk A (2019) A Unique sugar l-perosamine
(4-amino-4,6-dideoxy-l-mannose) is a compound building two o-
chain polysaccharides in the lipopolysaccharide of _Aeromonas hy-
drophila strain JCM 3968, serogroup O6. Marine Drugs 17. https://
doi.org/10.3390/md17050254

El-Bahar HM, Ali NG, Aboyadak IM, Khalil S, Ibrahim MS (2019)
Virulence genes contributing to Aeromonas hydrophila pathogenicity
in Oreochromis niloticus. Int Microbiol: the Official Journal of the Spanish


https://doi.org/10.14202/vetworld.2017.34-37
https://doi.org/10.14202/vetworld.2017.34-37
https://doi.org/10.1016/j.micpath.2011.09.006
https://doi.org/10.1016/j.micpath.2011.09.006
https://doi.org/10.1074/jbc.273.49.32656
https://doi.org/10.1016/j.femsle.2004.11.011
https://doi.org/10.1016/j.femsle.2004.11.011
https://doi.org/10.1073/pnas.1013888108
https://doi.org/10.1111/cmi.12445
https://doi.org/10.1046/j.1365-2958.2002.02870.x
https://doi.org/10.1046/j.1365-2958.2002.02870.x
https://doi.org/10.3389/fmicb.2018.02765
https://doi.org/10.3389/fmicb.2018.02765
https://doi.org/10.3389/fmicb.2017.02411
https://doi.org/10.1098/rstb.2015.0021
https://doi.org/10.1111/jfd.12025
https://doi.org/10.1111/jfd.12025
https://doi.org/10.21307/pjm-2018-020
https://doi.org/10.1016/j.chom.2012.08.005
https://doi.org/10.3390/ijms140815838
https://doi.org/10.3390/ijms140815838
https://doi.org/10.1111/j.1365-2958.2010.07171.x
https://doi.org/10.1111/j.1365-2958.2010.07171.x
https://doi.org/10.1128/jb.184.7.1851-1858.2002
https://doi.org/10.1016/j.mib.2009.12.004
https://doi.org/10.1016/j.mib.2009.12.004
https://doi.org/10.1016/j.chom.2010.04.009
https://doi.org/10.1016/j.chom.2010.04.009
https://doi.org/10.1186/s12934-018-1041-5
https://doi.org/10.1186/s12934-018-1041-5
https://doi.org/10.1016/j.bbamcr.2014.01.035
https://doi.org/10.1016/j.bbamcr.2014.01.035
https://doi.org/10.1099/mic.0.27926-0
https://doi.org/10.1128/jb.185.22.6583-6591.2003
https://doi.org/10.1128/jb.185.22.6583-6591.2003
https://doi.org/10.1016/j.bbamem.2017.02.001
https://doi.org/10.1016/j.bbamem.2017.02.001
https://doi.org/10.1023/a
https://doi.org/10.1128/jcm.42.3.1285-1287.2004
https://doi.org/10.1128/jcm.42.3.1285-1287.2004
https://doi.org/10.1038/s41467-019-13301-3
https://doi.org/10.1038/s41467-019-13301-3
https://doi.org/10.1128/iai.68.5.2808-2818.2000
https://doi.org/10.1016/j.tim.2015.10.005
https://doi.org/10.1038/s41598-017-13714-4
https://doi.org/10.1038/s41598-017-13714-4
https://doi.org/10.1099/mic.0.28768-0
https://doi.org/10.1099/mic.0.28768-0
https://doi.org/10.1099/mic.0.067959-0
https://doi.org/10.1038/nrmicro.2017.20
https://doi.org/10.3389/fmicb.2016.01336
https://doi.org/10.3389/fmicb.2016.01336
https://doi.org/10.1007/s11356-018-3231-4
https://doi.org/10.1007/s11356-018-3231-4
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.1111/jfd.12896
https://doi.org/10.1111/jfd.12896
https://doi.org/10.1590/s1413-86702008000600023
https://doi.org/10.1590/s1413-86702008000600023
https://doi.org/10.3390/md17070399
https://doi.org/10.3390/md17070399
https://doi.org/10.3390/md17050254
https://doi.org/10.3390/md17050254

Vol. 67

Role of bacterial secretion systems and effector proteins 291

Society for Microbiology 22: 479-490. https://doi.org/10.1007/s10123-
019-00075-3

Epple HJ, Mankertz ], Ignatius R, Liesenfeld O, Fromm M, Zeitz
M, Chakraborty T, Schulzke JD (2004) _Aeromonas hydrophila
beta-hemolysin induces active chloride secretion in colon epithe-
lial cells (HT-29/B6). Infection Immunity T2: 4848—4858. https://doi.
org/10.1128/1A1.72.8.4848-4858.2004

Erova TE, Sha J, Horneman AJ, Borchardt MA, Khajanchi BK, Fadl
AA, Chopra AK (2007) Identification of a new hemolysin from
diarrheal isolate SSU of Aeromonas hydrophila. FEMS Microbiol Lett
275: 301-311. https://doi.org/10.1111/1.1574-6968.2007.00895.x

Escajadillo T, Nizet V (2018) Pharmacological targeting of pore-form-
ing toxins as adjunctive therapy for invasive bacterial infection. Tox-
ins 10. https://doi.org/10.3390/ toxins10120542

Evangelista-Barreto NS, de Carvalho FC, Vieira RH, Dos Reis CM,
Macrae A, Rodrigues Ddos P (2010) Characterization of Aeromonas
species isolated from an estuarine environment. Brag | Microbiol:
Publication of the Brazilian Society for Microbiology 41: 452—460. https://
doi.org/10.1590/81517-838220100002000027

Fehr D, Burr SE, Gibert M, d’Alayer J, Frey J, Popoff MR (2007)
Aeromonas exoenzyme T of Aeromonas salmonicida is a bifunctional
protein that targets the host cytoskeleton. | Bio/ Chenr 282: 28843—
28852. https://doi.org/10.1074/jbc.M704797200

Fehr D, Casanova C, Liverman A, Blazkova H, Orth K, Dobbelaere
D, Frey J, Burr SE (2006) AopP, a type 111 effector protein of Aero-
monas salmonicida, inhibits the NF-kappaB signalling pathway. Microbi-
ology 152: 2809-2818. https://doi.org/10.1099/mic.0.28889-0

Fernandez-Bravo A, Figueras MJ (2020) An update on the genus Aerv-
monas: taxonomy, epidemiology, and pathogenicity. Microorganisms 8.
https://doi.org/10.3390/microorganisms8010129

Fernandez-Bravo A, Kilgore PB, Andersson JA, Blears E, Figueras
M], Hasan NA, Colwell RR, Sha ], Chopra AK (2019) T6SS and
ExoA of flesh-cating Aeromonas hydrophila in peritonitis and ne-
crotizing fasciitis during mono- and polymicrobial infections. Proc
Nat! Acad Sci U S A 116: 24084-24092. https://doi.org/10.1073/
pnas.1914395116

Filloux A (2004) The undertlying mechanisms of type II protein secre-
tion. Biochim Biophysi Acta 1694: 163-179. https://doi.org/10.1016/j.
bbamcr.2004.05.003

Galan JE, Waksman G (2018) Protein-injection machines in bacteria.
Cell 172: 1306-1318. https://doi.org/10.1016/j.cell.2018.01.034

Galindo CL, Fadl AA, Sha ], Gutierrez C, Jr., Popov VL, Boldogh I,
Aggarwal BB, Chopra AK (2004) _Aeromonas hydrophila cytotoxic
enterotoxin activates mitogen-activated protein kinases and induces
apoptosis in murine macrophages and human intestinal epithelial
cells. | Bio/ Chem 279: 37597-37612. https://doi.org/10.1074/jbc.
M404641200

Galindo CL, Sha J, Ribardo DA, Fadl AA, Pillai L, Chopra AK (2003)
Identification of _4eromonas hydrophila cytotoxic enterotoxin-induced
genes in macrophages using microarrays. | Bio/ Chem 278: 40198—
40212. https://doi.org/10.1074/jbc.M305788200

Gaytan MO, Martinez-Santos VI, Soto E, Gonzalez-Pedrajo B (2016)
Type three secretion system in attaching and effacing pathogens.
Frontiers  Cell Infection Microbiol 6: 129. https://doi.org/10.3389/
fcimb.2016.00129

Gerritzen MJH, Martens DE, Wijffels RH, van der Pol L, Stork M
(2017) Bioengineering bactetial outer membrane vesicles as vaccine
platform. Biotechnol Ady 35: 565-574. https://doi.org/10.1016/j.bio-
techadv.2017.05.003

Ghenghesh KS, Ahmed SF, Cappuccinelli P, Klena JD (2014) Geno-
species and virulence factors of Aeromonas species in different sourc-
es in a North African country. Libyan | Med 9: 25497. https://doi.
org/10.3402/1jm.v9.25497

Gonzalez MR, Bischofberger M, Freche B, Ho S, Parton RG, van der
Goot FG (2011) Pore-forming toxins induce multiple cellular re-
sponses promoting survival. Cel/ Microbiol 13: 1026-1043. https://
doi.org/10.1111/§.1462-5822.2011.01600.x

Grim CJ, Kozlova EV, Ponnusamy D, Fitts EC, Sha ], Kirtley ML,
van Lier CJ, Tiner BL, Erova TE, Joseph SJ, Read TD, Shak JR, Jo-
seph SW, Singletary E, Felland T, Baze WB, Horneman AJ, Chopra
AK (2014) Functional genomic characterization of virulence factors
from necrotizing fasciitis-causing strains of _Aeromonas hydrophila.
Appl - Environ  Microbiol 80: 4162-4183. https://doi.org/10.1128/
AEM.00486-14

Grim CJ, Kozlova EV, Sha J, Fitts EC, van Lier CJ, Kirtley ML, Jo-
seph SJ, Read TD, Burd EM, Tall BD, Joseph SW, Horneman A]J,
Chopra AK, Shak JR (2013) Characterization of Aeromonas hydroph-
ila wound pathotypes by comparative genomic and functional analy-
ses of virulence genes. #Bio 4: ¢€00064-13. https://doi.org/10.1128/
mBio.00064-13

Groves E, Rittinger K, Amstutz M, Berry S, Holden DW, Cornelis
GR, Caron E (2010) Sequestering of Rac by the Yersinia effector
YopO blocks Fegamma receptor-mediated phagocytosis. | Bio/ Chen
285: 4087-4098. https://doi.org/10.1074/jbe.M109.071035

Ho BT, Dong TG, Mekalanos J] (2014) A view to a kill: the bacterial
type VI secretion system. Cel/ Host  Microbe 15: 9-21. https://doi.
org/10.1016/j.chom.2013.11.008

Holland IB (2004) Translocation of bacterial proteins--an overview.
Biochim  Biophys Acta 1694: 5-16. https://doi.org/10.1016/j.bbam-
¢r.2004.02.007

Howard SP, Estrozi LF, Bertrand Q, Contreras-Martel C, Strozen T,
Job V, Martins A, Fenel D, Schoehn G, Dessen A (2019) Structure
and assembly of pilotin-dependent and -independent secretins of
the type II secretion system. PLaS Pathogens 15: ¢1007731. https://
doi.org/10.1371/journal.ppat.1007731

Tacovache I, De Catlo S, Cirauqui N, Dal Peraro M, van der Goot FG,
Zuber B (2016) Cryo-EM structure of aerolysin variants reveals a
novel protein fold and the pore-formation process. Nat Commun T:
12062. https://doi.org/10.1038 /ncomms12062

Tacovache I, Degiacomi MT, Pernot I, Ho S, Schiltz M, Dal Peraro
M, van der Goot FG (2011) Dual chaperone role of the C-terminal
propeptide in folding and oligomerization of the pore-forming toxin
aerolysin. PLoS Pathogens T: €1002135. https://dot.org/10.1371/jour-
nal.ppat.1002135

Tacovache I, Paumard P, Scheib H, Lesieur C, Sakai N, Matile S, Park-
er MW, van der Goot FG (2006) A rivet model for channel for-
mation by aerolysin-like pore-forming toxins. EMBO | 25: 457—466.
https://doi.org/10.1038/sj.emboj.7600959

Igbinosa IH, Igumbor EU, Aghdasi F, Tom M, Okoh AI (2012)
Emerging  Aeromonas  species  infections and  their  signifi-
cance in public health. S& Workd | 2012: 625023. https://doi.
org/10.1100/2012/625023

Imre G, Heering J, Takeda AN, Husmann M, Thiede B, zu Heringdorf
DM, Green DR, van der Goot FG, Sinha B, Dotsch V, Rajalingam
K (2012) Caspase-2 is an initiator caspase responsible for pore-
forming toxin-mediated apoptosis. EMBO ] 31: 2615-2628. https://
doi.org/10.1038/emb0j.2012.93

Izore T, Perdu C, Job V, Attree I, Faudry E, Dessen A (2011) Struc-
tural characterization and membrane localization of ExsB from the
type 11 secretion system (T3SS) of Pseudomonas aeruginosa. | Mol Biol
413: 236-246. https://doi.org/10.1016/j.jmb.2011.07.043

Jan AT (2017) Outer Membrane Vesicles (OMVs) of gram-negative
bacteria: a perspective update. Frontiers Microbiol 8: 1053. https://doi.
org/10.3389/fmicb.2017.01053

Jana B, Salomon D (2019) Type VI secretion system: a modular toolkit
for bacterial dominance. Future Microbiol 14: 1451-1463. https://doi.
org/10.2217 /fmb-2019-0194

Jia N, Liu N, Cheng W, Jiang YL, Sun H, Chen LL, Peng J, Zhang Y,
Ding YH, Zhang ZH, Wang X, Cai G, Wang J, Dong MQ, Zhang
7, Wu H, Wang HW, Chen Y, Zhou CZ (20106) Structural basis for
receptor recognition and pore formation of a zebrafish aerolysin-
like protein. EMBO Reports 17: 235-248. https://doi.org/10.15252/
embr.201540851

Jones RM, Luo L, Moberg KH (2012) Aeromonas salmonicida-secreted
protein AopP is a potent inducer of apoptosis in a mammalian
and a Drosophila model. Cel/ Microbio! 14: 274-285. https://doi.
org/10.1111/1.1462-5822.2011.01717 x

Khajanchi BK, Fadl AA, Borchardt MA, Berg RL, Horneman A]J,
Stemper ME, Joseph SW, Moyer NP, Sha J, Chopra AK (2010)
Distribution of virulence factors and molecular fingerprinting of Ae-
romonas species isolates from water and clinical samples: suggestive
evidence of water-to-human transmission. App/ Environ Microbiol 76:
2313-2325. https://doi.org/10.1128/AEM.02535-09

Khor WC, Puah SM, Tan JA, Puthucheary SD, Chua KH (2015) Phe-
notypic and genetic diversity of _Aeromonas species isolated from
fresh water lakes in malaysia. PlS One 10: ¢0145933. https://doi.
org/10.1371/journal.pone.0145933

Korotkov KV, Sandkvist M (2019) Architecture, function, and sub-
strates of the type II secretion system. EcoSal Plus 8. https://doi.
org/10.1128/ecosalplus. ESP-0034-2018

Korotkov KV, Sandkvist M, Hol WG (2012) The type II secretion
system: biogenesis, molecular architecture and mechanism. Naz Rev
Microbiol 10: 336-351. https://doi.org/10.1038/nrmicro2762

Kubori T (2016) Life with Bacterial Secretion Systems. PLoS pathogens
12:¢1005562. https://doi.org/10.1371/journal.ppat.1005562

Lara-Tejero M, Galan JE (2019) The injectisome, a complex nanoma-
chine for protein injection into mammalian cells. EcoSa/ Plus 8. htt-
ps://doi.org/10.1128/ecosalplus. ESP-0039-2018

Lara-Tejero M, Kato J, Wagner S, Liu X, Galan JE (2011) A sorting
platform determines the order of protein secretion in bacterial type
IIT systems. Science 331: 1188-1191. https://doi.org/10.1126/sci-
ence.1201476

Lewis JM, Deveson Lucas D, Harper M, Boyce JD (2019) Systematic
identification and analysis of Acinetobacter banmannii Type VI secre-
tion system effector and immunity components. Frontiers Microbiol
10: 2440. https://doi.org/10.3389/fmicb.2019.02440

Li G, Howard SP (2010) ExeA binds to peptidoglycan and forms
a multimer for assembly of the type II secretion apparatus in
Aeromonas  hydrophila. Mo/ Microbio! 76: 772-781. https://doi.
org/10.1111/§.1365-2958.2010.07138.x


https://doi.org/10.1007/s10123-019-00075-3
https://doi.org/10.1007/s10123-019-00075-3
https://doi.org/10.1128/IAI.72.8.4848-4858.2004
https://doi.org/10.1128/IAI.72.8.4848-4858.2004
Https://doi.org/10.1111/j.1574-6968.2007.00895.x
https://doi.org/10.3390/toxins10120542
https://doi.org/10.1590/S1517-838220100002000027
https://doi.org/10.1590/S1517-838220100002000027
https://doi.org/10.1074/jbc.M704797200
https://doi.org/10.1099/mic.0.28889-0
Https://doi.org/10.3390/microorganisms8010129
https://doi.org/10.1073/pnas.1914395116
https://doi.org/10.1073/pnas.1914395116
https://doi.org/10.1016/j.bbamcr.2004.05.003
https://doi.org/10.1016/j.bbamcr.2004.05.003
https://doi.org/10.1016/j.cell.2018.01.034
https://doi.org/10.1074/jbc.M404641200
https://doi.org/10.1074/jbc.M404641200
https://doi.org/10.1074/jbc.M305788200
https://doi.org/10.3389/fcimb.2016.00129
https://doi.org/10.3389/fcimb.2016.00129
https://doi.org/10.1016/j.biotechadv.2017.05.003
https://doi.org/10.1016/j.biotechadv.2017.05.003
https://doi.org/10.3402/ljm.v9.25497
https://doi.org/10.3402/ljm.v9.25497
https://doi.org/10.1111/j.1462-5822.2011.01600.x
https://doi.org/10.1111/j.1462-5822.2011.01600.x
https://doi.org/10.1128/AEM.00486-14
https://doi.org/10.1128/AEM.00486-14
https://doi.org/10.1128/mBio.00064-13
https://doi.org/10.1128/mBio.00064-13
https://doi.org/10.1074/jbc.M109.071035
https://doi.org/10.1016/j.chom.2013.11.008
https://doi.org/10.1016/j.chom.2013.11.008
https://doi.org/10.1016/j.bbamcr.2004.02.007
https://doi.org/10.1016/j.bbamcr.2004.02.007
https://doi.org/10.1371/journal.ppat.1007731
https://doi.org/10.1371/journal.ppat.1007731
https://doi.org/10.1038/ncomms12062
https://doi.org/10.1371/journal.ppat.1002135
https://doi.org/10.1371/journal.ppat.1002135
https://doi.org/10.1038/sj.emboj.7600959
https://doi.org/10.1100/2012/625023
https://doi.org/10.1100/2012/625023
https://doi.org/10.1038/emboj.2012.93
https://doi.org/10.1038/emboj.2012.93
https://doi.org/10.1016/j.jmb.2011.07.043
https://doi.org/10.3389/fmicb.2017.01053
https://doi.org/10.3389/fmicb.2017.01053
https://doi.org/10.2217/fmb-2019-0194
https://doi.org/10.2217/fmb-2019-0194
https://doi.org/10.15252/embr.201540851
https://doi.org/10.15252/embr.201540851
https://doi.org/10.1111/j.1462-5822.2011.01717.x
https://doi.org/10.1111/j.1462-5822.2011.01717.x
https://doi.org/10.1128/AEM.02535-09
https://doi.org/10.1371/journal.pone.0145933
https://doi.org/10.1371/journal.pone.0145933
https://doi.org/10.1128/ecosalplus.ESP-0034-2018
https://doi.org/10.1128/ecosalplus.ESP-0034-2018
https://doi.org/10.1038/nrmicro2762
https://doi.org/10.1371/journal.ppat.1005562
https://doi.org/10.1128/ecosalplus.ESP-0039-2018
https://doi.org/10.1128/ecosalplus.ESP-0039-2018
https://doi.org/10.1126/science.1201476
https://doi.org/10.1126/science.1201476
https://doi.org/10.3389/fmicb.2019.02440
https://doi.org/10.1111/j.1365-2958.2010.07138.x
https://doi.org/10.1111/j.1365-2958.2010.07138.x

292 J. Matys and others

2020

Li G, Miller A, Bull H, Howard SP (2011) Assembly of the type II
secretion system: identification of ExeA residues critical for pepti-
doglycan binding and secretin multimerization. | Bacterio/ 193: 197—
204. https://doi.org/10.1128/]B.00882-10

Li J, Ni XD, Liu Y], Lu CP (2011) Detection of three virulence genes
alt, abp and aerA in Aeromonas hydrophila and their relationship with
actual virulence to zebrafish. | App/ Microbiol 110: 823-830. https://
doi.org/10.1111/§.1365-2672.2011.04944.x

Lien YW, Lai EM (2017) Type VI secretion effectors: methodolo-
gies and biology. Frontiers Cell Infection Microbiol T: 254. https://doi.
org/10.3389/fcimb.2017.00254

Maffei B, Francetic O, Subtil A (2017) Tracking proteins secreted by
bacteria: what’s in the toolbox? Frontiers Cell Infection Microbiol T: 221.
https://doi.org/10.3389/fcimb.2017.00221

Makobe CK, Sang WK, Kikuvi G, Kariuki S (2012) Molecular char-
acterization of virulence factors in diarrhoeagenic Escherichia coli
isolates from children in Nairobi, Kenya. | Infect Develop Countries 6:
598-604. https://doi.org/10.3855/jidc.2082

Mattei PJ, Faudry E, Job V, Izore T, Attree I, Dessen A (2011) Mem-
brane targeting and pore formation by the type IIT secretion system
translocon. FEBS | 278: 414-426. https://doi.org/10.1111/}.1742-
4658.2010.07974.x

McQuade R, Stock SP (2018) Secretion systems and secreted pro-
teins in gram-negative entomopathogenic bacteria: their roles in
insect virulence and beyond. Insects 9. https://doi.org/10.3390/in-
sects9020068

Menanteau-Ledouble S, El-Matbouli M (2016) Antigens of Aeromonas
salmonicida subsp. salmonicida specifically induced 7 vivo in Onco-
rhynchus mykiss. | Fish Dis 39: 1015-1019. https://doi.org/10.1111/
jfid.12430

Meuskens I, Saragliadis A, Leo JC, Linke D (2019) Type V sectretion
systems: an overview of passenger domain functions. Frontiers Micro-
biol 10: 1163. https://doi.org/10.3389/fmicb.2019.01163

Najimi M, Balado M, Lemos ML, Osorio CR (2009) Genetic char-
acterization of pAsa6, a new plasmid from _Aeromonas salmonicida
subsp. salmonicida that encodes a type III effector protein AopH
homolog.  Plasmid 61: 176-181. https://doi.org/10.1016/].plas-
mid.2009.01.001

Nazir R, Mazurier S, Yang P, Lemanceau P, van Elsas JD (2017) The
ecological role of type three secretion systems in the interaction of
bacteria with fungi in soil and related habitats is diverse and con-
text-dependent. Frontiers Microbiol 8: 38. https://doi.org/10.3389/
fmicb.2017.00038

Notti RQ, Stebbins CE (2016) The structure and function of type III
secretion systems. Microbiol Spectrum 4. https://doi.org/10.1128 /mi-
crobiolspec. VMBF-0004-2015

Origgi FC, Benedicenti O, Segner H, Sattler U, Wahli T, Frey ]
(2017) Aeromonas salmonicida type 111 secretion system-effectors-me-
diated immune suppression in rainbow trout (Onmcorbynchus mykiss).
Fish  Shellfish  Immunol 60: 334-345. https://doi.org/10.1016/j.
£51.2016.12.006

Park D, Lara-Tejero M, Waxham MN, Li W, Hu B, Galan JE, Liu ]
(2018) Visualization of the type III secretion mediated Salmonella-
host cell interface using cryo-clectron tomography. elife 7. https://
doi.org/10.7554/eLife.39514

Pena RT, Blasco L, Ambroa A, Gonzalez-Pedrajo B, Fernandez-Gar-
cia L, Lopez M, Bleriot I, Bou G, Garcia-Contreras R, Wood TK,
Tomas M (2019) Relationship between quotum sensing and secre-
tion systems. Frontiers Microbiol 10: 1100. https://doi.org/10.3389/
fmicb.2019.01100

Podobnik M, Kisovec M, Anderluh G (2017) Molecular mechanism
of pore formation by aerolysin-like proteins. Philosophical Transac-
tions of the Royal Society of London. Series B, Biol Sci 372. https://doi.
org/10.1098/rstb.2016.0209

Praveen PK, Debnath C, Shekhar S, Dalai N, Ganguly S (2016) Inci-
dence of Aeromonas spp. infection in fish and chicken meat and its
related public health hazards: A review. ez World 9: 6-11. https://
doi.org/10.14202/vetworld.2016.6-11

Pukatzki S, McAuley SB, Miyata ST (2009) The type VI secretion sys-
tem: translocation of effectors and effector-domains. Curr Opin Mi-
crobiol 12: 11-17. https:/ /doi.org/10.1016/j.mib.2008.11.010

Ramirez-Carreto S, Perez-Garcia EI, Salazar-Garcia SI, Bernaldez-
Sarabia ], Licea-Navarro A, Rudino-Pinera E, Perez-Martinez L,
Pedraza-Alva G, Rodriguez-Almazan C (2019) Identification of a
pore-forming protein from sea anemone Anthopleura dowii Verrill
(1869) venom by mass spectrometry. | Venomous Anim Toxins Includ-
ing Tropical Dis 25: ¢147418. https://doi.org/10.1590/1678-9199-
JVATITD-1474-18

Rangel LT, Marden ], Colston S, Setubal JC, Graf ], Gogarten JP
(2019) Identification and characterization of putative Aeromonas spp.
T3SS effectors. PloS One 14: ¢0214035. https://doi.org/10.1371/
journal.pone.0214035

Rasmussen-Ivey CR, Figueras M]J, McGarey D, Liles MR (2010)
Virulence factors of Aeromonas hydrophila: in the wake of reclas-
sification.  Frontiers  Microbiol 7: 1337. https://doi.org/10.3389/
fmicb.2016.01337

Reith ME, Singh RK, Curtis B, Boyd JM, Bouevitch A, Kimball J,
Munbholland J, Murphy C, Sarty D, Williams ], Nash JH, Johnson
SC, Brown LL (2008) The genome of Aeromonas salmonicida subsp.
salmonicida A449: insights into the evolution of a fish pathogen.
BMC Genomics 9: 427. https://doi.org/10.1186/1471-2164-9-427

Reyes-Rodriguez NE, Salgado-Miranda C, Flores-Valle IT, Gonzalez-
Gomez M, Soriano-Vargas E, Pelacz-Acero A, Vega-Sanchez V
(2019) Molecular identification and virulence potential of the genus
Aeromonas isolated from wild rainbow trout (Oncorbynchus mykiss) in
Mexico. | Food Protect 82: 1706—1713. https://doi.org/10.4315/0362-
028X.JFP-18-545

Reynolds TB (2009) Strategies for acquiring the phospholipid metabo-
lite inositol in pathogenic bacteria, fungi and protozoa: making it
and taking it. Microbiology 155: 1386-1396. https://doi.org/10.1099/
mic.0.025718-0

Russell AB, Peterson SB, Mougous JD (2014) Type VI secretion sys-
tem effectors: poisons with a purpose. Nat Rev. Microbiol 12: 137—
148. https://doi.org/10.1038/nrmicro3185

Sana TG, Voulhoux R, Monack DM, Ize B, Bleves S (2019) Edito-
rial: protein export and secretion among bacterial pathogens.
Frontiers  Cell Infection  Microbiol 9: 473. https://doi.org/10.3389/
fcimb.2019.00473

Sandkvist M (2001) Type II secretion and pathogenesis. Infection Inmuni-
# 69: 3523-3535. https://doi.org/10.1128 /TAL69.6.3523-3535.2001

Sha J, Pillai L, Fadl AA, Galindo CL, Erova TE, Chopra AK (2005)
The type III secretion system and cytotoxic enterotoxin alter the
virulence of Aeromonas hydrophila. Infection Immunity 73: 6446-6457.
https://doi.org/10.1128/1A1.73.10.6446-6457.2005

Sha J, Rosenzweig JA, Kozlova EV, Wang S, Erova TE, Kirtley ML,
van Lier CJ, Chopra AK (2013) Evaluation of the roles played by
Hcp and VerG type 6 secretion system effectors in Aeromonas hy-
drophila SSU pathogenesis. Microbiology 159: 1120-1135. https://doi.
org/10.1099/mic.0.063495-0

Sha J, Wang SF, Suatez G, Sierra JC, Fadl AA, Erova TE, Foltz SM,
Khajanchi BK, Silver A, Graf ], Schein CH, Chopra AK (2007)
Further characterization of a type III secretion system (T3SS) and
of a new effector protein from a clinical isolate of Aeromonas hy-
drophila — part 1. Microbial Pathogenesis 43: 127-46. https://doi.
0rg/10.1016/j.micpath.2007.05.002

Shehata MM, Mostafa A, Teubner I, Mahmoud SH, Kandeil A,
Elshesheny R, Frantz R, La Pietra L, Pleschka S, Osman A, Kay-
ali G, Chakraborty T, Ali MA, Mraheil MA (2019) Bacterial Outer
Membrane Vesicles (OMVs)-based dual vaccine for influenza a
HIN1 virus and MERS-CoV. Vacines 7. https://doi.org/10.3390/
vaccines7020046

Sierra JC, Suarez G, Sha |, Baze WB, Foltz SM, Chopra AK (2010)
Unraveling the mechanism of action of a new type III secretion
system effector AexU from Aeromonas hydrophila. Microbial Pathogen-
esis 49: 122-134. https://doi.org/10.1016/j.micpath.2010.05.011

Sierra JC, Suarez G, Sha J, Foltz SM, Popov VL, Galindo CL, Garner
HR, Chopra AK (2007) Biological characterization of a new type
III secretion system effector from a clinical isolate of _Aeromonas
hydrophila-part II. Microbial Pathogenesis 43: 147-160. https://doi.
org/10.1016/j.micpath.2007.05.003

Soto-Davila M, Hossain A, Chakraborty S, Rise ML, Santander J
(2019) Aeromonas salmonicida subsp. salmonicida early infection and
immune response of atlantic cod (Gadus morbua 1.) Primary Mac-
rophages. Frontiers Immmunol 10: 1237. https://doi.org/10.3389/fim-
mu.2019.01237

Staib L, Fuchs TM (2014) From food to cell: nutrient exploitation
strategies of enteropathogens. Microbiology 160: 1020-1039. https://
doi.org/10.1099/mic.0.078105-0

Suarez G, Sierra JC, Erova TE, Sha ], Horneman AJ, Chopra AK
(2010) A type VI secretion system effector protein, VgrGl, from
Aeromonas hydrophila that induces host cell toxicity by ADP ribo-
sylation of actin. | Bacteriol 192: 155-168. https://doi.org/10.1128/
JB.01260-09

Suarez G, Sierra JC, Kirtley ML, Chopra AK (2010) Role of Hcp, a
type 6 secretion system effector, of Aeromonas hydrophila in modu-
lating activation of host immune cells. Microbiology 156: 3678-3688.
https://doi.org/10.1099/mic.0.041277-0

Suarez G, Sierra JC, Sha J, Wang S, Erova TE, Fadl AA, Foltz SM,
Horneman AJ, Chopra AK (2008) Molecular characterization of a
functional type VI secretion system from a clinical isolate of Ae-
romonas ‘hydrophila. Microbial Pathogenesis 44: 344-361. https://doi.
org/10.1016/j.micpath.2007.10.005

Sun J, Zhang X, Gao X, Jiang Q, Wen Y, Lin L (2016) Characteriza-
tion of virulence properties of Aeromonas veronii isolated from dis-
cased gibel carp (Carassius gibelio). Int | Mol Sci 17: 496. https://doi.
org/10.3390/1jms 17040496

Talagrand-Reboul E, Colston S, Graf J, Lamy B, Jumas-Bilak E (2020)
Comparative and evolutionary genomics of isolates provide insight
into the pathoadaptation of Aeromonas. Genome Biol Evol. https:/ /doi.
org/10.1093/gbe/evaal55


https://doi.org/10.1128/JB.00882-10
https://doi.org/10.1111/j.1365-2672.2011.04944.x
https://doi.org/10.1111/j.1365-2672.2011.04944.x
https://doi.org/10.3389/fcimb.2017.00254
https://doi.org/10.3389/fcimb.2017.00254
https://doi.org/10.3389/fcimb.2017.00221
https://doi.org/10.3855/jidc.2082
https://doi.org/10.1111/j.1742-4658.2010.07974.x
https://doi.org/10.1111/j.1742-4658.2010.07974.x
https://doi.org/10.3390/insects9020068
https://doi.org/10.3390/insects9020068
https://doi.org/10.1111/jfd.12430
https://doi.org/10.1111/jfd.12430
https://doi.org/10.3389/fmicb.2019.01163
https://doi.org/10.1016/j.plasmid.2009.01.001
https://doi.org/10.1016/j.plasmid.2009.01.001
https://doi.org/10.3389/fmicb.2017.00038
https://doi.org/10.3389/fmicb.2017.00038
https://doi.org/10.1128/microbiolspec.VMBF-0004-2015
https://doi.org/10.1128/microbiolspec.VMBF-0004-2015
https://doi.org/10.1016/j.fsi.2016.12.006
https://doi.org/10.1016/j.fsi.2016.12.006
https://doi.org/10.7554/eLife.39514
https://doi.org/10.7554/eLife.39514
https://doi.org/10.3389/fmicb.2019.01100
https://doi.org/10.3389/fmicb.2019.01100
https://doi.org/10.1098/rstb.2016.0209
https://doi.org/10.1098/rstb.2016.0209
https://doi.org/10.14202/vetworld.2016.6-11
https://doi.org/10.14202/vetworld.2016.6-11
https://doi.org/10.1016/j.mib.2008.11.010
https://doi.org/10.1590/1678-9199-JVATITD-1474-18
https://doi.org/10.1590/1678-9199-JVATITD-1474-18
https://doi.org/10.1371/journal.pone.0214035
https://doi.org/10.1371/journal.pone.0214035
https://doi.org/10.3389/fmicb.2016.01337
https://doi.org/10.3389/fmicb.2016.01337
https://doi.org/10.1186/1471-2164-9-427
https://doi.org/10.4315/0362-028X.JFP-18-545
https://doi.org/10.4315/0362-028X.JFP-18-545
https://doi.org/10.1099/mic.0.025718-0
https://doi.org/10.1099/mic.0.025718-0
https://doi.org/10.1038/nrmicro3185
https://doi.org/10.3389/fcimb.2019.00473
https://doi.org/10.3389/fcimb.2019.00473
https://doi.org/10.1128/IAI.69.6.3523-3535.2001
https://doi.org/10.1128/IAI.73.10.6446-6457.2005
https://doi.org/10.1099/mic.0.063495-0
https://doi.org/10.1099/mic.0.063495-0
https://doi.org/10.1016/j.micpath.2007.05.002
https://doi.org/10.1016/j.micpath.2007.05.002
https://doi.org/10.3390/vaccines7020046
https://doi.org/10.3390/vaccines7020046
https://doi.org/10.1016/j.micpath.2010.05.011
https://doi.org/10.1016/j.micpath.2007.05.003
https://doi.org/10.1016/j.micpath.2007.05.003
https://doi.org/10.3389/fimmu.2019.01237
https://doi.org/10.3389/fimmu.2019.01237
https://doi.org/10.1099/mic.0.078105-0
https://doi.org/10.1099/mic.0.078105-0
https://doi.org/10.1128/JB.01260-09
https://doi.org/10.1128/JB.01260-09
https://doi.org/10.1099/mic.0.041277-0
https://doi.org/10.1016/j.micpath.2007.10.005
https://doi.org/10.1016/j.micpath.2007.10.005
https://doi.org/10.3390/ijms17040496
https://doi.org/10.3390/ijms17040496
https://doi.org/10.1093/gbe/evaa055
https://doi.org/10.1093/gbe/evaa055

Vol. 67

Role of bacterial secretion systems and effector proteins 293

Tang HJ, Lai CC, Lin HI, Chao CM (2014) Clinical manifestations
of bacteremia caused by Aeromonas species in southern Taiwan. PloS
One 9: €91642. https://doi.org/10.1371/journal.pone.0091642

Tekedar HC, Abdelhamed H, Kumru S, Blom |, Karsi A, Lawrence
ML (2018) Comparative genomics of Aeromonas hydrophila secretion
systems and mutational analysis of hgp7 and »grG1 genes from TGSS.
Frontiers Microbiol 9: 3216. https://dot.org/10.3389/fmicb.2018.03216

Tomas JM (2012) The main Aeromonas pathogenic factors. ISRN Micro-
biol 2012: 256261. https://doi.org/10.5402/2012/256261

Trunk K, Peltier J, Liu YC, Dill BD, Walker I., Gow NAR, Stark MJR,
Quinn J, Strahl H, Trost M, Coulthurst SJ (2018) The type VI se-
cretion system deploys antifungal effectors against microbial com-
petitors. Nat Microbiol 3: 920-931. https://doi.org/10.1038/s41564-
018-0191-x

Tseng TT, Tyler BM, Setubal JC (2009) Protein secretion systems in
bacterial-host associations, and their description in the Gene Ontol-
ogy. BMC Microbiol 9 (Suppl 1): S2. https://doi.org/10.1186/1471-
2180-9-S1-S2

Turska-Szewczuk A, Duda KA, Schwudke D, Pekala A, Kozinska A,
Holst O (2014) Structural studies of the lipopolysaccharide from the
fish pathogen Aeromonas veronii strain Bs19, serotype O16. Marine
Drugs 12: 1298-1316. https://doi.org/10.3390/md12031298

Turska-Szewczuk A, Lindner B, Komaniecka I, Kozinska A, Pekala A,
Choma A, Holst O (2013) Structural and immunochemical studies
of the lipopolysaccharide from the fish pathogen, Aeromonas bestiar-
um strain K296, serotype O18. Marine Drugs 11: 1235-1255. https://
doi.org/10.3390/md11041235

Uchida K, Leiman PG, Arisaka F, Kanamaru S (2014) Structure and
properties of the C-terminal beta-helical domain of VgrG protein
from Escherichia coli O157. ] Biochemr 155: 173-182. https://doi.
org/10.1093/jb/mvt109

Vanden Bergh P, Frey ] (2014) Aeromonas salmonicida sabsp. salmonicida
in the light of its type-three secretion system. Microbial Biotechnol T
381400, https://doi.org/10.1111/1751-7915.12091

Vanden Bergh P, Heller M, Braga-Lagache S, Frey ] (2013) The Ae-
romonas salmonicida subsp. salmonicida exoproteome: determination
of the complete repertoire of Type-Three Secretion System effec-
tors and identification of other virulence factors. Profeome Sci 11: 42.
https://doi.org/10.1186/1477-5956-11-42

Vanden Bergh P, Heller M, Braga-Lagache S, Frey | (2013) The Ae-
romonas salmonicida subsp. salmonicida exoproteome: global analysis,
moonlighting proteins and putative antigens for vaccination against
furunculosis. Proteome Sci 11: 44. https://doi.org/10.1186/1477-
5956-11-44

Vanderlinde EM, Zhong S, Li G, Martynowski D, Grochulski P, How-
ard SP (2014) Assembly of the type two sectetion system in Aero-
monas hydrophila involves direct interaction between the periplasmic
domains of the assembly factor ExeB and the secretin ExeD. PhS§
One 9: €102038. https://doi.org/10.1371/journal.pone.0102038

Veesler D, Cambillau C (2011) A common evolutionary origin for
tailed-bacteriophage functional modules and bacterial machineries.
Microbiol Mol Biol Rev: MMBR 75: 423-433. https://doi.org/10.1128/
MMBR.00014-11

Vilches S, Wilhelms M, Yu HB, Leung KY, Tomas JM, Merino S
(2008) _Aeromonas hydrophila AH-3 AexT is an ADP-ribosylating
toxin secreted through the type III secretion system. Microbial Patho-
genesis 44: 1-12. https://doi.org/10.1016/j.micpath.2007.06.004

Wagner S, Grin I, Malmsheimer S, Singh N, Torres-Vargas CE, West-
erhausen S (2018) Bacterial type III secretion systems: a complex
device for the delivery of bacterial effector proteins into eukary-
otic host cells. FEMS Microbio! 1ett 365. https://doi.org/10.1093/
femsle/fny201

Wahli T, Burr SE, Pugovkin D, Mueller O, Frey | (2005) Aeromonas
sobria, a causative agent of disease in farmed perch, Perca flu-

viatilis 1. ] Fish Dis 28: 141-150. https://doi.org/10.1111/1.1365-
2761.2005.00608.x

Wang G, Clark CG, Liu C, Pucknell C, Munro CK, Kruk TM, Caldeira
R, Woodward DI, Rodgers FG (2003) Detection and characteriza-
tion of the hemolysin genes in Aeromonas hydrophila and Aeromonas
sobria by multiplex PCR. | Clin Microbiol 41: 1048-1054. https://doi.
org/10.1128/jcm.41.3.1048-1054.2003

Wang M, Luo Z, Du H, Xu S, Ni B, Zhang H, Sheng X, Xu H,
Huang X (2011) Molecular characterization of a functional type VI
secretion system in Salnonella enterica serovar typhi. Curr Microbiol 63:
22-31. https://doi.org/10.1007/500284-011-9935-z

Wang N, Liu J, Pang M, Wu Y, Awan F, Liles MR, Lu C, Liu Y
(2018) Diverse roles of Hcp family proteins in the environmental
fitness and pathogenicity of Aeromonas hydrophila Chinese epidemic
strain NJ-35. App/ Microbiol Biotechnol 102: 7083-7095. https://doi.
org/10.1007/500253-018-9116-0

Whitney JC, Beck CM, Goo YA, Russell AB, Harding BN, De Leon
JA, Cunningham DA, Tran BQ, Low DA, Goodlett DR, Hayes
CS, Mougous JD (2014) Genetically distinct pathways guide effec-
tor export through the type VI secretion system. Mo/ Microbiol 92:
529-542. https://doi.org/10.1111/mmi.12571

Wiles TJ, Mulvey MA (2013) The RTX pore-forming toxin alpha-he-
molysin of uropathogenic Escherichia coli: progress and perspectives.
Future Microbiol 8: 73—84. https://doi.org/10.2217/fmb.12.131

Wilson ]S, Churchill-Angus AM, Davies SP, Sedelnikova SE, Tzokov
SB, Rafferty JB, Bullough PA Bisson C, Baker PJ (2019) (Identi-
fication and structural analysis of the tripartite alpha-pote forming
toxin of Aeromonas hydrophila). Nat Commun 10: 2900. https://doi.
org/10.1038/541467-019-10777-x

Wu CJ, Wu JJ, Yan JJ, Lee HC, Lee NY, Chang CM, Shih HI, Wu
HM, Wang LR, Ko WC (2007) Clinical significance and distribution
of putative virulence markers of 116 consecutive clinical Aeromonas
isolates in southern Taiwan. | Infection 54: 151-158. https://doi.
org/10.1016/.jinf.2006.04.002

Wu HJ, Wang AH, Jennings MP (2008) Discovery of virulence factors
of pathogenic bacteria. Curr Opin Chem Biol 12: 93-101. https://doi.
org/10.1016/j.cbpa.2008.01.023

Wuethrich I, Peeters JG, Blom AE, Theile CS, Li Z, Spooner E,
Ploegh HL, Guimaraes CP (2014) Site-specific chemoenzymatic
labeling of aerolysin enables the identification of new aerolysin
receptors. PloS One 9: ¢109883. https://doi.org/10.1371/journal.
pone.0109883

Yang X, Pan ], Wang Y, Shen X (2018) Type VI secretion systems
present new insights on pathogenic Yersinia. Frontiers Cell Infection
Microbiol 8: 260. https://doi.org/10.3389/fcimb.2018.00260

Yi SW, You MJ, Cho HS, Lee CS, Kwon JK, Shin GW (2013) Mo-
lecular characterization of Aeromonas species isolated from farmed
eels  (Anguilla japonica). Vet Microbiol 164: 195-200. https://doi.
org/10.1016/j.vetmic.2013.02.006

Zhong C, Han M, Yang P, Chen C, Yu H, Wang L, Ning K (2019)
Comprehensive analysis reveals the evolution and pathogenic-
ity of Aeromonas, viewed from both single isolated species and
microbial communities. zSystems 4. https://doi.org/10.1128/mSys-
tems.00252-19

Zhou Y, Yu I, Nan Z, Zhang P, Kan B, Yan D, Su ] (2019) Taxon-
omy, virulence genes and antimicrobial resistance of isolated from
extra-intestinal and intestinal infections. BM¢ Infections Dis 19: 158.
https://doi.org/10.1186/s12879-019-3766-0

Zoued A, Brunet YR, Durand E, Aschtgen MS, Logger L, Douzi B,
Journet L, Cambillau C, Cascales E (2014) Architecture and as-
sembly of the Type VI secretion system. Biochinz Biophys Acta 1843:
1664-1673. https://doi.org/10.1016/j.bbamcr.2014.03.018


https://doi.org/10.1371/journal.pone.0091642
https://doi.org/10.3389/fmicb.2018.03216
https://doi.org/10.5402/2012/256261
https://doi.org/10.1038/s41564-018-0191-x
https://doi.org/10.1038/s41564-018-0191-x
https://doi.org/10.1186/1471-2180-9-S1-S2
https://doi.org/10.1186/1471-2180-9-S1-S2
https://doi.org/10.3390/md12031298
https://doi.org/10.3390/md11041235
https://doi.org/10.3390/md11041235
https://doi.org/10.1093/jb/mvt109
https://doi.org/10.1093/jb/mvt109
https://doi.org/10.1111/1751-7915.12091
https://doi.org/10.1186/1477-5956-11-42
https://doi.org/10.1186/1477-5956-11-44
https://doi.org/10.1186/1477-5956-11-44
https://doi.org/10.1371/journal.pone.0102038
https://doi.org/10.1128/MMBR.00014-11
https://doi.org/10.1128/MMBR.00014-11
https://doi.org/10.1016/j.micpath.2007.06.004
https://doi.org/10.1093/femsle/fny201
https://doi.org/10.1093/femsle/fny201
https://doi.org/10.1111/j.1365-2761.2005.00608.x
https://doi.org/10.1111/j.1365-2761.2005.00608.x
https://doi.org/10.1128/jcm.41.3.1048-1054.2003
https://doi.org/10.1128/jcm.41.3.1048-1054.2003
https://doi.org/10.1007/s00284-011-9935-z
https://doi.org/10.1007/s00253-018-9116-0
https://doi.org/10.1007/s00253-018-9116-0
https://doi.org/10.1111/mmi.12571
https://doi.org/10.2217/fmb.12.131
https://doi.org/10.1038/s41467-019-10777-x
https://doi.org/10.1038/s41467-019-10777-x
https://doi.org/10.1016/j.jinf.2006.04.002
https://doi.org/10.1016/j.jinf.2006.04.002
https://doi.org/10.1016/j.cbpa.2008.01.023
https://doi.org/10.1016/j.cbpa.2008.01.023
https://doi.org/10.1371/journal.pone.0109883
https://doi.org/10.1371/journal.pone.0109883
https://doi.org/10.3389/fcimb.2018.00260
https://doi.org/10.1016/j.vetmic.2013.02.006
https://doi.org/10.1016/j.vetmic.2013.02.006
https://doi.org/10.1128/mSystems.00252-19
https://doi.org/10.1128/mSystems.00252-19
https://doi.org/10.1186/s12879-019-3766-0
https://doi.org/10.1016/j.bbamcr.2014.03.018

