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Abstract

Aquaculture faces significant challenges due to bacterial pathogens like Aeromonas
hydrophila, which can severely impact production and fish health. Understanding the
relationship between environmental factors, host susceptibility, and bacterial virulence is
crucial for effectively managing and mitigating the risks associated with A. hydrophila in
aquaculture systems. A. hydrophila, found ubiquitously in aquatic environments, possesses
various virulence factors that enhance its pathogenicity. These factors are closely linked to
environmental conditions, such as temperature and pH, which play pivotal roles in bacte-
rial growth, survival, and pathogenic potential. Fluctuations in temperature and pH signifi-
cantly influence A. hydrophila’s metabolic activity and growth rate, thereby modulating its
virulence and overall pathogenicity. Ammonia, a byproduct of aquatic organism metabo-
lism and organic matter decomposition, can accumulate to toxic levels in aquaculture set-
tings, compromising fish health and immune function. Elevated ammonia concentrations
worsen A. hydrophila infections by compromising host immunity and creating favorable
conditions for bacterial proliferation. Oxygen concentration, host signals, and diet formula-
tion are significantly impacting the susceptibility of aquatic organisms to infection. These
factors are the most crucial in shaping the ecology, physiology, and pathogenicity of A.
hydrophila in aquaculture. There is limited information on how these environmental fac-
tors modulate the virulence genes of such important fish pathogens. The knowledge of A.
hydrophila virulence and its interplay with environmental factors paves the way for devel-
oping strategies to prevent and control diseases in aquaculture.
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Introduction

The genus Aeromonas belongs to the class of Gamma-proteobacteria and the family Aer-
omonadaceae (Janda and Abbott 2010). The members of this genus are characterized to
be Gram-negative bacilli (0.3—1.0x1.0-3.5 pm), positive for oxidase and catalase, and
capable of converting nitrates to nitrites, and they are glucose fermenters (Martinez-Mur-
cia et al. 2016). There are several species of aeromonads such as Aeromonas hydrophila
that can infect fish and other aquatic animals and spread disease to them (Abdella et al.
2017; Fernindez-Bravo and Figueras 2020). Besides being a fish pathogen, it also could
cause diseases for humans and can be ubiquitous in aquatic environments, foods, and food
processing and storage facilities (Stratev et al. 2012). For instance, diseases caused by
Aeromonas spp. in fish are hemorrhagic septicemia, ulcer disease, and motile Aeromonas
septicemia (Chen et al. 2019; Zhao et al. 2019). These diseases can result in high mortal-
ity rates and high economic losses in aquaculture (Elsheshtawy et al. 2019). Species that
infect humans can cause gastroenteritis, wound infections, and septicemia in immunocom-
promised individuals (Janda and Abbott 2010). In fish, the susceptible organs and tissues
include skin, gills, fins, liver, kidney, spleen, and intestine (Wassif and Mohammed 2022).
For disease establishment, Aeromonas produce a variety of virulence factors, such as tox-
ins, enzymes, and adhesins, that contribute to their pathogenicity and host damage (Tomas
2012).

The most common species of Aeromonas that cause disease in fish are A. hydrophila, A.
sobria, A. veronii, and A. salmonicida (Tomas 2012). The diagnosis of Aeromonas diseases
in farmed fish could be based on clinical signs, isolation and identification of the bacteria,
molecular methods, and histopathology. Among the aeromonads, A. hydrophila infection
continues to be the predominant disease-causing agent in freshwater fish on a global scale
(Pattanayak et al. 2020). A. hydrophila was found to have an open pan-genome with a large
number of accessory genes and a tiny core genome in a prior comparative genomics inves-
tigation (Abdella et al. 2023). The genetic diversity makes it difficult to serotype or geno-
type the strains of A. hydrophila due to the high complexity in terms of the type and the
number of virulence genes present in each isolate (Khor et al. 2015; Abdella et al. 2023). In
addition, relying solely on 16 s rRNA gene sequencing for genotyping is impractical in this
case(Abdella et al. 2023).

Among different control measures that can applied in the fish farms are antibiotics,
vaccines, probiotics, and application of biosecurity measures (Assefa and Abunna 2018).
However, the emergence of antibiotic resistance and the diversity of Aeromonas strains
pose challenges for the effective control of these diseases (Sherif and Kassab 2023). Resist-
ance to tetracycline antibiotics, such as oxytetracycline and doxycycline, is commonly
observed in A. hydrophila isolates from aquaculture context. These antibiotics are exten-
sively being used in fish farming for disease prevention and treatment (Goudarztalejerdi
et al. 2022). Additionally, A. hydrophila has shown an increasing resistance trend to fluo-
roquinolones like ciprofloxacin and enrofloxacin (Nasser et al. 2022). Furthermore, resist-
ance to sulfonamides and trimethoprim, often administered together, has been documented
in A. hydrophila strains isolated from aquaculture (Thaotumpitak et al. 2023). Certain A.
hydrophila isolates also demonstrate resistance to beta-lactam antibiotics like ampicillin
and cephalosporins, widely utilized in human and veterinary medicine (Saengsitthisak
et al. 2020; Abdella et al. 2021). Additionally, some A. hydrophila strains exhibit resistance
to macrolide antibiotics, including erythromycin and azithromycin (Saengsitthisak et al.
2020). These observations underscore the importance of developing new approaches of
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effective disease management in aquaculture environments which brings up the importance
of the environmental factors.

Environmental factors such as metal availability, salinity, dissolved oxygen concentra-
tion, pH value, and temperature as well as poor management (malnutrition, overfeeding,
and overcrowding) in hatchery facilities may cause stress to cultured animals and turn it
more susceptible to infections by A. hydrophilia (Abreu et al. 2018; Sherif and Kassab
2023). Moreover, A. hydrophila genomes are encoding different types of virulence factors
such as aerolysin (aer), cytotoxic enterotoxin (act), heat-stable hemolysin (hly), and heat-
stable cytotoxic enterotoxin (ast) (Rasmussen-Ivey et al. 2016; Samayanpaulraj et al. 2020;
Sherif and Kassab 2023). These are the most studied virulence determinants in A. hydroph-
ila; however, there are others which might also play a role in its pathogenicity, such as
lipase, elastase, flagella, type III secretion system, outer membrane proteins, and DNases
(Rasmussen-Ivey et al. 2016; Yassen et al. 2021; Sherif and Kassab 2023). The expres-
sion and regulation of these genes may vary depending on the bacterial strain, host, and
environmental conditions. It is not fully understood how environmental conditions have an
effect on intrinsic bacterial characteristics and the expression of virulence genes, so it is
an open question remaining to be elucidated (Abreu et al. 2018; Arayes et al. 2021). Thus,
understanding the diversity, function, and environmental regulation of these genes is cru-
cial for developing effective strategies to prevent and treat A. hydrophila infections in fish
farms.

Physical factors

Physical factors influence the microbial growth rate, such as temperature and pH value.
However, little is known about how these factors can modify the expression of the viru-
lence genes in the pathogenic microbes. It is critical to understand what triggers virulence
factor expression or at least the most essential one in a specific pathogen.

Temperature

Temperature is crucial for disease outbreaks in fish. In response to the change of the tem-
perature, bacterial cells need to switch their physiology to tackle the stress and stimuli
by the environment (Yi et al. 2022). The optimal temperature for bacterial pathogens in
higher animals, or more precisely in endothermic species, will logically be the same as the
host body temperature (Cascarano et al. 2021), while in ectothermic hosts, such as fish,
the change in temperature of the environment makes the expression of the virulence gene
more temperature-dependent and being influenced by the ambient environment tempera-
ture. Temperature-dependent expression of virulence genes in Aeromonas in fish has been
reported for some genes, such as aerolysin (aer), cytotoxic enterotoxin (act), hemolysin A
(hylA), outer membrane protein (omp), elastase, flagellin, lipase, and type III secretion sys-
tem (T3SS) (Pattanayak et al. 2020). However, the molecular mechanisms and regulatory
pathways involved in this process are not fully understood. Adding to that, the increase in
temperature is found to be stressful to the host, which increases the expression of corticos-
teroids which increase the vulnerability of the fish for infection (Huizinga et al. 1979).

In Aeromonas salmonicida SRW-OG1, a mesophilic fish pathogen, type 2 secretion
system (T2SS) has a role in secreting degradative enzymes and contributes directly to the
pathogenesis. The expression virulence factors such as protease, lipase, and lecithinase
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enzyme as well as the hemolytic ability were modulated by the temperature changes (Yi
et al. 2022). The activity of protease was the highest at 18 °C compared to 37 °C, while the
lipase activity was the highest at elevated temperature at 28 and 37 °C in comparison to
lower expression detected at 18 °C (Yi et al. 2022). Lecithinase activity was the lowest at
37 °C (Yi et al. 2022). In transcriptome analysis of Aeromonas salmonicida, different tem-
peratures representing 3 different temperatures, namely, 18 °C, 28 °C, and 37 °C, defined
the optimum temperature for cold-water fish pathogen, warm-water fish, and humans’ path-
ogens, respectively. The results revealed that aerA and hlyA genes were found to be signifi-
cantly upregulated at 28 and 37 °C.

Another study conducted by Pattanayak et al. (2020) on the carp Labeo rohita assessed
the influence of different temperature on virulence gene expression in A. hydrophila
in vivo. The result showed that the studied gene expression was highest at 28 °C, rather
than 37 °C. The highest virulence gene expressed in A. hydrophila at 28 °C was aerolysin,
cytotoxic enterotoxin, elastase, hemolysin, flagellin, outer membrane protein, and T3SS.
However, this finding cannot be generalized as the number of virulence genes is not fixed
among the A. hydrophila strains besides that the study was limited to the carp Labeo rohita
as a model in which the result might vary with host variation. In other words, the expres-
sion of virulence genes in Aeromonas can vary depending on the water temperature and
the host animal (Pattanayak et al. 2020; Sadique et al. 2021). The inconsistency of the
expression patterns of many virulence factors in the same strain in response to temperature
changes emphasizes the difficulty and the need of identifying the major virulence factor
that is responsible for disease development in the susceptible host.

Ammonia and pH

Ammonia and pH are closely connected in fish farming. Ammonia is a nitrogenous waste
product originated from fish metabolism, and its concentration and its ionization state in
water are governed by the pH levels and temperature (Yavuzcan Yildiz et al. 2017). The
recommended pH range for tilapia fish farming ranged from 6.5 to 9.5, with the optimum
pH level falling between 6.5 and 8.5. pH levels outside this range, either higher or lower,
can cause stress to the fish (Boyd 2020; Francis-Floyd et al. 2022). At optimum pH levels,
most of the ammonia is present in the form of ammonium ions, which are less toxic to fish.
However, a rise in the pH levels above 10 increases the concentration of unionized ammo-
nia, posing substantial risks to fish by negatively impacting their productivity, health, and
potentially leading to mortality (Bhatnagar and Devi 2013; Hasim et al., 2017).

Changes in pH and ammonia concentration may have an impact not only on the wel-
fare of the fish but also on the expression of virulence genes by pathogens present in the
system. The impacts of pH and ammonia on the activation of Aeromonas virulence genes
were observed. Abreu et al. (2018) reported that high mortality rates were observed in tila-
pia challenged with A. hydrophila within an environment characterized by high pH levels
and ammonia concentrations for each parameter when tested individually. Furthermore,
their study in vitro revealed a notable upregulation in the expression of the fla gene when
A. hydrophila was cultured in an environment with elevated ammonia concentration com-
pared to other virulence genes (aerolysin and lipase) while pH-tested groups showed no
expression of any virulence genes (Abreu et al. 2018). This study declares the potential role
of ammonia as a crucial factor for A. hydrophila virulence, which may contribute to the
proliferation of this pathogenic bacterium. Moreover, it was known that an increase in pH
levels may act to suppress the immune system of the fish, rendering them more susceptible
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to opportunistic pathogens. Nevertheless, it is worth emphasizing that while these find-
ings shed light on the general relationship between environmental factors, virulence gene
expression in A. hydrophila, and their impact on fish, the study did not provide a detailed
elucidation of gene expression patterns. In recent study conducted by Abdel-Latif et al.
(2022), it was found that the presence of total ammonia-N and A. hydrophila together exag-
gerated their effects on Nile tilapia to produce a severe disease followed by high mortality
rates. Therefore, this comprehensive study provides valuable mechanistic insights into the
ramifications of fish exposure to ammonia stress and infection with A. hydrophila, shed-
ding light on the intricacies of this interaction. Also, it was found that virulence genes of A.
hydrophila specifically aerA and hly genes were expressed under conditions of water qual-
ity characterized by elevated levels of unionized ammonia with infection by the parasite
Gyrodactylus cichlidarum in Nile tilapia (Abdel-Latif and Khafaga 2020). In-depth studies
are warranted to elucidate the intricate interplay between the expression of virulence genes
in A. hydrophila and the specific pH and ammonia parameters, with direct implications for
fish health and susceptibility.

Oxygen concentration

Aeromonads are facultative anaerobes, and as all other facultative microbes, they may
switch between aerobic and anaerobic metabolism. Such switching behaviors are con-
trolled by gene expression and are triggered by molecular sensing of oxygen concentration.
No surprise, it has developed a molecular mechanism for doing so through gene expression
control, including virulence genes. Oxygen can regulate virulence genes by modulating the
activity of transcription factors—which are proteins that bind to specific DNA sequences
and control gene expression. One example of a transcription factor that responds to oxygen
is fumarate and nitrate reductase regulator (FNR), which is activated under low oxygen
conditions and represses genes involved in aerobic respiration and activates genes involved
in anaerobic respiration and virulence (Barbieri et al. 2014). The active form of FNR is
homodimer protein and requires an iron-sulfur cluster in the FNR [4Fe-4S]** configura-
tion. The cluster transformed into [2Fe-2S]*" form in the presence of oxygen, resulting in
dimer dissociation and FNR inactivation; the process of FNR activation and deactivation is
reviewed by Barbieri et al. (2014). Furthermore, FNR activation is very crucial for human
pathogens such as Salmonella enterica, Pseudomonas aeruginosa, Neisseria meningitidis,
and Escherichia coli for survival in low oxygen environments (Contreras et al. 1997; Fink
et al. 2007; Kushwaha et al. 2020).

Another example is nitrate/nitrite response regulator (NarL), which is activated by
nitrate or nitrite and regulates genes involved in nitrate reduction and virulence (Goh et al.
2005; Durand and Guillier 2021). Oxygen can also affect the expression of virulence genes
indirectly by influencing the production of reactive oxygen species (ROS) and nitric oxide
(NO), which are molecules that can damage bacterial cells and are part of the host immune
response (Fajardo et al. 2023). Some bacteria have mechanisms to sense and detoxify ROS
and NO, such as catalases, superoxide dismutase, and NO reductases. These enzymes can
also modulate the expression of virulence genes by affecting the redox state of the cell or
by interacting with transcription factors. Therefore, oxygen may be considered as a key
environmental factor that influences the expression of virulence genes in many bacterial
strains including A. hydrophila and their ability to cause disease. However, there has been
little research into the effect of oxygen concentrations on the expression of virulence genes
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in fish infections. Figure 1 depicts the interplay between the environment, microbes, and
host.

Host signals

The effect of host signals on the expression of A. hydrophila virulence genes and how it is
modulated by such signals cannot be understood without challenging the pathogens to host
tissue. For example, a proteomics investigation on the differential expression of pathogenic E.
coli cultivated on blood agar and solid medium indicated that cell growth on blood agar has
increased genes important for anaerobic fermentation pathways as well as several virulence
features (Pettersen et al. 2016; Vlaeminck et al. 2022). From the previous discussion, it can
be concluded that the virulence genes in Aeromonas are also regulated by the presence of host
cell components present in blood, serum, and tissue. For instance, cytotoxic toxins such as
aerolysin and hemolysin are produced in an inactive form inside the bacterial cell; once acti-
vated, they are released to the environment to attack the host cell (Toméas 2012). These com-
ponents could bind to receptors on the surface of Aeromonas cells and induce the expression
of virulence genes (Pettersen et al. 2016). Deeper investigation is necessary to fully under-
stand the mechanisms of activation and interaction between host signals and the regulation of
virulence genes in A. hydrophila. The host—pathogen interaction in fish is extremely challeng-
ing to research due to the combination and diversity of infection situations and settings. For
example, Aeromonas spp. can cause disease in a wide range of aquatic animals in addition to
humans, and genetic diversity of Aeromonas spp. causes various strains to have varied growth
requirements and optimal environments (Froquet et al. 2007). While initial research models
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Fig. 1 The interactive relationship between environmental factors, microbes, and the host
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offered a simplified approach for studying host microbe interaction, transcriptomics and pro-
teomics studies enable investigation of the real host—pathogen interaction, yielding more reli-
able results. However, this approach can be cost-intensive, time-consuming, and technically
demanding. Additionally, the findings are specific to the studied host and pathogen, limiting
generalizability.

Organic matter and virulence

The formulation of fish diets has a considerable impact on microbial ecology in the aquatic
environment, as well as microbial pathogenicity, interaction, and abundance (Qin et al. 2016;
Zhang et al. 2020). A. hydrophila infection is associated with water with a high organic load,
and nutrient-rich feed pollutes aquatic water systems (Semwal et al. 2023). Motile Aeromonas
septicemia outbreaks in crucian carp in China were also shown to have occurred in ponds
with high organic loads, indicating that excessive nutrient loading owing to fertilizers and
algal blooming into aquatic environments is a major source of eutrophication (Lu et al. 2019).
As reported by Zhang et al. (2020), in ponds where excessive feed was provided, the preva-
lence of Aeromonas spp. was notably high. This was particularly concerning because when
excess unconsumed feeds were left in the water under specific conditions, it could lead to the
rapid multiplication of virulent A. hydrophila over a short period of time. If the density of
A. hydrophila reached a critical level, such as 10> CFU/mL, a significant incidence of fish
mortality was observed. Although the particular nutrient that made the bacteria thrive in fish
farming ponds and produce disease outbreaks is unknown, it is also uncertain which nutrients
specifically contribute to A. hydrophila’s virulence (Abreu et al. 2018; Zhang et al. 2020).
Without ignoring the fact that aeromonads prefer ammonium as a source of nitrogen, which
is produced by organic wastes remaining in the bonds, it appears today that the unutilized diet
contributes to an increase in the number of aeromonads in the pond water.

The precise formulation of the fish feed and its utilization by fish is very critical in con-
trolling the infection and suppressing the activation of virulence genes in A. hydrophila. For
instance, NSS microalgae mixture containing Nannochloropsis oculate, Schizochytrium, and
Spirulina species was effective against the infection with A. hydrophila. Remarkably, higher
levels of NSS microalgae blend in Nile tilapia feed supplements exhibited lower mortality
rates that came in harmony with the positive reduction in A. hydrophila counts (Ibrahim et al.
2022). These improved survival rates could be assigned to the favorable effects of NSS micro-
algae mixture on both antioxidant and immune activities of Nile tilapia, therefore recommend-
ing that feeding of microalgae enhances the fish immune response (Najdenski et al. 2013).

More research is needed to definitely confirm the link between various dietary compo-
nents and virulence gene overexpression in A. hydrophila. However, feeding fish a diet high in
omega-3 fatty acids can assist to improve the immune system and make the fish less suscepti-
ble to infection; this relationship is not fully understood.

Conclusion
In conclusion, the environmental regulation of virulence in A. hydrophila emerges as a
complex and dynamic interplay between the bacterium and its environment. Temperature,

dissolved oxygen, pH, ammonia, and nutrient availability act as a modulator, coordinat-
ing the expression of virulence genes and toxin production. This remarkable adaptability
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allows A. hydrophila to thrive in diverse aquatic environments and establish infections
across a range of hosts, posing a significant challenge to aquaculture. Unraveling the
mechanisms of environmental virulence regulation presents a compelling target for future
research. By elucidating these pathways, we can pave the way for the development of tar-
geted interventions to mitigate A. hydrophila infections, ultimately promoting a healthier
and more sustainable aquaculture industry.
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