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Aeromonas mesofilicas em leuciscideos ibéricos ameacados: implica¢gdes para

a Conservacdo e Saude Publica

Resumo

Apesar do elevado risco de extin¢ao dos leuciscideos ibéricos, desconhece-se o impacto das
doencgas bacterianas na sua conservacado. Um conhecimento abrangente sobre a interacéo
entre estas espécies e agentes patogénicos, como Aeromonas mesofilicas, bem como o
desenvolvimento de medidas de biosseguranca para programas ex situ, sdo considerados
essenciais para o0 sucesso da sua conservagao. Os principais objetivos desta tese séo a
avaliacdo da epidemiologia de Aeromonas mesofilicas em Iberocondrostoma lusitanicum,
bem como a caracterizacdo dos seus perfis de resisténcia antimicrobiana e viruléncia, a
detecdo de diferencas na diversidade de Aeromonas spp. de I. lusitanicum e Squalius
pyrenaicus, a avaliagédo do potencial de medidas de biosseguranga no controlo de Aeromonas

Spp. em programas ex situ e a testagem do efeito de alteragbes climaticas em Aeromonas

spp.

Os resultados mostraram que I. lusitanicum apresentaram estado geral de saude inferior na
época seca, variando com a localizacdo. As comunidades de Aeromonas variaram entre
épocas e localizagbes, enquanto o seu potencial patogénico aumentou na época seca. Foram
detetados fenoétipos de resisténcia relevantes (carbapenemos e fluroquinolonas). Além disso,
I. lusitanicum e S. pyrenaicus apresentaram diferentes niveis de lesfes cutaneas, sendo S.
pyrenaicus a espécie mais afetada. As comunidades de Aeromonas diferiram entre as duas
espécies de peixes. Adicionalmente, o uso de medidas de biosseguranca sugere uma
diminuicdo na prevaléncia de Aeromonas spp. em programas ex situ, bem como da sua
patogenicidade para peixes, enquanto foi observado um aumento da resisténcia
antimicrobiana ao longo do programa. Finalmente, as altera¢des climatéricas previstas pelo
Painel Internacional sobre Mudancas Climaticas para a temperatura e pH da &gua
influenciaram o crescimento, a producao de biofilme e os perfis de resisténcia antimicrobiana

de Aeromonas spp.

Os resultados atuais esclarecem sobre a epidemiologia de Aeromonas mesofilicas em
leuciscideos ibéricos ameacados e contribuem para o estabelecimento de medidas de

conservacgdo adequadas.

Palavras-chave: Aeromonas spp., Iberochondrostoma lusitanicum, Squalius pyrenaicus,

resisténcia antimicrobiana, viruléncia.



Mesophilic Aeromonas in threatened Iberian leuciscids: conservation and
public health implications

Abstract

Despite the high risk of extinction of the Iberian leuciscids, the impact of bacterial diseases on
their conservation is unknown. A comprehensive knowledge of the interaction between these
species and pathogens, such as mesophilic Aeromonas, as well as the development of
biosafety measures for ex situ programs, are considered essential for the success of their
conservation. The main objectives of this thesis are the evaluation of the epidemiology of
mesophilic Aeromonas in Iberochondrostoma lusitanicum, as well as the characterization of
their antimicrobial resistance and virulence profiles, the detection of differences in the diversity
of Aeromonas spp. of I. lusitanicum and Squalius pyrenaicus, the evaluation of the potential
of biosecurity measures in the control of Aeromonas spp. in ex situ programs and testing the

effect of climate change on Aeromonas spp.

The results showed that I. lusitanicum presented lower general health status in the dry season,
varying with location. Aeromonas communities varied between seasons and locations, while
their pathogenic potential increased in the dry season. Relevant resistance phenotypes
(carbapenems and fluoroquinolones) were detected. Furthermore, 1. lusitanicum and S.
pyrenaicus showed different levels of skin lesions, with S. pyrenaicus being the most affected
species. Aeromonas communities differed between the two fish species. Additionally, the use
of biosecurity measures suggests a decrease in the prevalence of Aeromonas spp. in ex situ
programs, as well as its pathogenicity to fish, while an increase in antimicrobial resistance was
observed throughout the program. Finally, climate change predicted by the International Panel
on Climate Change for water temperature and pH influenced the growth, biofilm production

and antimicrobial resistance profiles of Aeromonas spp.

The current results clarify the epidemiology of mesophilic Aeromonas in threatened lberian

leuciscids and contribute to the establishment of adequate conservation measures.

Keywords: Aeromonas spp., Iberochondrostoma lusitanicum, Squalius pyrenaicus,

antimicrobial resistance, virulence.
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Chapter 1. Introduction



Sub-chapter 1.1. General Introduction

1.1.1. Iberian leuciscids: origins and paths

The family Leuciscidae, belonging to the order Cypriniformes, is considered one of the
largest within the suborder Cyprinoidei and encompasses the greatest diversity of species
(Eschmeyer et al. 2017; Schonhuth et al. 2018). Their expression is particularly important in
freshwater communities in Eurasia and North America, presenting a considerable wide
distribution in a variety of habitats (Schonhuth et al. 2018), as well broad features of trophic
adaptations and morphology (Kottelat and Freyhof 2007). Generally, species belonging to this
family display small body sizes, usually under 25 cm long (Froese and Pauly 2016). In the
Iberian Peninsula, the subfamily Leuciscinae is represented by the following genera:
Achondrostoma, Robalo et al. 2007a; Anaecypris, Collares-Pereira 1983; Iberochondrostoma,
Robalo et al. 2007a; Parachondrostoma, Robalo et al. 2007a; Pseudochondrostoma, Robalo
et al. 2007a; and Squalius, Bonaparte 1837 (Robalo et al. 2007a; Sousa-Santos et al. 2019).

Leuciscids are primary fish (i.e., intolerant to salt water) and their habitat distribution is
restricted to available freshwater streams (Sousa-Santos et al. 2019). These species present
low dispersion success since their distribution and evolutionary history is highly dependent on
the biogeographical alterations of the habitats they occupy, i.e., when stream connection is

lost, there is no possibility for these species to disperse to new habitats (Robalo et al. 2007a).

European colonisation by leuciscids is believed to have occurred in the Oligocene and
originated from Asia, following the disappearance of the Turgai Sea which separated both
continents (Robalo et al. 2007a). Further dispersal to the southern peninsulas, such as the
Iberian Peninsula, is hypothesized by two dispersion routes. One of the possible routes
(“northern-dispersal hypothesis”) included gradual colonisations in Mediterranean freshwater
bodies through river captures from central Europe before the alpine orogeny changes that
originated mountain chains separating southern territories (Banarescu 1992), while the other
(“southern sea-dispersal hypothesis”) hypothesized colonisations around the Mediterranean

Sea during the Messinian salinity crisis and the Lago Mare period (Bianco 1990).

Further evolutionary patterns presented by Iberian Leuciscinae were directly
connected with the changes in the freshwater network occurring in the region after the isolation
from the rest of Europe following the elevation of the Pyrenees during the Miocene. Speciation
and diversification of leuciscids were shaped by connections available between basins that

are currently independent and by the transition of a hydrographic network dominated by large
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endorheic lakes to exorheism in the late Neogene-Quaternary, with basins starting to drain to
the Atlantic Ocean and to the Mediterranean Sea. While evolution occurred slowly during the
endorheic phase, the exorheic shift originated a dispersion to the western areas that

congregated a high level of cladogenetic events (Sousa-Santos et al. 2019).

These events likely resulted in the freshwater fish scenario that is currently observed
in Europe. Contrary to the panorama regarding leuciscid species in central Europe, where a
low number of species is present and distributed by a wide set of genera presenting wide
distribution areas, in areas such as the Iberian Peninsula, a high level of leuciscid endemism
is observed, although few genera are documented and the distribution areas are generally

reduced for each species (Robalo 2008).

1.1.1.1. Threats to Iberian leuciscids

Although efforts have been deployed to establish international legislation that aim to
guarantee European freshwater networks’ quality and sustainability, a high proportion of these
habitats are impacted by anthropogenic activities (Costa et al. 2021). Both the importance and
impact each threat imposes vary spatially in the European territory, thus compromising the
conservation status of European freshwater fishes differentially (Clavero et al. 2010; Hermoso
and Clavero 2011). Generally, about 40% of European freshwater fish species are facing risk
of extinction. However, regions like the Iberian Peninsula are particularly at risk, with a high
number of potential threats reported (Costa et al. 2021). This area is known for harbouring a
high level (73%) of fish species’ endemicity, typically characterized by restricted distribution
ranges (Reynolds et al. 2005; Maceda-Veiga 2013). Furthermore, around 81% (21 out of 26
species) of endemic Iberian leuciscids are classified under a threatened status (IUCN 2021;
Table 1).

Several threats have been identified as impacting fish species survival in the Iberian
Peninsula. However, the final impact might originate by the synergistic negative effect of the
threats or by the action of a specific one, depending on the situation (Maceda-Veiga 2013).
According to the IUCN, the main threats to the Iberian ichthyofauna include water extraction
and use (e.g., hydrological infrastructures as dams), introduced exotic and invasive species,
climate change effects (e.g., extreme droughts and floods), water pollution (e.g., agricultural
and forestry effluents) and human exploitation (e.g., aquatic resources harvesting,
urbanization) (Prenda et al. 2006; Maceda-Veiga 2013; Sousa-Santos et al. 2016; Costa et al.
2021). Threat levels within the Portuguese and Spanish Red Lists tend to be higher than those
reported by the IUCN, reinforcing the importance of updating these national instruments
(Miqueleiz et al. 2021).



Table 1. Endemic Iberian leuciscid species and corresponding conservation status. Doadrio et
al. 2011; SIBIC 2017; Collares-Pereira et al. 2021; IUCN 2021. * Hybridogenetic complex, ** Iberian

and French endemism.

Genus Species IUCN category

Achondrostoma arcasii (Steindachner 1866) Vulnerable
occidentale (Robalo et al. 2005) Endangered
oligolepis (Robalo et al. 2005) _
salmantinum (Doadrio and Elvira 2007) Endangered

Anaecypris hispanica (Steindachner 1866) Endangered

Iberochondrostoma almacai (Coelho et al. 2005) _
lemmingii (Steindachner 1866) Vulnerable
lusitanicum (Collares-Pereira 1980) _
olisiponensis (Gante et al. 2007) _
oretanum (Doadrio and Carmona 2003)

Parachondrostoma arrigonis (Steindachner 1866) -
miegii (Steindachner 1866) _
turiense (Elvira 1987) Endangered

Pseudochondrostoma  duriense (Coelho 1985) Vulnerable
polylepis (Steindachner 1864) _
willkommi (Steindachner 1866) Vulnerable

Squalius alburnoides (Steindachner 1866) * Vulnerable
aradensis (Coelho et al. 1998) Vulnerable

carolitertii (Doadrio 1987)

castellanus (Doadrio et al. 2007)

Endangered

laietanus (Doadrio et al. 2007) **

malacitanus (Doadrio and Carmona 2006)

Endangered

palaciosi (Doadrio 1980)

pyrenaicus (Gunther 1868) Endangered
torgalensis (Coelho et al. 1998) Endangered
valentinus (Doadrio and Carmona 2006) Vulnerable




Although water extraction is frequent in freshwater ecosystems worldwide, it is
especially problematic in arid and semi-arid regions such as the Iberian Peninsula (Clavero et
al. 2010). The ratio of water use and availability in the peninsula increases in a southern
direction, being generally high in this area (contrary to the northern region which is considered
a wet region) (Maceda-Veiga 2013). This problem is even exacerbated by illegal extractions
(Hermoso and Clavero 2011). Additionally, several hydrological infrastructures like weirs and
dams were built in the past century to aid agricultural irrigation, hydropower production,
domestic consumption and flood regulation (Prenda et al. 2006). However, such structures
alter freshwater network’s function (e.g., changes in water flow and temperature oscillations)
and impact biodiversity life-traits (e.g., movement restriction and spawning areas destruction)
(Maceda-Veiga 2013; Duarte et al. 2021).

In the Iberian Peninsula, non-native species compose almost half of the freshwater fish
species in region (Clavero et al. 2010; Maceda-Veiga 2013; Costa et al. 2021). This is
considered one of the main drivers of native species extinction and declines (Leunda 2010;
Hermoso et al. 2011), although it is difficult to disentangle the cumulative effect habitat
alterations also have. Climatic alterations are expected to accentuate the pressures of exotic
species on native communities (Costa et al. 2021). The introduction of exotic and invasive
species results in direct consequences such as predation, competition for resources,
hybridization, agonistic behavioural interactions and the possible transfer of infectious agents
(Leunda 2010; Almodévar et al. 2012; Almeida et al. 2014; Sousa-Santos et al. 2018).
Indirectly, fish introductions can also result in poor water quality due to changes in nutrient

cycling (Maceda-Veiga 2013).

Water abstraction is also extremely important in the Iberian Peninsula, like in the rest
of the regions having a Mediterranean-type climate, where the proportion of fish species
affected by water scarcity is the highest in all the areas accessed by the IUCN (Clavero et al.
2010). Droughts, particularly incident in warmer months, and the consequent reduced river
flow affect native fish community’s abundance, diversity, size structure, growth, spawning and
recruitment (Merciai et al. 2017; Costa et al. 2021). Although fish species native to these
regions are accustomed to these water level and temperature oscillations, the expected
amplified effect of climate changes in the frequency and severity of the droughts will likely
severely affect these species and is expected to occur with greater impact in Southern Europe
(Jaric et al. 2019). This is demonstrated by behavioural alteration in native fish fauna due to
heatwaves (Mameri et al. 2020a). Additionally, and since fire frequency is expected to increase
in the Mediterranean region due to climate change (Mouillot et al. 2002), fires are also an
important threat in the region, decreasing the stability of the river channel, increasing the

concentration of toxic compounds and altering water temperature (Maceda-Veiga 2013),
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resulting in fish abundance and behavioural alterations in burnt areas (Sostoa et al. 2003;
Gonino et al. 2019).

Pollution of the freshwater streams is an additional significant threat, with the majority
of the Iberian freshwater networks presenting historical records of high pollution levels due to
anthropogenic activities. Although the modernization of sewage systems substantially
improved water quality, current sewage treatment plants still fail to remove several pollutants
and to prevent their introduction in aquatic habitats. Additionally, atmospheric deposition and
terrestrial run-offs are important pollutant introduction routes in freshwater ecosystems
(Maceda-Veiga 2013). In fact, agricultural and industrial effluents affect half of Europe's

freshwater ecosystems (Costa et al. 2021).

Furthermore, habitat degradation and destruction is enhanced by multiple
anthropogenic activities. Apart from those already described, mining for gravel extraction
severely impacts the hydrological and ecological functions of river beds, directly impacting fish
species by reducing possible breeding habitats for native species (Maceda-Veiga 2013).
Additionally, habitat management policies often consider solutions that best fit the urbanization
or agricultural models, without taking into consideration native species requirements (Maceda-
Veiga 2013). For instance, riparian coverage is essential for river functioning (i.e., stabilization
of river margins, pollutant filter, nutrient source) and for native species (e.g., water temperature
control, UV radiation filter) (Elosegui et al. 2011). The indiscriminate removal of riparian
shading or the substitution of autochthonous species with exotic ones (i.e., for agricultural
purposes or by invasion) fail to provide the functions previously described and have

detrimental effects in water quality and fish survival (Maceda-Veiga 2013).

Consequences for fish health can be met from the above-mentioned threats. While
water abstraction is associated to decreasing health conditions and susceptibility to disease
in native species (Maceda-Veiga et al. 2009; Sanchez-Hernandez 2017; Maceda-Veiga et al.
2019), environmental degradation and water pollution is also associated with similar outcomes
(Austin 1998; Noga 2000; Law 2001; Benejam et al. 2010). Additionally, the role of exotic
species as vectors of pathogenic agents and the examples of fish pathogens introduced in

Iberian freshwaters is concerning (Maceda-Veiga et al. 2009; Gozlan et al. 2010).

1.1.1.2. Conservation measures

Since Iberian leuciscids, as well as other Iberian freshwater fish species, present such
a poor conservation status globally, the continuous development and implementation of
conservation measures that counteract their extinction risk is aimed (Maceda-Veiga 2013).

Since rivers are by definition open systems with continuous unidirectional flow, in which a
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threat occurring in one place may impact communities established in a different point, and the
fact that the impact from the described threats is shared by the majority of the fish species,
efforts in improving ecological processes should be favoured over single species
conservation, although case-to-case reflection needs to be addressed (Maceda-Veiga 2013;
Costa et al. 2021). Hence, the development of large reserve networks to protect biodiversity,
such as the Natura 2000, has been stressed at an international level. However, freshwater
biodiversity coverage of this network is low (less than 20%) and fails to achieve a conservation
target of 25% for more than 80% of the species contemplated in the legislation (Hermoso et
al. 2015). Moreover, basin type hinders different prospections for fish biodiversity, since larger
basins in the Iberian Peninsula congregate a higher number of native, endemic and rare
species, but smaller basins present higher community conservation values due to lower

degree of invasion by non-native species (Clavero et al. 2004).

Following recommendations by the IUCN and expert working groups, the conservation
management of Iberian leuciscids should include the implementation of measures to improve
habitat quality, minimize the impact of non-native species and guarantee fish stocks

sustainability by in situ and ex situ programs (Maceda-Veiga 2013).

Habitat management and restoration (Figure 1) aggregates several methodologies that
should be contemplated as a holistic strategy to improve habitat quality for fish species.
Governmental efforts have been deployed to restore rivers, including the removal of dams
(Rodeles et al. 2017). However, dam removal can be met with high social and economic costs,
and its planification should be performed in parallel to the study of river and populations
connectivity with appropriate indexes as a method for dam removal selection and ecological
corridors creation for endangered species (Rodeles et al. 2021). Also, dam removal not always
guarantees native fish communities restoration (Gregory et al. 2002; Johnson et al. 2008). So,
focus in removing obsolete physical barriers and creating fish passages in small tributaries
can often be particularly successful since native fish populations may persist in these
ecosystems (Maceda-Veiga 2013). Regarding large dams, planned flow and sediment
discharges in accordance with the native species life-history can help to guarantee river
function (Rovira and Ibafiez 2007). Fish communities would also benefit from gravel bedforms
and atrtificial riffles creation for ensuring river depth and flow variability (Santos et al. 2018).
These measures should be accompanied by water management policies and supervision that
guarantee the reduction of legal and illegal water extraction and a system of water re-use
(Maceda-Veiga 2013).

Riparian coverage management also assumes an important role in the habitat
restoration. Although complete removal of invasive species or plantations could be
impracticable and costly, as well as creating abrupt changes in aquatic communities (Elosegui
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et al. 2011), the creation of riparian buffers composed of native vegetation mixed with
plantations can mitigate litter input created by plantations alone, reinforce the stability of the
river margins and provide cover important for fish communities (Maceda-Veiga 2013; Santos
et al. 2018).

Finally, water quality improvements can be met with raising river pollution awareness,
either by encouraging more ecological agricultural practices with economic incentives or
increasing sewage treatment plants capacity to reduce illegal disposal of domestic and
industrial effluents. As a safety measure, the creation of adjacent lagoons can guarantee fish
escape and survival during acute pollution events in signalled high-risk areas (Maceda-Veiga
2013).

Figure 1. Habitat restoration work developed in Sizandro river under the framework of the
Achondrostoma occidentale conservation program. Left — November 2018, right — June 2020.

Photo by Carla Sousa-Santos.

The implementation of programs to control and eradicate exotic and invasive fish
species (Figure 2) is an additional important conservation measure. Although complete
eradication is usually impracticable and costly and might affect trophic interactions already
established in Iberian freshwaters with other taxonomic groups (Tablado et al. 2010), local
control plans using electrofishing, nets and traps applied in smaller areas of high conservation
value can present a better cost-success ratio (Maceda-Veiga 2013). However, prevention of
introductions is fundamental and relies in two pillars: awareness and modelling of invasion
potential. The combined efforts of educational programs with target populations (e.g., anglers)
and regulation that forbids the exploitation of possible invasive species in lberian waters,
imposes specialized training prior to permits to fish/handle these species and enforces

legislation regarding the introduction of exotic species (e.g., banning live-bait use) should be
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pursued (Olden et al. 2011; Maceda-Veiga 2013). Furthermore, the use of models that help to
predict invasion success of exotic species before introduction in Iberian rivers should be

paramount to the previously described measures (Garcia-Berthou 2007).

Figure 2. Procambarus clarkii individuals collected during programs for the species controls in

Portuguese streams. Photo by Carla Sousa-Santos.

Ex situ breeding programs (Figure 3) targeting Iberian leuciscids have been essential
for the in situ conservation of native populations (Gil, Sousa-Santos and Almada 2010; Sousa-
Santos et al. 2014b). This is considered a solution for populations whose sustainability is in
jeopardy due to low stocks and severe habitat degradation (Gil, Sousa-Santos and Almada
2010). Currently, several programs have been conducted in Portugal and Spain to guarantee
the increase of captive stocks of Iberian leuciscids and posterior release into the wild. These
efforts to reinforce wild endangered populations have included species such as
Achondrostoma arcasii, Achondrostoma occidentale, Achondrostoma salmantinum,
Anaecypris hispanica, Iberochondrostoma almacai, Iberochondrostoma lemmingii,
Iberochondrostoma lusitanicum, Parachondrostoma arrigonis, Pseudochondrostoma
duriense, Pseudochondrostoma polylepis, Pseudochondrostoma willkommii, Squalius
alburnoides (hybridogenetic complex), Squalius aradensis, Squalius pyrenaicus and Squalius
torgalensis (Sousa-Santos et al. 2014b; CCEDCV 2019; Marcos, Santos and Santos 2019;
Diario de Madrid 2021; Junta de Extremadura 2021). It is important to mention that captive
breeding should be implemented in parallel to habitat restoration to guarantee preservation of
restocked populations and the mitigation of the threats that were responsible for their

extinction risk and that justified their inclusion as targets for the ex situ conservation program
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(Sousa-Santos et al. 2014b). Also, captive breeding programs should guarantee that
individuals raised in captivity maintain the natural behaviours of the species that will be
essential after their release into the wild, that captive conditions present bio-safety measures
that prevent disease outbreaks and further dissemination events into the wild and that the
breeding conditions mitigate eventual changes to the original genetic pool of the target
populations (Sousa-Santos et al. 2014b). Furthermore, managed relocations of fish individuals
to areas where survival chance is higher is also considered an option. However, such measure
needs to be carefully planned to prevent deleterious ecological consequences. So, to
maximize operation success, translocations should only be performed within species’

historical range and preventing colonization of new landscapes (Olden et al. 2010).

Figure 3. Iberochondrostoma lusitanicum ex situ breeding program in the Vasco da Gama

Aquarium. Original.
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1.1.2. Iberochondrostoma lusitanicum: general description

The genus Iberochondrostoma (Robalo et al. 2007a) includes the species
Iberochondrostoma almacai (Coelho et al. 2005), Iberochondrostostoma lemmingii
(Steindachner  1866), Iberochondrostoma lusitanicum  (Collares-Pereira  1980),
Iberochondrostoma olisiponense (Gante et al. 2010) and Iberochondrostoma oretanum
(Doadrio and Carmona 2003). This genus is endemic to the South and Central Iberian

Peninsula, hence the etymology (Robalo et al. 2007a).

Iberochondrostoma lusitanicum (Figure 4) is a Portuguese endemism with restricted
geographical range and currently listed as Critically Endangered by the IUCN, protected by
national and international legislation (Rogado et al. 2005; Collares-Pereira et al. 2021; IUCN
2021). Populations of this species are present in the Tagus and Sado river basins, as well as
in smaller basins such as Barcarena, Caparide, Lizandro, Colares and Samarra and the small
coastal lagoon Lagoa de Abufeira between Tagus and Sado (Rogado et al. 2005; Robalo et
al. 2007b; Robalo 2008; Faria et al. 2015; Collares-Pereira et al. 2021). Tagus and Sado
populations are highly fragmented and significant reductions in distribution range and effective
population size have been described (Alves and Coelho 1994; Fluviatilis 2003; Robalo 2008;
Sousa et al. 2008). The distinct populations present high molecular variation between them,
while within populations the variation is low, revealing the presence of distinct Evolutionary
Significant Units — ESU’s (Coelho et al. 1997; Mesquita et al. 2001; Robalo et al. 2007b, 2008;
Sousa et al. 2008). 1. lusitanicum presents higher genetic diversity in larger river basins and
connected sub-basins (Sousa-Santos et al. 2016). Furthermore, building evidence suggests
that the Sado population may represent a distinct species (Robalo et al. 2007b; Sousa-Santos
et al. 2019).
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Figure 4. I. lusitanicum individual collected in February 2018 in Lizandro river, 38.886701°,
-9.298140 °. Original.
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This small leuciscid (total length: 160 mm) presents a fusiform body with a pigmented
lateral line, small head and an arched sub-terminal mouth. Sexual dimorphism is present, with
males displaying bigger paired fins and, during reproductive season, nuptial tubercles in the
head (Collares-Pereira et al. 2021). Individuals can live up to four years (Collares-Pereira et
al. 2021).

This species occurs mostly in small or medium slow water Mediterranean-type streams
and individuals are subjected to seasonal fluctuations in water levels, usually being restricted
to small river pools in the summer months (Rogado et al., 2005; Robalo et al. 2009). Fishes
from this species, similarly to other Iberochondrostoma species, have a low capacity to
overpass obstacles and present an intermediate tolerance to habitat disturbance (Segurado
et al. 2011; Hermoso and Filipe 2021). Swimming performance has been shown to reduce
with higher water velocity, especially in smaller animals (Mameri et al. 2020b). Although
microhabitat use studies are not available for |. lusitanicum, evidence from other
Iberochondrostoma species suggests that different age classes occupy distinct microhabitats,
with larger individuals selecting deeper and sheltered habitats, but congregating in shallower
streams in the late summer transition (Santos and Ferreira 2008). Similarly, trophic studies in
other species suggest an omnivorous diet composed of zooplankton, plant material, detritus
and macroinvertebrates (Collares-Pereira et al. 2021).

Breeding season occurs from March to May (Robalo et al. 2009; Collares-Pereira et
al. 2021). When in sympatry, |. lusitanicum can hybridize with Squalius alburnoides and I.
olisiponense (Sousa-Santos et al. 2014a; Collares-Pereira et al. 2021). This species is an egg
broadcaster and females can perform up to two postures, originating spawning aggregations
that can congregate many individuals (Carvalho et al. 2003; Collares-Pereira et al. 2021).
Courtship sequences involve one female and one or more males, with males following,
touching the female and pressing her body against available objects (e.g., rocks) to stimulate
posture (Carvalho et al. 2003). No agonistic behaviours are described between males
associated with reproductive sequences, nor outside reproductive season or related to feeding
or territoriality (Carvalho et al. 2003; Robalo 2003).
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1.1.3. Bacterial pathogens in freshwater fishes

Due to the close association between host and pathogens provided by the aquatic
environment, bacterial diseases are a common threat to fishes’ homeostasis and survival, both
in cultured or free-range conditions. Regarding freshwater fishes, several bacterial
genus/species are recognized pathogens, including Aeromonas salmonicida, Edwardsiella
spp., Flavobacterium spp., Mycobacterium spp., Pseudomonas spp., Renibacterium
salmoninarum, Vibrio spp., Shewanella putrefaciens, Streptococcus iniae and Yersinia ruckeri
(Noga 2010; Smith et al. 2019), while Acinetobacter spp., Kocuria rhizophila and
Stenotrophomonas maltophilia have emerged as fish pathogens in recent years (Pekala-
Safinska 2018).

In freshwater fish, motile aeromonad septicaemia (caused by different mesophilic
Aeromonas species) is considered one of the most common bacterial diseases (Cipriano

2001), while they can also be pathogenic agents for marine fishes (Noga 2010).

1.1.3.1. Aeromonas spp.: general relevance of the genus

The genus Aeromonas (from Greek, aer-, gas; -monas: units; gas-producing units) is
included in the class Gammaproteobacteria, order Aeromonadales and family
Aeromonadaceae (Fernandez-Bravo and Figueras 2020). Currently, this genus includes 36
species, with many of the newly described species typically limited to a small distribution area
(Janda and Abbott 2010; Fernandez-Bravo and Figueras 2020).

Members of this genus are Gram-negative straight cells with round ends (0.3-1.0 x
1.0-3.5 um), coccobacillary to bacillary, oxidase and catalase positive, facultative anaerobes
and non-spore forming (Figure 5). They are capable of tolerate increasing concentrations of
NaCl up to 5%, survive at pH 5 and their growth temperature can range from 0 to 45 °C (Parker
and Shaw 2011; Stratev et al. 2012; Martin-Carnahan and Joseph 2015; Pessoa et al. 2019;

Fernandez-Bravo and Figueras 2020).

Traditionally, species from this genus are divided in two groups: mesophilic
Aeromonas, which are motile isolates that present optimal growth at 35-37 °C; and
psychrophilic Aeromonas, which are non-motile that present optimal growth at 22-28 °C
(Fernandez-Bravo and Figueras 2020); however, some non-motile species can harbour
flagellin genes and grow at higher temperatures (e.g., A. salmonicida; Martin-Carnahan and
Joseph 2015). Differences in colony morphology are also noted between the two groups.
While psychrophilic Aeromonas appear as pin-points within the first 24 h of incubation (22 °C),
mesophilic Aeromonas colonies are circular and convex, with 1-3 mm in diameter (35 °C)
(Martin-Carnahan and Joseph 2015; Pessoa et al. 2019).
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Figure 5. Aeromonas sp. morphology observed by microscopic examination (x1,000) with Gram
staining (left) and Aeromonas sp. colonies in Glutamate Starch Red Phenol Agar, a selective

and differential medium (right). Original.

Species identification is challenging, with conventional biochemical tests revealing
inconsistency due to high phenotypical heterogeneity within some species and constant
reclassification within the genus (Janda and Abbott 2010). In fact, rapid identification systems
are not accurate in identifying Aeromonas species other than the common A. hydrophila, A.
caviae and A. veronii, often misidentifying rarer species or misidentifying the genus as Vibrio
spp. (Janda and Abbott 2010; Martin-Carnahan and Joseph 2015). Due to these challenges,
identification based on molecular techniques is still the best option for Aeromonas species
identification (Tomas 2012; Fernandez-Bravo and Figueras 2020). Despite the wide use of
16S rRNA sequencing in bacterial taxonomy, a very high similarity of this fragment observed
between different Aeromonas species unables the use of this technique as a species
discriminatory function (Martin-Carnahan and Joseph 2015). Alternatively, the amplification
and sequencing of housekeeping genes, such as gyrB and rpoB, has proved as the best
methodology for species identification and taxonomic classification (Persson et al. 2015;
Pessoa et al. 2019).

Aeromonas spp. are ubiquitous to a wide array of ecosystems, although they are more
commonly found in aquatic environments, such as surface (fresh, brackish and seawater),
underground, potable, bottled, residual, irrigation and waste water (Fernandez-Bravo and
Figueras 2020), and are especially prevalent in nutrient-rich waters and increase in abundance
with environmental temperature (Janda and Abbott 2010; Martin-Carnahan and Joseph 2015).

Additionally, Aeromonas spp. are frequently isolated from various foods, such as fish,
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molluscs, shellfish, beef, pork, poultry, sausages, eggs, milk, cheese and vegetables, as well
as in ready-to-eat foods (Stratev et al. 2012), with prevalence limited by temperature, salinity
and pH conditions (Fernandez-Bravo and Figueras 2020). Similarly, isolation from domestic
and wild animals from various taxonomic groups is also described (Janda and Abbott 2010;
Parker and Shaw 2011).

1.1.3.2. Mesophilic Aeromonas as pathogens

The genus Aeromonas have been described as pathogens from a wide range of hosts,
including homeothermic and poikilothermic animals. Although initial belief classified these
bacteria as opportunistic agents, causing disease only in immunocompromised individuals or
after initial infection by other pathogens, current evidence suggests that Aeromonas spp. can
be primary pathogenic agents in a variety of disease presentations (Martin-Carnahan and
Joseph 2015). Furthermore, case occurrence varies according to geographical regions and is
intrinsically connected to sanitation and hygiene habits (FernAndez-Bravo and Figueras 2020).
Another feature of Aeromonas infections, and especially mesophilic aeromonads, is its

seasonality, with the incidence increasing in summer months (Janda and Abbott 2010).

Considered an animal pathogenic agent since its first isolation from diseased frogs
(Sanarelli 1891), Aeromonas spp. have been associated with multiple disease presentations
in animals including red-leg syndrome in amphibians (Rigney et al. 1978), bronchopneumonia
in wild boar (Risco et al. 2013), septicaemia in dogs, septic arthritis in calves, ulcerative
stomatitis in snakes and lizards (Gosling 1996), seminal vesiculitis in bulls (Moro et al. 1999),
septicaemia in seal (Krovacek et al. 1998) and diarrhoea in livestock (Efuntoye 1995), among

others.

Additionally, Aeromonas spp. are considered zoonotic agents and emerging
pathogens, causing a wide spectrum of diseases in humans and becoming more noticed in
Human Medicine as primary pathogens in recent years (Stratev et al. 2012; Fernandez-Bravo
and Figueras 2020). Generally, disease presentation is mainly related with gastroenteritis,
wound and skin infections and septicaemia, with other diseases such as pneumonia, liver
abscesses, muscular infections, meningitis, urinary tract infections, joint and bone disease
and ocular infections occurring to a lower extent (Parker and Shaw 2011; Pessoa et al. 2019).
Most cases in humans are related to A. hydrophila, A. caviae, A. dhakensis and A. veronii
(Fernandez-Bravo and Figueras 2020), and clinical Aeromonas pools are considered to be
distinct from environmental pools (Martin-Carnahan and Joseph 2015). Ingestion of
contaminated foods and water is considered the major route for pathogen acquisition, but

aquatic recreational activities or direct contact with water are associated with skin and wound
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infections, as well as animal bites (Janda and Abbott 2010). Additionally, the importance of
the members of this genus as pathogens is highlighted during natural disaster events, such
as tsunamis and hurricanes, with high numbers of Aeromonas spp. infections being reported
after these events (Parker and Shaw 2011).

Aeromonas spp. have been responsible for several outbreaks in wild and cultured
fishes associated with great economic losses (Janda and Abbott 2010). By far, A. hydrophila
has been the mesophilic species most associated with disease in fishes (Noga 2010), but
other mesophilic species have been implicated as fish pathogens, such as A.
allosaccharophila (Shahi et al. 2014), A. bestiarum (Kozinska 2007), A. caviae (Wu et al.
2020), A. jandaei (Dong et al. 2017), A. sobria (Toranzo et al. 1989) and A. veronii (Dong et
al. 2017). However, retrieving Aeromonas spp. from a host is not necessarily associated with

disease, as these bacteria can be isolated from healthy hosts (Janda and Abbott 2010).

Depending on the progression of the disease in fish, clinical presentations can vary,
but the most common lesions include haemorrhagic fin and tail erosions, cutaneous
haemorrhage and skin ulcerations with focal haemorrhage and inflammation possibly
extending to the muscle and development of necrotic areas. Acute infections often result in
generalized septicaemia. Additional signs include exophthalmia, ascites, visceral petechiation
and intestinal and vent haemorrhage and distention. Chronic cases are often characterized by
anorexia and skin darkening (Noga 2010; Smith et al. 2019; Figure 6). Disease onset is often
correlated with stressful environments (Pessoa et al. 2019) and several risk factors have been
identified: higher water temperature, high populational density, water pollution, low dissolved

oxygen levels and co-infections (Noga 2010).

Figure 6. Squalius pyrenaicus individual displaying haemorrhagic darker areas in the lateral side
of the body, in the peduncle and around the vent. Several internal organs were haemorrhagic. The
individual died in captivity and anterior kidney bacterial culture and biochemical identification with the

API® 20NE system revealed an infection by Aeromonas sp. Original.
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1.1.3.3. Virulence mechanisms

Aeromonas virulence is considered a complex and multifactorial process (Citterio and
Biavasco 2015), resulting from cascades of genetic regulation, often coordinated with
environmental alterations (e.g., water temperature oscillations), that lead to the expression of
multiple virulence factors (Rasmussen-Ivey et al. 2016a). The expression of these factors acts
at different stages, such as tissue adhesion, colonization, immune evasion, proliferation and
dispersal in the host, contributing to bacterial pathogenicity (Pessoa et al. 2019). Several
genes have been identified, encoding information to produce toxins, structural components,
secretion systems and metal-associated proteins (Fernandez-Bravo and Figueras 2020). The
virulence arsenal of Aeromonas spp. include structural components, the production of toxins
and other extracellular proteins, secretion systems, iron-binding systems and Quorum
Sensing (Janda and Abbott 2010).

Structural components include flagella, pili, the capsule, the S layer and
lipopolysaccharides (LPS), which are fundamental for adhesion and initiating colonization
(Ferndndez-Bravo and Figueras 2020). Flagella are responsible for bacterial mobility and, in
this genus, a single polar flagellum expressed constitutively and lateral inducible flagella are
identified (Citterio and Biavasco 2015). Regulators of lateral flagella expression include
surface contact and viscosity (Rasmussen-lvey et al. 2016a). While the polar flagellum allows
mobility in liquid environments, lateral flagella confer mobility in solid surfaces and contribute
to biofilm formation and persistence during the infectious process (Pessoa et al. 2019). Pilli
are filamentous structures present at the surface and are involved in the adhesion process,
biofilm formation, invasion of host cells and DNA transfer (Fernandez-Bravo and Figueras
2020). In Aeromonas, type IV pilli have been related to pathogenicity and are more common
in clinical isolates (Pessoa et al. 2019). The capsule is a structure composed of
polysaccharides covering the outer membrane, contributing to resistance to phagocytosis and
the complement system and favouring interactions with bacteria and host cells (Tomas 2012).
Proteins present in this structure contribute to the adhesion to membrane components of the
host cell (Pessoa et al. 2019). The S layer is a surface protein layer that forms the outer part
of the bacterial cell envelope (Fernandez-Bravo and Figueras 2020). The LPS is composed of
the O antigen, a central polysaccharide and lipid A. These components are responsible for the
maintenance of the outer membrane and promote a non-specific inflammatory response
(Pessoa et al. 2019). Jointly, capsule, O antigen and S layer proteins enable protection

mechanisms to evade the host’'s immune system (Rasmussen-lvey et al. 2016a).

Much of the pathogenic interaction between Aeromonas spp. and host cells is
mediated by the extracellular proteins and toxins that the bacterial cell produces and secretes

into the extracellular space (Fernandez-Bravo and Figueras 2020). These components include
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enterotoxins, haemolysins, lipases, proteases and Shiga toxins, among others (Citterio and
Biavasco 2015; Rasmussen-lvey et al. 2016a). Both cytotonic and cytotoxic enterotoxins are
known in Aeromonas spp., with the later capable of producing haemolysis and inhibiting
phagocytosis (Ferndndez-Bravo and Figueras 2020). Haemolysins promote pore formation in
the cell membrane, generating osmotic lysis, for which aerolysin is the most documented one
in this genus (Rasmussen-Ivey et al. 2016a; Fernandez-Bravo and Figueras 2020). Lipases
act as hydrolases on membrane lipids, originating nutrients for the bacterial cell, but also
affecting immune system function (Fernandez-Bravo and Figueras 2020). Aeromonas
produce proteases such as metalloproteases, acetylcholinesterase and serine protease,
promoting invasion by causing direct damage to the host cells or by proteolytic invasion of
toxins, but also disabling the complement system or originating nutrients necessary for self-
proliferation (Fernandez-Bravo and Figueras 2020). Additionally, Shiga toxin production has
been documented in Aeromonas (Palma-Martinez et al. 2016), acting on the inactivation of

ribosomes of vascular endothelial cells that result in cell death (Parker and Shaw 2011).

Secretion systems are involved in the transport of extracellular proteins and toxins to
the extracellular medium or directly into the host cell (Fernandez-Bravo and Figueras 2020).
Four types of secretion systems (T2SS, T3SS, T4SS and T6SS) have been identified in the
genus Aeromonas (Pessoa et al. 2019). The T2SS is a widely conserved secretion system
and participates in the excretion of a wide array of extracellular proteins (Rasmussen-lvey et
al. 2016a). Functioning as an injectosome, T3SS can introduce proteins harmful to cellular
metabolism directly into the host cell cytoplasm. It seems that this system is directly related to
pathogenicity (although compensatory secretory mechanisms can exist), as strains mutated
for T3SS show lower virulence and occurrence is higher in clinical strains (Rasmussen-lvey
et al. 2016a; Pessoa et al. 2019; Fernandez-Bravo and Figueras 2020). The T4SS is the only
secretory system capable of transporting DNA besides proteins, revealing an important role
in the propagation of virulence genes (Fernandez-Bravo and Figueras 2020). The T6SS acts
both as an injectosome and a secretory apparatus (Citterio and Biavasco 2015), although it
can also play a role in polymicrobial infections by eliminating competing bacteria with
antimicrobial pore-forming proteins (Rasmussen-lvey et al. 2016a; Fernandez-Bravo and
Figueras 2020).

Metal ions are an important aspect of the host-pathogen interaction. During an
infection, host mechanisms try to restrict accessibility of important metals, while bacterial cells
compensate with protein production (Pessoa et al. 2019; Fernandez-Bravo and Figueras
2020). Iron acquisition is particularly important and can occur via siderophore-dependent or -
independent mechanisms (Pessoa et al. 2019). Siderophores, such as enterobactin and

amonabactin in the case of Aeromonas, are proteins that have affinity with iron ions and
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incorporate this metal into the bacterial metabolism (Fernandez-Bravo and Figueras 2020).
Bacterial outer membrane proteins constitute siderophore-independent mechanisms that bind
host-specific iron and extract it from complex protein molecules such as haemoglobin,

lactoferrin and transferrin, a function not possible for siderophores (Pessoa et al. 2019).

Biofilm is an additional important virulence mechanism in Aeromonas spp. since it
confers several advantages such as resistance to antimicrobial agents and adhesion to host
tissue. Biofilms are extracellular polymer matrixes composed of proteins, polysaccharides and
DNA (Pessoa et al. 2019). In these matrixes, several microorganisms interact with each other
and take advantage of the protection this matrix offers, as well the nutrients extracted from the
environment (Fernandez-Bravo and Figueras 2020). Bacterial intercellular communication in
the biofilm is mediated by Quorum Sensing, a chemical signalling pathway controlled by the
production of acylated homoserine lactones (AHLS) (Rasmussen-lvey et al. 2016a). Such
signalization between strains allows the microbial community to modulate nutrient uptake, to
compete with other microorganisms and to promote defence against phagocytosis (Pessoa et
al. 2019). Mutation of signal transduction systems in Aeromonas leads to a lower secretion of

virulence factors, resulting in attenuation of virulence (Rasmussen-lvey et al. 2016a).

1.1.4. Conclusion

A vast majority of Iberian leuciscids species display concerning levels of extinction risk.
Efforts to identify potential threats to these species have been made, but health aspects have
been consistently neglected. The potential of infectious agents in modulating fish survival and,
hence, species conservation is considerable. Due to mesophilic Aeromonas spp. ubiquity in
aguatic environments, the close relationship these organisms can have with fish species and
their role as fish pathogens with variable pathogenic potentials, the investigation on the
interaction between members of this bacterial genus and threatened Iberian leuciscids is

suggested.
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Sub-Chapter 1.2. Establishing health surveillance frameworks for threatened

Iberian leuciscids

1.2.1. Introduction

Freshwater fish species are experiencing the highest extinction risk among vertebrates
in this century (Baumsteiger and Moyle 2017). This is both a reflection and a consequence of
the decrease and degradation of suitable freshwater ecosystems observed worldwide (Darwall
and Freyhof 2015). While some species present higher tolerance to the disturbances observed
at the habitat level (Segurado et al. 2011), others which exhibit specific life traits that
predispose them to a higher extinction risk (Kopf et al. 2017; Liu et al. 2017) fail to adapt to
these changes and experience significant reductions in their wild stocks. Iberian leuciscids are
one example of the last. Although a high level of endemism is observed among leuciscids from
the Iberian Peninsula (Sousa-Santos et al. 2019), most of these species face significant

extinction risk (Doadrio et al. 2011).

The role that health stressors, like infectious diseases, have in the sustainability of
these populations is not clear. Determining risk factors for disease emergence, differences in
susceptibility among different species and the geographical distribution of stressors is
fundamental for advanced planning and a critical step in controlling and preventing outbreaks
that can result in mass mortalities (Maceda-Veiga et al. 2019). The uprising of conditions
impacting fish health in the wild is of concern and needs to be addressed as an integrative
part of conservation programs. Examples of such conditions include the emergence of
pathogenic agents due to climatic alterations (Marcos-Lépez et al. 2010) and exotic species
proliferation (Gozlan et al. 2005), or disturbances in the animal’s homeostasis due to pollutants

accumulation (Molbert et al. 2021).

Despite no studies, so far, have investigated the benefit of conducting health
surveillances in the conservation of endangered fish populations, some authors (Berthinussen
et al. 2021; Kophamel et al. 2021) stress the importance of these frameworks as early warning
systems regarding emerging pathogens. Furthermore, it is suggested that the information
gathered in surveillances can be used to apply measures that minimize the risk that specific
agents might pose on imperilled populations. Hence, the development and standardization of
health surveillance schemes that can be applied to fish populations facing extinction risk, in

particular to threatened Iberian leuciscids, are required.
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1.2.2. Health assessments are missing in threatened lIberian leuciscids

Despite several efforts in identifying and recording the threats to which endangered
Iberian leuciscids are exposed to (Maceda-Veiga 2013), evaluations of the general health
status of these populations, as well as the study of infectious agents’ prevalence and impact,

are limited.

Investigations on the health status of these species have included techniques such as
gill histopathology for accessing changes related to water quality (Pereira et al. 2013; Cortes
et al. 2016; Santos et al. 2019; Santos et al. 2021), oxidative stress analysis (Pereira et al.
2013; Cortes et al. 2016), nutritional condition or biomass assessment (Nicola et al. 2010;
Aparicio et al. 2011; Cortes et al. 2016; Maceda-Veiga et al. 2017; Ramos-Merchante and
Prenda, 2018) and the use of indexes that take into consideration visible abnormalities as a
consequence of habitat degradation (Matono et al. 2009; Ramos-Merchante and Prenda,
2018).

Regarding pathogenic agents, prevalence studies have focused mainly on parasitic
infections, with descriptions including fungal infections as well (Aller-Gancedo et al. 2016)

(Table 2; a more extensive description can be found in Supplementary Table S1, Annex I).

Table 2. Summary of parasitic and fungal diseases’ prevalence studies in threatened Iberian
leuciscids.

Agents Reference

Parasites
Illan 2012; Reis et al. 2014; Teixeira et al. 2018; Dias et al. 2020

Mussels
Copepods Perez-Bote 2000; lllan 2012; Sanchez-Hernandez 2017
Simon Vicente and Ramajo Martin 1971; Simon Vicente et al. 1973; Simon Vicente
Trematodes 1975; Bueno 1980; Alvarez-Pellitero et al. 1981; lllan 2012; lllan et al. 2013;
Cerméakova et al. 2018; Benovics et al. 2020; Benovics et al. 2021
Cestodes Martinez Gomes 1970; Bueno 1980
Nematodes Bueno 1980
Myxosporeans Gonzalez-Lanza and Alvarez-Pellitero 1985; Illan 2012; Rocha et al. 2019
Ciliates Illan 2012
Fishes Silva et al. 2013
Fungi
Oomycetes Aller-Gancedo et al. 2016

Unfortunately, due to the nature of the infectious agent location in the host or the need
of organ sampling for health evaluations, several studies have relied on animal euthanasia to
perform health investigations. Although understandable in the context in which most of the

studies were performed, this approach is unsustainable for threatened populations
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experiencing severe declines in their natural stocks. Furthermore, the focus of many of these
studies has been to describe the prevalence of infectious agents in these species, rather than
evaluating the impact such agents have at the populational and species-level. However, this
is not always the case, with some studies investigating infection intensity, lesion patterns,
individual condition and risk factors associated with disease onset (lllan 2012; Silva et al. 2013;
Aller-Gancedo et al. 2016; Sanchez-Hernandez 2017; Maceda-Veiga 2019; Maceda-Veiga et
al. 2019; Grilo et al. 2021).

With such investigations, the link between host-pathogen interactions and the effects
of environmental drivers and external stressors to the habitats has been clarified, reinforcing
the idea that several disruptors are key in the proliferation and impact of pathogens in natural

habitats, as well as in the general homeostasis of fishes.

1.2.3. Environmental alterations as optimal grounds for health imbalances
The close relationship and the interdependence fish experience with their aquatic
surrounding make this animal group highly susceptible to environmental changes in their

ecosystems.

Several environmental parameters have the potential to create disruptions in fish
health. Namely, factors such as oscillations in water’s temperature and pH, oxygen depletion,
stress, confinement, high levels of organic matter and exposure to xenobiotic chemicals and
biotoxins have all been implicated with the development of conditions that impact the host’s
homeostasis (Plumb et al. 1976; Noga 2000; Udomkusonsri and Noga 2005; Murawski et al.
2014; Granneman et al. 2017; Lamb et al. 2018; Vajargah et al. 2018).

This environmental effect is of particular importance in areas exposed to severe
climate-imposed alterations in the habitat, such as those observed in Mediterranean-type
streams of the Iberian Peninsula. Several threatened fish species occur in these intermittent
streams, located in the southern part of the peninsula, and are exposed to typical cyclical shifts
in water levels as a consequence of droughts occurring in the summer and floods in the winter.
During the dry season, significant flow reduction often results in the fragmentation of the river,
restricting both the fish’s habitat as well as their ability to move and find more suitable
environments (Sousa-Santos et al. 2016). Such situation will result in a landscape composed
of more or less disconnected pools that often congregate a high number of individuals (Sousa-
Santos et al. 2016). This increased density effect will have obvious consequences in water
quality and resources’ availability. Higher animal numbers quickly contribute to water quality’s
deterioration — since water renovation is low or even null, excretion products accumulate, and

higher water temperatures and lower dissolved oxygen levels are experienced (Magoulick and
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Kobza 2003). Additionally, intra- and inter-specific competition increase due to limited prey

items and space, promoting contact between animals (Vedia et al. 2019).

What these conditions generate is often one of the worst disturbances for an animal’s
general fitness —i.e., stress. Also, and regarding pathogenic agents, several reports evidence
how these agents benefit from disturbed environments with higher temperatures and pollution,
resulting in increased prevalence and transmission rates (Maceda-Veiga et al. 2009; Sanchez-
Hernandez 2017; Maceda-Veiga et al. 2019; Grilo et al. 2021). An additional concern is the
role of exotic and invasive species and their potential contribution as vectors of pathogenic
agents. Such individuals can either introduce new pathogens in naive populations or promote
the interchange of different strains across habitats, a situation that can result in detrimental
effects for fishes’ health or, ultimately, generate mass mortality events (Maceda-Veiga et al.
2009; Gozlan et al. 2010). So, the cumulative effects of these stressors will have profound
effects on the host, either directly (e.g., structural lesions related to exposure to xenobiotics
and pathogenic agents) or indirectly (e.g., depressed immune function and higher
susceptibility to opportunistic infections) (Ventura and Grizzle 1987; Austin 1998; Noga 2000;
Law 2001; Marques et al. 2016). This is particularly important in younger life stages, such as
juvenile fishes, who naturally experience an impaired immune function due to immaturity
(Cornet et al. 2020).

To accommodate a proper monitoring of the changes in the health status at the
populational level of these imperilled fish species, standardized health surveillance schemes

should be implemented.

1.2.4. Health surveillance frameworks as valuable conservation tools

The establishment of health surveillance frameworks in threatened fish populations
presents several advantages. At an initial stage, such schemes produce basal information on
the physiological health status of a population that can be later used to identify disease states
by comparison with normal observations (Kophamel et al. 2021). In this sense, standardized
health assessments assume a vital role in the identification of disease risk and associated
decline of wild fish populations, especially in the identification of the underlying causes
inducing disease. The knowledge of the prevalence of nutritional deficiencies related to
starvation, diseases caused by infectious agents or exposure to xenobiotics with detrimental
effects, or, at a larger scale, to understand the impact that alterations in the ecosystem (e.qg.,
environmental parameters fluctuations) have in fish health, is essential for strategic planning
of adequate human interventions regarding wildlife conservation (IUCN 2017). Furthermore,

and with a broader recognition of the One Health concept and the interaction between distinct
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populations and habitats, the routine monitoring of infectious agents or diseases in wild fishes
assists in the early detection of pathogen presence and in the prevention of transmission to
domestic animal and human populations (Stitt et al. 2007; Woods et al. 2019). Past efforts in
establishing health surveillance in threatened species as established by the International
Union for Conservation of Nature Red List are still limited and future efforts should be made
for such species (Kophamel et al. 2021).

Several methodologies can be applied to evaluate the health status of a wild
animal/population. These include physical exams to conclude data regarding morphometry or
behaviour of the animal, the investigation of infectious diseases prevalence and impact and
the use of animal samples to perform further investigations (e.g., blood analysis, faecal
analysis, determination of xenobiotic levels, genetic investigations). The extent to which each
methodology was employed in prior health assessments is variable (Kophamel et al. 2021).
Selection of which methodology will be employed when establishing a health surveillance in
fishes will vary according to the needs of the surveillance scheme and depend on the
availability of funds and appropriate methods calibrated for these species, as well as the
possibility of employing such methods when working with wild fishes. Although some methods
(e.g., blood analysis) might provide valuable information regarding individual homeostasis, the
challenges related to the needs of collecting the sample, the stress that is produced in the
animal that can impact its current or future survival and the difficulties associated with field
work need to be considered and re-evaluated regarding the information other less challenging

methods can offer.

Another important consideration is related to sample size. While robust statistical
significance should be pursued to produce diagnostic parameters that can be reliable and
representative of the population (Kophamel et al. 2021), when considering threatened fish
species, sampling can be highly unpredictable, rapidly fluctuating with environmental shifts
due to climatic or anthropogenic factors. In that situation, sampling fewer individuals should
be viewed as an important tool that can provide indications of the general health status of the
population. A final consideration should be made regarding the use of Citizen Science as an
important method to collect data on health impacts in fish populations. This methodology is
particularly relevant in situations of limited funding and can help to produce data on morbidity
and mortality in wild animals that can focus research efforts on a particular population/area
(Lawson et al. 2015).

A detailed conceptual framework for preparing and establishing health assessments
across a wide taxonomic array was discussed in Kophamel et al. (2021) and its consultation
prior to the implementation of health surveillance schemes is advised. Health surveillance can
provide vital information that should be used in conservation management, taking into
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consideration the vulnerability status of some populations/species to health impairments, and
counteracting on them to assure the sustainability of biodiversity (Kophamel et al. 2021).
Additionally, active surveillances can identify emerging pathogens that may affect human and
animal health, and the prophylactic control of these agents can present socioeconomic
advantages, such as the decrease of costs associated with the impact of emerging diseases
in human and domestic animals, the prevention of spill-over events and to ensure ecosystem
protection and function (Grogan et al. 2014). Ultimately, preventing diseases in wild fish
populations by establishing early detection systems and appropriate control measures has a
feedback effect — ecosystem stabilization will result in a lower emergence of new pathogens
(Pongsiri et al. 2009).

1.2.5. Conclusion

Current concerns and recommendations expressed for threatened Iberian fishes have
a broader application, since such considerations can be applied worldwide to other wild fish
populations facing extinction and regarding whom a standardized health surveillance has not
been performed yet. Health assessments should be an essential part of any conservation plan,
since neglecting the important knowledge these interventions can disclose is to disregard the
protection of threatened fish species as a holistic plan, hampering the future success of fish

conservation science.
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Sub-Chapter 1.3. The potential of Aeromonas spp. from wildlife as antimicrobial //

resistance indicators in aquatic environments

Grilo ML, Sousa-Santos C, Robalo JI, Oliveira M. 2020. Ecol. Ind. 115, 106396.
doi:10.1016/j.ecolind.2020.106396.

Writing — original draft preparation, MLG; writing — review and editing, MLG, CSS, JR and MO;
funding acquisition, MLG, JR and MO.

1.3.1. Abstract

Worldwide emergence of bacterial strains resistant to multiple classes of antimicrobials
and the increase incidence of infections caused by bacteria resistant to last-resource
antibiotics is now a common problematic and likely to increase in coming years. Surveillance
of important resistant clones and associated mobile genetic elements is essential for decision-

making in terms of mitigation measures to be applied for the prevention of such infections.

However, the role of natural environments, and especially aquatic ecosystems that
display optimal grounds for antimicrobial resistance (AMR) development and dissemination,
as important components of the AMR cycle has been disregarded until recent years. It is now
widely accepted that resistant strains and resistance determinants are disseminated in the
aquatic environment and that resistance profiles are mainly shaped by anthropogenic

environmental contamination.

In light of the One Health concept, developing strategies for the monitoring of AMR
prevalence and dissemination and unravelling critical points of action are required. Therefore,

bacterial indicators and targeted vectors assume special importance in surveillance schemes.

Aeromonas spp., a ubiquitous bacterial genus with importance as human, animal and
food pathogens, are common in aquatic environments. Environmental isolates belonging to
this genus often display acquired resistance determinants and their use as indicators to survey
water quality and sewage pollution has been accepted. Wild animal species are also of highly
importance in this context. They constitute potential AMR reservoirs in natural environments,
as they actively participate in the dissemination of resistant bacteria and resistance

determinants across habitats.
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Characterizing Aeromonas spp. retrieved from wildlife represents a potential aid for
surveillance programs aiming at unravelling the intricate mechanisms of AMR evolution and
dispersal in natural aquatic environments, as well as understanding possible consequences

for human and animal health.

1.3.2. Introduction

AMR evolution and dissemination are intrinsically connected to genetic determinants
encoding for resistance against a variable range of antimicrobial compounds (Paulson et al.
2016). This phenomenon occurs naturally as a consequence of microbial competition; hence,
such determinants can be present in natural environments as a result of point mutations
(Canica et al. 2015; Fletcher 2015). However, selective pressure due to frequent and
widespread antibiotic use and the introduction of antibiotic residues, antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARGS) in natural habitats by anthropogenic
activities has significantly influenced resistance profiles of environmental microbial
communities at a higher level than naturally occurring antibiotics and genes (Goulas et al.
2018). Traditionally, limited attention has been given to the role that natural ecosystems and
environmental factors have on the dissemination of AMR (Fletcher 2015), as surveillance and
control efforts focused on clinical settings (Ekwanzala et al. 2018). In recent years, natural
aquatic environments have received growing attention in terms of characterizing the
prevalence of antimicrobial compounds, ARGs and ARB, being increasingly more
acknowledged as reservoirs of AMR and a potential threat for public health (Chen et al. 2018).
Despite the increase of investigations in this field, the impact of entry points on AMR levels in

the environment is not fully understood (Bueno et al. 2018).

The growing emergence of strains resistant to multiple antimicrobial compounds
constitutes a public health problem. Understanding these strains’ spatial distribution and
factors promoting resistance is crucial. Due to the complexity of ecosystems, control in natural
environments can be difficult once resistant microbial communities are established.
Surveillance programs aiming at unravelling ARB prevalence and points of origin can
contribute to countering the persistence of high levels of ARB and ARGs in the environment
(Alexander et al. 2015).

In its last report on AMR surveillance, the World Health Organization (2015) pointed
out the lack of methodology guidelines to survey AMR at various geographical areas, as well
as gaps in the established surveillance programs. Broad-scale sampling strategies are
essential to fully unravel the aquatic environmental resistome and its consequences for public

health (Hu et al. 2017). Microbiota present in wild species may appear as important indicators
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to study AMR prevalence and dissemination in natural environments and constitute a potential
aid for monitoring programs. In this review, we explore general concepts regarding AMR origin
and dissemination in aquatic ecosystems, as well as its detection and relevance under a One
Health perspective, and discuss the characteristics and potential framework that can make
Aeromonas spp., an ubiquitous aquatic bacterial genus, and wild animal species interesting

sentinels to be used under surveillance schemes of AMR in aquatic environments.

1.3.3. From land to water: aquatic environments as reservoirs of AMR

Our knowledge on the role of aquatic ecosystems as reservoirs and disseminators of
AMR increased in later years (Bueno et al. 2018). Nowadays, ARBs, ARGSs, antimicrobial
residues and other pollutants are widely accepted as emerging contaminants of these settings
with a significant influence in driving and maintaining AMR cycles at the aquatic level (Ahmed
et al. 2018; De la Cruz Barron et al. 2018).

Aquatic habitats display ideal characteristics both for horizontal gene transfer (HGT)
and for the establishment of environmental gene and bacterial pools (Bhattacharyya et al.
2019). HGT is an important mechanism for the transmission of ARGs at the intra- and inter-
species level (Cairns et al. 2018); especially regarding the transmission of genetic information
from environmental non-pathogenic bacteria to potential pathogenic bacteria of clinical interest
(Paulson et al. 2016). Due to high throughput metagenomics techniques, the level of exchange
of genetic determinants between ARB of environmental and clinical origins has become more

noticeable in recent years (Ekwanzala et al. 2018).

Anthropogenic influence is considered to be the most relevant origin of AMR in natural
aquatic environments, and entrance in the ecosystem can occur through several routes
(Figure 7) (Berendonk et al. 2015; Le Page et al. 2017; Shao et al. 2018). ARB present in the
human digestive tract are of high importance in this context. These strains commonly enter
aquatic streams trough sewage effluents and sludge. Although many efforts have been made
in order to effectively eliminate ARB and ARGs from human effluents, wastewater treatment
plants are still incapable of guaranteeing their total elimination (depending on the bacterial
genus and ARGS) (Bergeron et al. 2015; Adegoke et al. 2018; Jager et al. 2018). Similarly,
after treatment in wastewater plants, antibiotics have been found to either retain their total
original configuration or to form conjugations, and their release may have potential detrimental
consequences for the environment (Adegoke et al. 2018). Such compounds, normally present
at sub-inhibitory concentrations, give selective advantage to resistant bacterial communities
to emerge and proliferate (Alexander et al. 2015). Similar consequences can occur from runoff

discharges originating from fertilized agricultural fields and animal production manure
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(Paulson et al. 2016). However, in some situations, ARGs abundance in waste originating

from farms is higher than in waste water effluents (Rowe et al. 2016).

MUNICIPAL EFFLUENTS

AGRICULTURE & ANIMAL
INDUSTRIAL EFFLUENTS PRODUCTION EFFLUENTS

SOIL & SEDIMENT WILDLIFE

Figure 7. Main anthropogenic origin routes of antimicrobial resistance determinants into natural

aquatic environments and associated reservoirs.

Environmental bacteria from aquatic ecosystems can allow ARGs discharged via
multiple anthropogenic origins to persist and integrate the genome of potential pathogenic
bacteria, potentially being transmitted to humans via multiple sources (Czekalski et al. 2015).
Indeed, there are multiple entry points from which ARGs and ARB released into the aquatic
environment may contact with humans. Besides drinking water from contaminated areas,
aquatic recreational activities and ingestion of crops irrigated with wastewater are also

established contact routes (Berglund 2015).
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AMR cycles in aquatic ecosystems have important consequences for public health and
need to be addressed under the One Health initiative, in order to try to tackle the problem
simultaneously in human, veterinary and environmental health. Water environments can
contribute to the transformation of localized AMR niches into global intricate networks of AMR
dissemination (McEwen and Collignon 2018), either due to water flow, transformation of
waterborne bacteria into airborne, wildlife migration or anthropogenic dissemination of vectors
(Taylor et al. 2011).

Society development and sustainability is highly correlated with water availability,
relying on aquatic environments for several activities, e.g., drinking, agriculture irrigation,
livestock production and leisure activities. Either by direct contact with water or via food
consumption, humans and animals have the potential to be contaminated with pathogenic and
environmental ARB, as well as with other AMR determinants. Host gut environment is then an
ideal setting for HGT, allowing the share of AMR determinants between different bacterial

genera and the establishment of new reservoir species (Taylor et al. 2011).

The identification of the intricate network of environmental pathways that can
contribute to disseminate AMR into aquatic environments and later contaminate different
ecological drivers is essential for mitigation measures’ proposal. Surveillance schemes using
sentinel species such as wildlife, instead of water samples, have the potential to enhance this
process by providing complex ecological interactions, which will contribute to a more realistic

scenario of AMR in aquatic ecosystems.

1.3.4. Wildlife: reservoirs/ disseminators/sentinels of AMR

As a consequence of AMR dissemination into natural environments, such as aquatic
ecosystems, wildlife of different ecological niches can become AMR reservoirs, as shown by
increasing evidence of the presence of ARB and ARGs in these species (Carroll et al. 2015).
Scientific community is now aware that these species are not only reservoirs for AMR, but
they also participate in natural cycles of AMR dissemination (Hu et al. 2017). In this context,
wild animal species are optimal sentinels for AMR prevalence and dispersal at a multi-habitat

scale.

As a result of habitat fragmentation and degradation due to global human population
increase and land use, direct and indirect contact between humans, domestic animals and
wildlife are enhanced and are becoming more frequent. Such proximity establishes interaction
bridges that can result in ARB and ARGs sharing (Arnold et al. 2016). One obvious example
relates to the loss of wetlands and association of wild species with artificial systems such as

waste water treatment plants, which are important sources of ARB and ARGs.
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Detection of resistant isolates or resistance determinants in wildlife has become
common. A compilation of AMR prevalence studies in wildlife, exposing this situation, is
reviewed in Vittecoq et al. (2016).

The anthropogenic action in wild animals at this level has as a consequence the
establishment of these species as natural reservoirs of AMR, presenting resistance profiles

and determinants commonly associated with human settings (Canica et al. 2015).

Wild animals using resources in ecosystems in close contact with human settings are
increasingly more exposed to ARB and ARGs. Effluent and runoff contamination of aquatic
ecosystems constitute critical contact points to aquatic wildlife (Arnold et al. 2016). After their
acquisition, wild fauna plays an important role on the spread of these determinants across
different natural settings (Hu et al. 2017). This is especially important in migratory species that
can travel long distances, connecting environments from distinct geographical areas with
different microbial landscapes and being exposed to distinct AMR patterns (Dolejska and
Papagiannitsis 2018). Also, wild species have also the potential to introduce ARB and ARGs

in pristine environments that are not exposed to anthropogenic pollution.

Ecological traits can influence the risk of acquisition and dissemination of AMR. For
example, Vittecoq et al. (2016) concluded that species displaying omnivorous and carnivorous
regimens are at higher risk of acquiring and disseminating ARB and ARGs. Therefore,
evaluating the role of wildlife in AMR and disease modelling can be complicated by their
ecological and behavioral characteristics. Factors that need to be accounted for include the
disturbance level due to human land use, life-history traits and seasonality (Hassell et al.
2017).

Identifying ARB and ARGs in wildlife is relatively simple, comparing with the detection
of antimicrobial compounds in the environment. Wild species can highly contribute as sentinel
species for the evaluation of environmental pollution of anthropogenic origin and AMR
dissemination (Paulson et al. 2016). In comparison with water samples, wild animals have the
advantage to be colonized during longer timespans and to display microbial communities with
higher relative abundance and concentration. Bighiu et al. (2019) tested ARB concentration in
both water samples and zebra mussels (Dreissena polymorpha) and found that the latter had

significantly higher concentrations and displayed ARB for a longer period.

Although the impact of ARB and ARGs is thought to be negligible per se in wildlife,
disturbance of host-microbiota interactions might have profound consequences for animals’
homeostasis since this interaction has effects at the immune system, digestion and
behavioural levels. Surveillance of microbiome associated with wildlife can constitute an

important indicator tool for evaluating host’'s health (Trevelline et al. 2019). Additionally,
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monitoring the prevalence of AMR in wild species is a useful technique to evaluate
anthropogenic pressure and pollution in aquatic environments — with consequences for wild

species conservation and for ecosystem health (Foti et al. 2018).

Choosing bacterial indicators to be used in wildlife AMR surveillance schemes relies
on the assumption that result comparison between worldwide investigations can be
performed. For this, the bacterial indicator needs to occur in broad distribution across different
aquatic habitats, as well as in different taxonomic groups. Among the bacterial genus
commonly associated with aquatic environments, Aeromonas spp. are widely recognized to
have a broad host range, being able to colonize and cause illness in both poikilothermic and
homeothermic hosts (AbuElala et al. 2015; Carnelli et al. 2017). Their prevalence and
susceptibility patterns have been described in different aquatic organisms, like fish (Emond-
Rheault et al. 2015), mammal (Lim et al. 2019), avian (Cardoso et al. 2018), reptile (Ariel et
al. 2017), amphibian (Hacioglu and Tosunoglu 2014) and mollusc species (Maravi¢ et al.

2013), confirming their potential as bacterial indicators of AMR in aquatic environments.

1.3.5. Aeromonas spp. potential as AMR indicators

Aeromonads are gram-negative bacteria ubiquitary in aquatic environments,
enhancing their contact opportunities with humans and animals (Janda and Abbott 2010). The
genus Aeromonas has been isolated from a variety of settings, such as freshwater and marine
habitats, groundwater, wastewater, sewage and drinking water (Baron et al. 2017; Igbinosa et
al. 2017; Dias et al. 2018). Pathogenicity seems to be variable between species (Ghatak et al.
2016). However, the presence of Aeromonas spp. in a host is not mandatorily associated with
disease, as these bacteria is frequently isolated from healthy hosts. Such remark is important
to understand the role that multiple hosts play as reservoirs of Aeromonas spp., as well as
their participation in the exchange dynamics of ARGs between clinical and environmental

pools of Aeromonas spp. (Janda and Abbott 2010).

The development of guidelines for antimicrobial susceptibility testing of Aeromonas
isolates is still in need of much improvement, despite recent updates have been published.
Current established methods are restricted to a limited number of species (A. hydrophila, A.
caviae, A. veronii bv. sobria, A. salmonicida), and are often restrictive in terms of antimicrobial
compounds, as observed in both the CLSI and EUCAST guidelines (CLSI 2014, 2015;
EUCAST 2020). Available breakpoints have derived from clinical criteria. However, several
issues make it questionable to perform extrapolations of susceptibility category from clinical
to environmental isolates (Alexander et al. 2015). The number of samples needed and the

standard categorization system based on the likelihood of therapeutic failure may jeopardize
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the safe use of established guidelines for environmental isolates. Recent studies are aiming
at developing alternative and more reliable interpretation guidelines, such as using
epidemiological cut-off values separating wild-type from non-wild-type (i.e., with acquired
resistance) populations. One advantage of this method is to be epidemiological based and its
informative value will likely increase together with the number of isolates sampled from
environmental origins (in contrast with the current predominance of clinical ones) (Berendonk
et al. 2015). Also, the monitoring of AMR in isolates from the genus Aeromonas in different
geographical areas would benefit from the establishment of standard criteria in order to

perform safe comparisons between distinct sampling areas (Baron et al. 2017).

Resistance to antimicrobials in this genus is normally chromosomally mediated
(Anandan et al. 2017). Aeromonads are known to harbour gene cassettes, genomic islands,
class 1 integrons, plasmids, IS elements and transposons (Patil et al. 2016). It is currently
accepted that aeromonads present gene pools which renders the environmental reservoirs for
AMR, and that gene diversity allows them to form dissemination networks with other
environmental bacteria and potential pathogens. The dissemination of resistance
determinants to humans and animals may eventually occur following specific actions, e.g., via
consumption of contaminated food or drinking water (Piotrowska and Popowska 2015; Chenia
2016).

Surveillance programs have focused in this genus, alone or in combination with other
bacterial indicators, to assess AMR prevalence at the environmental level, for example by
including samples from estuarine environments (Chaix et al. 2017), river water (Li et al. 2015;
Ighinosa et al. 2017) and hospital and municipal effluents (Varela et al. 2016). Although results
vary greatly according to isolate’s origin, increasing resistances to aminoglycosides, (-
lactams, quinolones and tetracyclines have been recorded (Cardoso et al. 2018). Additionally,
building evidence demonstrates the role of wastewater treatment plants in the introduction of
resistant strains of Aeromonas spp. into freshwater streams (Harnisz and Korzeniewska
2018).

Investigation of Aeromonas spp. in aquatic wildlife has already proven successful in
unraveling important surveillance questions of AMR in aquatic ecosystems; like the role of
migratory species in dissemination across environments (Laviad-Shitrit et al. 2018), AMR
contact points between environment and human populations (Maravi¢ et al. 2013), the
determination of reservoir status for clinical relevant AMR determinants (Morris et al. 2011,
Lim et al. 2019), and the discovery of novel AMR genetic assemblages (Emond-Rheault et al.
2015). Establishing frameworks for AMR investigation using Aeromonas spp. from wildlife is

key for future comparison across research groups.
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1.3.6. Proposing Aeromonas spp. from wildlife as bacterial indicators under
aquatic environmental frameworks for AMR surveillance

Aquatic environmental frameworks for AMR evaluation need to take into consideration
natural constraints characteristic to these habitats. Assessing AMR in aquatic ecosystems and
the related environmental risks can be problematic. First, naturally occurring ARGs are present
in the environment, which can limit conclusions from direct detection (Fletcher 2015). Second,
the natural complexity of aquatic ecosystems difficult the evaluation of the impact of a
determined resistance mechanism (conferred by a specific genetic determinant) on the
outcome of their interaction with bacterial communities and future hosts (e.g. humans) (De la
Cruz Barrodn et al. 2018). Different environmental factors, such as environmental physical and
chemical characteristics, and bacteria stress response, adaptation and phenotypic diversity;
have the potential to regulate selective pressure from resistance determinants and

antimicrobial compounds, (Berendonk et al. 2015).

Much of our knowledge on the presence of ARB and ARGs at the aquatic level has
been based on occurrence-based studies (De la Cruz Barron et al. 2018). Recent
investigations are increasingly using molecular tools, rather than culture-based methods, in
order to better evaluate the real prevalence of AMR in aquatic environments, its
epidemiological relevance and to identify the links between anthropogenic effluents and
aguatic contaminations (Czekalski et al. 2015). Metagenomic analysis is gaining relevance in
environmental surveys since it allows a broader investigation and comprehension of the
epidemiological scenario of aquatic environments regarding ARB and ARGs (Garner et al.
2017; Chu et al. 2018; Ju et al. 2018). With these tools, a global profile of microbial

communities and their functional composition can be achieved (Port et al. 2014).

Standard global surveys are essential for the characterization and quantification of
AMR in the aquatic environment and to establish the real consequences of environmental
contamination in the proliferation and dissemination of AMR (Berendonk et al. 2015).
Additionally, systemized surveillance of broad geographical areas has the potential to
disclosure hot-spots for AMR prevalence and factors influencing it, such as human activity

association and water quality parameters (Liu et al. 2018).

Aeromonas spp. display different traits that make them suitable organisms to evaluate
the prevalence, development and dissemination of AMR in aquatic ecosystems. As previously
mentioned, they are ubiquitous in these settings, in which they are able to persist for long
periods of times (Adamczuk and Dziewit 2017). Additionally, the prevalence and dissemination
potential of Aeromonas spp. in settings with relevance to the One Health approach (humans,
animals and the environment), as well as the fact that they are responsible for infections in

both humans and animals, assures genus representativeness at the epidemiological level
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(Chaix et al. 2017). Finally, it has been shown that they can possess and acquire different
mobile genetic elements that can contribute to the dissemination of AMR, not only to

environmental bacteria, but also to clinically important species (Baron et al. 2017).

Aeromonas spp. present advantages over more traditional indicator bacteria in water.
Although Escherichia coli is commonly used to monitor AMR both in human and veterinary
medicine, and it is traditionally used as a bacterial indicator at the aquatic level, its isolation
from the aquatic environment is not consistent across different streams (Usui et al. 2016). In
situations where faecal coliforms are suspected to be absent, Aeromonas spp. can be used
as indicator species (Berendonk et al. 2015). Additionally, since Aeromonas spp. are often
found in environments with high concentrations of organic carbon, they are believed to be
good indicators for water quality and pollution (Igbinosa et al. 2017). Aeromonads, especially
due to their prevalence in sewage waters, meet the criteria required for bacterial indicators,
not only in terms of AMR investigation, but also to investigate water quality and pollution, due

to the presence of metals and other pollutants (Yang et al. 2019).

The role that aquatic wild animal species can have in environmental surveillance
frameworks is well established and sample collection originating from them should be
encouraged. Globally, recruiting wildlife hospital staff and wildlife projects’ team members to
participate in AMR epidemiological studies can increase the sampling size and areas, hence
increasing the number of investigated locations and results’ significance. Ideally, wild species
implicated in AMR dissemination at a larger scale could be more easily identified, improving
the implementation of control measures for acquisition of ARB and ARGs (Arnold et al. 2016).
However, the role of species with site-fidelity is of particular interest to unravel local dynamics

and risk factors (Furness et al. 2017).

There is a lack of investigations that compare spatial distribution and risk factors for
the prevalence of ARB and ARGs in wildlife. This acquires special relevance in areas where
AMR input is well characterized and AMR dissemination can be followed. Fine-scale
movement studies would be valuable in order to fully understand AMR dissemination in
wildlife, since it would represent a closer approximation to reality than one-point sampling

surveys (Arnold et al. 2016).

Using Aeromonas spp. from wildlife as AMR bacterial indicators under environmental
frameworks should be interpreted as cumulative knowledge in a multi-scale action plan, rather
than a unique solution. For this matter, surveillance schemes simultaneously investigating
other established bacterial indicators in water samples — faecal coliforms, enterococci and

Pseudomonas spp. — are an important advantage.
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1.3.7. Conclusion

Mitigation measures to control AMR introduction and spread in natural environments
must follow the same strategies used for other forms of environmental pollution. Bottom line,
antimicrobial use control at the human and veterinary levels, strict regulation application in
terms of waste management and disposal, and technological development of AMR elimination
strategies in sewage are essential to reverse and recover from this worldwide problematic
(Paulson et al. 2016).

Some crucial knowledge is still missing for the proper management of environmental
AMR, namely the contribution proportion of ARB, ARGs and antimicrobial compounds from
different sources into aquatic environments presence; the risk to human and animal health
associated with contact with environmental ARB and ARGs; the environmental mechanisms
that contribute to resistance evolution; and the response of environmental AMR to human

evolution at the technological and social levels (Larsson et al. 2018).

Members of the genus Aeromonas have been investigated in order to detect
antimicrobial resistance determinants, as well as sewage pollution, in aquatic environments.
Aeromonads have the potential to be used at a global scale as a fundamental part of
surveillance programs in natural environments. Wildlife can play an important role in the AMR
dissemination cycle and, thus, surveillance programs need to take into consideration its
microbiota for their strategic role as indicators of AMR in natural environments. By doing so,
better understanding of impacts for human, domestic animal, wildlife and environmental health

can be obtained.

The characterization of Aeromonas spp. collected from wildlife using standardized
approaches has the potential to allow to survey AMR in aquatic environments and their
associated communities around the globe, contributing to AMR dynamics signalling, natural

habitats’ anthropogenic impact evaluation and mitigation implementation response measuring.
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Sub-chapter 1.4. Objectives

The main goal of this PhD thesis was to investigate the prevalence and dynamics of
potential pathogenic agents in threatened Iberian leuciscids, both in a perspective of the
impact for the conservation of this imperilled group, as well as the possible existence of
antimicrobial resistance and virulence reservoirs of concern in the One Health context

harboured in wild populations.

In order to achieve the central goal of this thesis, both a pathogen and a host model
were selected based on the following criteria:

Pathogen

e Common occurrence in freshwater fishes and known impact in wild populations;

e Prevalence dynamics and effects in the host modulated by environmental variables
and degree of habitat disturbance;

¢ Potential pathogens implicated in historical lesion description detected in fish census

conducted with threatened Iberian leuciscids;
Host

e Threatened conservation status as determined by the IUCN;
¢ Integration in the Portuguese ex situ breeding program for endemic leuciscids;
e Distribution range including distinct habitats, allowing the comparison between

populations exposed to different environmental and human density parameters.

Although selection of a broader pathogen testing panel and a wide range of hosts
would ensure the description of a more complex and realistic epidemiological scenario of the
interaction between pathogens and threatened lberian leuciscids, selection of mesophilic
Aeromonas spp. as a pathogen model and of Iberochondrostoma lusitanicum as the host

model allowed a more detailed investigation of the primary goals of this thesis.

Hence, specific goals were pursued with each of the experimental works developed

throughout this thesis, namely:

1) To determine the prevalence, diversity, virulence and antimicrobial resistance signatures
of mesophilic Aeromonas spp. in distinct I. lusitanicum populations, as well as health
parameters such as body condition and extension of skin lesions in this species, and to
identify differences in these parameters regarding origin of the individuals and sampling

season;
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2)

3)

4)

To compare mesophilic Aeromonas spp. diversity and skin lesion extension in two
sympatric leuciscid species — I. lusitanicum and Squalius pyrenaicus — and to explore
differences in bacterial populations between the two fish species;

To evaluate the role of biosafety measures applied in the Portuguese ex situ breeding
program for endemic leuciscids, specifically for I. lusitanicum, on the prevalence, diversity,
antimicrobial resistance and virulence signatures of mesophilic Aeromonas spp.;

To test the influence of water temperature and pH predicted climacteric alterations as
projected by the Intergovernmental Panel on Climate Change (IPCC) on the antimicrobial
resistance signatures and biofilm production of single and mixed cultures of mesophilic

Aeromonas spp.
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2.1. Abstract

Despite the fact that freshwater fish populations are experiencing severe declines
worldwide, our knowledge on the interaction between endangered populations and pathogenic
agents remains scarce. In this study, we investigated the prevalence and structure of
Aeromonas communities isolated from the critically endangered Iberochondrostoma
lusitanicum, a model species for threatened Iberian leuciscids, as well as health parameters
in this species. Additionally, we evaluated the virulence profiles, antimicrobial resistance
signatures and genomic relationships of the Aeromonas isolates. Lesion prevalence,
extension and body condition were deeply affected by location and seasonality, with poorer
performances in the dry season. Aeromonas composition shifted among seasons and was
also different across river streams. The pathogenic potential of the isolates significantly
increased during the dry season. Additionally, isolates displaying clinically relevant
antimicrobial resistance phenotypes (carbapenem and fluroquinolone resistance) were
detected. As it inhabits intermittent rivers, often reduced to disconnected pools during the
summer, the dry season is a critical period for I. lusitanicum, with lower general health status
and a higher potential of infection by Aeromonas spp. Habitat quality seems a determining
factor on the sustainable development of this fish species. Also, these individuals act as
reservoirs of important antimicrobial resistant bacteria with potential implications for public
health.

2.2. Introduction

Past geological events that shaped freshwater landscapes in the Iberian Peninsula and
promoted its geographical isolation greatly contributed to the high level of endemism currently
observed in native leuciscid fishes (Teleostei: Leuciscidae) (Sousa-Santos et al. 2019). In
spite of this biotic richness, leuciscids’ populations are following the decreasing trends
observed in freshwater species worldwide (Reid et al. 2019), and around 70% of the known
species in the region belonging to this taxonomic group present some level of threat to their
conservation (Doadrio et al. 2011). Several attempts are currently implemented to counter
current trends, including habitat restoration and ex situ breeding programs targeting several

species (Sousa-Santos et al. 2014b).

Different factors play a key role as potential threats for the sustainability of leuciscid
species. Namely, habitat degradation and destruction due to anthropogenic actions such as
the construction of dams and weirs, water abstraction (e.g., for agriculture), river architecture
alteration, increased pollution levels due to direct or land run-offs, and the introduction and
proliferation of exotic species are known to impact these species’ survival (Maceda-Veiga

2013). For species living in the Mediterranean area, climate fluctuations are another key issue
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and are suggested to become more important in the future. Leuciscids that occur in intermittent
streams of the southern part of the Iberian Peninsula are typically subjected to cyclical shifts
between winter floods and extremely low water levels during the summer. In the dry season,
the incidence of droughts increases in these streams, fragmenting the river and restricting
movement and habitat availability for fishes (Sousa-Santos et al. 2016). This situation is likely
to get worse with predicted climatic changes (Jari¢ et al. 2019).

The loss of river connectivity seasonally imposed by the lowering water levels in the
region often results in a series of more or less disconnected summer pools. It is common to
observe a high number of individuals gathered in these small habitats where, due to a higher
depth, water remains available—although with no flow, higher temperatures and lower
dissolved oxygen levels (Magoulick and Kobza 2003). Higher fish densities likely contribute to
the deterioration of water quality parameters and to an increase of intra and inter-species
competition for resources and individual contact; which potentially influences host’s immune
function, with obvious consequences for overall fithess (Sousa-Santos et al. 2016; Marcos-
Lépez et al. 2010; Whitney et al. 2016). Despite these conditions being ideal for the spread of
several pathogenic agents, the prevalence and impact infectious diseases might have in these
populations is not clear so far. Investigations regarding the prevalence of specific pathogens
are limited and often do not focus on the impact these agents might have for the host. Also,
past studies have focused on parasitological and fungal surveys (Sanchez-Hernandez 2017;
Aller-Gancedo et al. 2016), neglecting the influence that other pathogenic agents—i.e.,

bacteria and virus—might have in leuciscids.

Bacterial pathogens are common infectious agents in fish species and assume
particular relevance in this context (Austin and Austin 2016). When the water temperature
increases, which is associated with the higher fish densities observed in the summer pooals,
microbial loads also tend to increase (North et al. 2014). Members of the genus Aeromonas
can be important in this situation, since infections caused by these bacteria are considered
one of the most common type of bacterial infection detected in freshwater fish species, causing
morbidity and mortality in both farmed and wild fishes (Austin and Austin 2007). Indeed, they
are commonly known pathogenic agents ubiquitous in several aquatic ecosystems and are
also accounted as both zoonotic agents and antibiotic resistance and virulence reservoirs
(Janda and Abbott 2010; Baron et al. 2017; Cai et al. 2019; Zhou et al. 2019).

It is important to understand the host-pathogen dynamics of these agents and how
they can impact these already imperilled populations and constitute significant threats to their
conservation. ldentifying specific pathogens that might contribute to the decrease of a fish
species’ stock and understanding how these pathogen communities are shaped by
environmental conditions is the first step in creating species and habitat recovery plans that
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take into account specific susceptibilities for a population in particular and help to implement

strategies to restore habitats, fighting detrimental impacts pathogenic agents might have.

Developing active sampling schemes, using subsets of individuals, can help to
investigate both the prevalence and impact of selected pathogens—e.g., Aeromonas spp.—
and produce valuable information for the interested stakeholders. Moreover, patterns among
different populations from the same species occupying diverse geographical areas or between
different seasons can potentially be discriminated during these sampling actions and result in
the definition of risk factors which would contribute to a better management of the species.
Additionally, and since there is a growing concern about the role that aquatic ecosystems play
as end-point collectors of determinants of antibiotic resistance and virulence originating from
land (Chen et al. 2018), using such sampling schemes as opportunistic actions to survey and
detect antimicrobial resistance and virulence in natural aquatic habitats is of major importance
to signal and prevent dissemination points between the interface land-water (Grilo et al. 2020).
The microbiota of wild species is of particular significance since wildlife plays an active role in
the dissemination of microbiota and genetic determinants in natural environments (Hu et al
2017). Also, Aeromonas spp. are known to express a great variety of virulence factors involved
in host colonization and invasion, constituting a possible virulence reservoir in the aquatic
environment (Harnisz and Korzeniewska 2018). Additionally, the potential of Aeromonas spp.
to acquire and disseminate resistance determinants is widely acknowledged, making them
relevant indicators of antimicrobial resistance in aquatic environments (Piotrowska and
Popowska 2015).

We hypothesize that Aeromonas communities associated with distinct populations of
endangered leuciscids will vary according to the geographical origin of the populations— i.e.,
different exposure to environmental and anthropogenic conditions—and season (dry and wet).
In addition, we suggest that distinct patterns of fish fitness (e.g., body condition and skin
conformation) are present in populations of the same species. Also, we hypothesize that
antimicrobial resistance signatures and virulence traits of the Aeromonas isolates vary
according to different factors (i.e., location and season). To test these ideas, we used isolated
wild populations of the critically endangered boga portuguesa (lberochondrostoma
lusitanicum; Collares-Pereira 1980), a model species for endangered leuciscids, evaluated
their skin lesion scores, body condition and Aeromonas spp. prevalence, composition,
similarity relationships, virulence profiles and antimicrobial resistance signatures of the

isolates.
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2.3. Materials and Methods

2.3.1. Sampling site description and fish sampling

The selection of sampling sites followed a set of criteria to fulfil study inclusion. Namely:
1) the current known distribution of I. lusitanicum, established based on annual monitoring
census performed by our team (Sousa-Santos et al. 2016); 2) the level of water abstraction in
the potential sampling sites, accessed two weeks prior to sampling by on-site observations, to
estimate fish presence; 3) different levels of water quality and environmental parameters
between basins (pH, temperature, dissolved oxygen, total dissolved solids, electrical
conductivity, nitrites, nitrates, phosphates), as determined from previous monitoring census
(Sousa-Santos, personal communication); 4) different levels of mean human population
density in the civil communities closely associated with the sampling sites, as determined by
the Census 2011 Program (INE 2011). In total, four river basins were selected (Lizandro,
Samarra, Jamor, Laje), representing different examples of rural and urban environments with
distinct water quality conditions. Sampling was performed in previously characterized sites
(Lizandro: 38.886701°, —9.298140°; Samarra: 38.894761°, -9.433734°; Jamor: 38.720832°,
-9.249696°; Laje; 38.709159°, —9.314079°; Figure 8) (Sousa-Santos et al. 2016). Additionally,
to compare differences among bacterial prevalence and skin alteration scores in the dry and
in the wet season, two sampling actions were conducted in October 2017 and February 2018,

respectively.

LIZANDRO
SAMARRA
LAJE
JAMOR

Figure 8. Study area.
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I. lusitanicum was used as a model species to study Aeromonas prevalence in wild
endangered leuciscid species. I. lusitanicum is a leuciscid fish, endemic to Portugal, only
occurring in small coastal streams of the West Region and in the larger Tagus and Sado river
basins. Its selection was based on the following criteria: 1) presenting a relevant conservation
threat status (critically endangered), as defined by the IUCN (Crivelli 2021), representing the
potential of bacterial infections to disrupt imperilled leuciscid populations; and 2) the
occurrence in distinct stream types throughout the species’ distribution area, aiming to
evaluate the influence of ecological and anthropogenic factors on Aeromonas epidemiology

and antimicrobial resistance and virulence profiles.

The sampling protocol followed was similar at each sampling site, involving
electrofishing by two operators. Fishing period was timed (from the onset of electrofishing until
the collection of the last individual). One operator surveyed the stream in parallel transects in
the downstream—upstream direction and collected I. lusitanicum individuals following standard
electrofishing procedures (CEN 2003). As the animals were collected, the second operator
transferred them to a container with water collected at site to allow monitoring of the stunning

recuperation (consequence of the electrofishing process) and guarantee fish survival.

After recuperation, all collected animals were individually inspected for the presence
of lesions commonly associated with Aeromonas spp. infection (i.e., haemorrhagic lesions and
skin ulcers). The prevalence of lesions was recorded for each individual. A set of sixteen
individuals displaying lesions was randomly selected in every sampling location for further
analysis and lesion location and description was recorded. Each individual was transferred to
a measuring device to allow measuring of fork length (measured from the tip of the snout to
the notch of the caudal fin) and taking pictures from both sides (when possible) to record body
condition and lesions extent. In each set, two age groups with 8 individuals were created
based on fork length (juveniles <40 mm; adults 240 mm). Sex was also determined by visual
inspection, which was possible for some adults during the wet season (prior to the breeding
season, when sexual dimorphism is more evident: females exhibit swollen abdomens and
males show nuptial tubercules at the top of their heads). Finally, water excess was wiped from
each individual’s body using a sterile gauze and a bacteriological sample was collected from
skin areas with typical lesions using an ESwab™ LiquidAmies Collection and Transport
System (ThermoFisher Scientific®, Waltham, MA, USA). After this step, the full recuperation
of the animal was confirmed (normal swimming behaviour and respiratory rate), following by
its release into the river stream. Swabs were stored at 4 °C until further processing. Bacterial
isolation was performed at the Laboratory of Microbiology and Immunology of the Faculty of

Veterinary Medicine, University of Lisbon, Portugal.
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Habitat conditions at each sampling site were characterized regarding connectivity
(i.e., fishes isolated in summer pools vs. fishes present in stretch with hydrological
connectivity) and physical and chemical parameters: 1) pH, temperature, total dissolved solids
and electrical conductivity; using a portable waterproof pH meter model HI98130 (Hanna
Instruments®, Woonsocket RI, USA); 2) dissolved oxygen, using a waterproof oxygen meter
model 9146-10, with probe HI76407/10F (Hanna Instruments®); and 3) nitrites, nitrates and
phosphates, using colorimetric strips (ITS Thorsten BetzelTM, Hattersheim, Germany).

2.3.2. Body condition score (BCS)

Photographs of lateral views from each individual were used to access the BCS using
a visual score ranging from 1 to 5 produced for adult zebrafish (Clark et al. 2018), with minor
adaptations. The analysis was based on two anatomical references, as suggested by Clark et
al. (2018), and included: 1) the relationship between the width of the cranial region between
the eye and the operculum and the abdominal girth at a halfway position between the pectoral
fin and the dorsal fin; and 2) the curvature of the ventral surface of the body. While fat
deposition in the ventral surface of the zebrafish occurs more cranially (Clark et al. 2018), in
I. lusitanicum the deposition is homogeneous and the ventral surface does not create a
protrusion. When available, a score was given for each lateral view and an average score from
both sides was produced; otherwise, scores resulted from single lateral views. Female
individuals sampled in the wet season were excluded from the analysis since BCS was likely

altered by egg development.

2.3.3. Skin lesion score (SLS)

Photographs of each individual were used to produce an individual skin lesion score
by determining the level of lesions in the skin macroscopic morphology (namely, the presence
of ulcerations and areas with haemorrhage). Each photograph was analysed by computer
image software (ImageJ, NIH, Bethesda, MD, USA) and the skin lesion score was produced
as such: (total area of skin presenting lesions/total body area) x100. Fins, except for the caudal
fin, were excluded from the body area under analysis since it was not possible to observe
them in all animals. A score was obtained from the analysis of each lateral view of every

individual (when possible) and a final average score was obtained per animal.
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2.3.4. Aeromonas isolation

Swabs collected from each individual were inoculated in tubes with 8 mL of Brain Heart
Infusion (BHI) broth (VWR, Radnor, PA, USA), vortexed, and incubated at 37 °C for 24 h.
Samples were transferred to Glutamate Starch Red Phenol (GSP) agar plates supplemented
with 100,000 IU sodium penicillin g/L (Merck, Kenilworth, NJ, USA), a selective and differential
agar medium for Aeromonas spp., and incubated at 37 °C for 12 h. Large (2-3 mm) yellow
colonies surrounded by a yellow zone were presumptively identified as Aeromonas spp. and
four distinct colonies were randomly selected for each individual and isolated into pure cultures
in BHI Agar (37 °C for 24 h). Isolates were characterized regarding Gram-staining and oxidase
activity and stored in Buffered Peptone Water (VWR) with 20% glycerol at —80 °C during the
study. Aeromonas hydrophila ATCC 7966 was used as a positive control.

2.3.5. Genomic typing

Bacterial genomic DNA was obtained by the boiling method as described in Talon et
al. (1998). Genomic typing of the isolates was conducted using a Random Amplified
Polymorphic DNA (RAPD) technique. The method was used as described before (Szczuka
and Kaznowski 2004; Barroco 2013), with minor modifications. Primers AP3 and AP5
(Szczuka and Kaznowski 2004) were used in independent mixtures to perform isolates’ typing
(STABVIDA, Caparica, Portugal). Each amplification reaction was performed in a final volume
of 25 pL. The mixture consisted of: 12.5 pL of Supreme NZYTaq 2x Green Master Mix
(NZYTech, Lisbon, Portugal), 8.5 pL of PCR-grade water (Sigma-Aldrich, St. Louis, MO, USA),
2.5 uL of Bovine Serum Albumine (0.01%; Thermo Fisher Scientific), 0.5 pL (1 uM) of primer
and 1 pL of template DNA. Thermocycler conditions were as follow: 94 °C for 5 min; 40 cycles
of 94 °C for 45 s, 40 °C for 1 min, and 72 °C for 2 min; and 72°C for 5 min.

Amplification products were resolved using agarose gel electrophoresis with 1.5%
(w/v) agarose in 1x TBE Buffer (NZYTech). Gels were resolved for 50 min at 90 V. NZYDNA
Ladder VII (NZYTech) was used as a molecular weight marker. The visualization of gels was
performed using a UV light transilluminator and images were recorded trough the Bio-Rad

ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

2.3.6. Aeromonas species identification

A multiplex PCR protocol, previously described by Persson et al. (2015), discriminating
between A. caviae, A. media, A. hydrophila and A. veronii based on gyrB and rpoB genes was
used, with minor modifications. A. caviae ATCC 1976, A. hydrophila ATCC 7966, A. media

ATCC 33907 and A. veronii ATCC 35624 were used as positive controls.
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PCR mixtures were performed in a final volume of 25 pL and were composed of: 12.15
ML of Supreme NZYTaqg 2x Green Master Mix (NZYTech), 10 pL of PCR-grade water (Sigma-
Aldrich), 0.25 pL (0.5 pM) of primers A-cav, 0.225 pL (0.45 puM) of primers A-hyd, 0.1 pL (0.2
HKM) of primers A-med, 0.075 pL (0.15 pM) of primers A-ver, 0.025 pL (0.05 pM) of primers A-
16S; and 1.5 pL of template DNA. Thermocycler (VWR) parameters included hot start at 95°C
for 2 min; followed by six cycles of denaturation at 94 °C for 40 s, annealing at 68°C for 50 s,
and extension at 72 °C for 40 s; and 30 cycles at 94 °C for 40 s, 66 °C for 50 s, and 72 °C for
40 s.

PCR products were resolved by agarose gel electrophoresis as described before. Gels
were resolved for 45 min at 90 V. NZYDNA Ladder VI (NZYTech) was used as a molecular

weight marker. Gels were visualized and recorded as described before.

2.3.7. Virulence factors’ evaluation

Virulence factor expression was evaluated using phenotypical assays according to
protocols previously described, with minor modifications. Specifically, haemolytic activity was
accessed using Columbia agar supplemented with 5% sheep (VWR) for 24 h (Santos et al.
1999); lipase activity was determined using Spirit Blue Agar (Difco, Franklin Lakes, NJ, USA)
supplemented with 0.2% Tween 80 (VWR) and 20% olive oil (commercial) for 8 h (Blaise and
Armstrong, 1973); gelatinase activity was evaluated using Oxoid™ Nutrient Gelatin (Thermo
Fisher Scientific) for 24 h (Han et al. 2008); protease activity was detected using Skim Milk
Agar (Sigma-Aldrich) for 24 h (Mellergaard 1983); DNase activity was established using
DNase Test Agar with Methyl Green (VWR) for 24 h (Hickey et al. 2013); and the production
of slime was determined using Congo Red Agar for 72 h (Freeman et al. 1989). Incubation
temperature was established based on river's water temperature data collected during annual
monitoring census performed in the summer seasons of 2017 to 2019 (Sousa-Santos,
personal communication) and averaged (22 °C). This was performed in order to mimic fish’s

body temperature since they are poikilothermic.

Each isolate’s virulence index was calculated based on the ratio between positive tests

for virulence factors and the total amount of virulence factors evaluated (Singh et al. 2017).

The following strains were used as controls: A. caviae ATCC 15468 (haemolysin
negative), A. hydrophila ATCC 7966 (DNase and haemolysin positive), Enterococcus faecium
EZ40 clinical isolate canine periodontal disease (slime producer), Escherichia coli ATCC
25922 (DNase and gelatinase negative; slime non-producer), Pseudomonas aeruginosa
Z25.1 clinical isolate diabetic foot infection (protease and gelatinase positive; lipase negative)

and Staphylococcus aureus ATCC 29213 (lipase positive, protease negative). P. aeruginosa
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and E. faecium (Mendes et al. 2012, Semedo-Lemsaddek et al. 2016) belong to the bacterial
collection of the Laboratory of Microbiology and Immunology, Faculty of Veterinary Medicine,

University of Lisbon, Portugal.

2.3.8. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was determined using the disk diffusion technique
(Bauer et al 1966), as established in the guidelines and following breakpoints of the Clinical
and Laboratory Standards Institute (NCCLS 2002; CLSI 2013, 2015). E. coli ATCC 25922 was
used as a quality control. The following antibiotics (Mastdiscs®, Mast Group, Liverpool, UK)
were evaluated: amikacin (AK, 30 pg), amoxicillin/clavulanic acid (AUG, 20-10 pg), aztreonam
(ATM, 30 ug), ceftazidime (CAZ, 30 pg), enrofloxacin (ENF, 5 pg), erythromycin (E, 15 pug),
florfenicol (FFC, 30 pg), imipenem (IMI, 10 ug), nitrofurantoin (NI, 300 ug), streptomycin (S,
10 ug), tetracycline (T, 30 pg) and sulfamethoxazole/trimethoprim (TS, 23.75-1.25 ug).
Antimicrobial compound choice followed those commonly used to treat Gram-negative

infections in Human and Veterinary Medicine, with a special focus in aquaculture.

Isolates were categorized as multidrug-resistant when presenting non-susceptibility
(intermediate and resistant status) to at least one antimicrobial compound in three or more
antimicrobial categories (Magiorakos et al. 2012). Multiple Antibiotic Resistance (MAR) index
values were produced for each isolate and calculated as described by Krumperman (1983).
Antimicrobial compounds to which Aeromonas spp. are considered intrinsically resistant
(amoxicillin/clavulanic, erythromycin and streptomycin) were not included in the multidrug

resistance characterization and in the MAR index calculation.

2.3.9. Data and statistical analysis
To analyse the reproducibility level of the molecular species identification, phenotypic
virulence expression, antimicrobial susceptibility testing and genomic typing, a random sample

including 10% replicates was used.

BioNumerics® version 7.6 software (Applied Maths, Sint-Martens-Latem, Belgium)
was used to evaluate genomic typing relationships. Fingerprints similarity was found based
on a dendrogram calculated with the Pearson correlation coefficient. An optimization value of
0.5% was used. Cluster analysis was achieved through the unweighted pair group method
with arithmetic average (UPGMA). The reproducibility value was determined as the average
similarity value of all replicate’s pairs (87.6%) with patterns presenting higher similarity values

considered to be undistinguishable. Regarding isolates considered clones, one was randomly
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selected and only distinct strains were considered for further analysis (species identification,

virulence factor’s screening, antimicrobial susceptibility testing and statistical analysis).

The diversity of the typing profiles between locations in each season was evaluated
using the Simpson index (D) (Simpson 1949). Clones were excluded from the analysis and
clusters of molecular types were formed based on an integrated evaluation of the fingerprinting
profiles and the different Aeromonas species. The lowest similarity value by cluster was
investigated and the same value was applied to each dendrogram to enable further

comparisons.

Pearson’s correlations were calculated between: 1) fish size and the BCS, 2) size and
the SLS, 3) the SLS and the BCS, at the fish level, and 4) the MAR index and the virulence

index, at the isolate level.

Several response variables evaluated at each site and sampling season were
modelled as a function of season and origin. A binomial logistic GLM was considered for the
proportion of individuals with skin lesions. A beta response (continuous values ranging from 0

to 1) was considered for the Simpson index.

Additionally, some fish level variables were modelled as a function of season and
origin. A linear model was considered for both (1) BCS and (2) SLS.

Several isolate level response variables were modelled as a function of season, origin
and Aeromonas species. Using a binomial logistic GLM, the (1) multidrug resistance of an
isolate (0—No, 1—Yes) and (2) the virulence factors (0—Negative, 1—Positive) were
considered. Using a beta response (continuous values ranging from 0 to 1) the (3) MAR and
(4) virulence indexes were considered. Also, several isolate level response variables were
modelled as a function of season and origin. Using a binomial logistic GLM, antimicrobial
susceptibility was considered. Using a multinomial log-linear model (package nnet, version
7.3-15) (Venables and Ripley 2002), the proportion of the different species of Aeromonas was
considered. To accommodate the possible non-independence in isolate level responses
across fish, a GLMM framework with fish as a random effect was implemented but the results
indicated that there was a residual amount of variability associated with that random effect
and changes to results would be negligible. Hence, reporting of the results was based on the

simpler GLM analysis.

Regarding the influence of cluster on SLS and BCS, a gaussian GLM was applied.
Since many of the bacterial clusters had a low number of observations, all clusters with less
than four observations were pooled and generated as a new cluster serving as an intercept
for the model. Additionally, and since the same individual fish could display strains in more

than one bacterial cluster, only one isolate observation was randomly chosen for each
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individual. To incorporate the variability that is induced by the loss of information of using a
single isolate at each iteration, this process was repeated a thousand times by sampling
random isolates at each iteration. Histograms of the p-values obtained for each of these 1000
iterations were produced and it was assumed that significant results would lead to histograms
where a large proportion of the corresponding p-values would be significant. The statistical
analysis was done using R software (R Core Team 2021).

2.4. Results

The fishing efforts in this study allowed for sampling 406 I. lusitanicum individuals in
both seasons and all four locations (dry season—285; wet season—121). Furthermore,
formation of groups based on age stratification (adults and juveniles) was achieved in both

sampling campaigns.

Lesion prevalence in sampled individuals varied according to season, being
significantly lower in the wet season (p<0.001). In the individuals collected during sampling
actions, there was a significantly higher proportion of fishes displaying lesions (p<0.001) when
compared to those who did not display any lesions. Among sampled locations, when
compared to the Laje location, significantly lower levels of lesion prevalence were observed
in individuals originating from Lizandro (p=0.002) and significantly higher levels of lesion

prevalence in individuals originating from Samarra (p<0.001).

The sampled rivers presented differences regarding flow regime. Water physical and

chemical parameters, as well as site characterization, are presented in Table 3.

Body condition scores (BCS) differed significantly regarding location (p<0.001).
Individuals originating from Laje presented higher BCS, followed by those from Lizandro,
Jamor and Samarra. No association between BCS and sampling season was found (p=0.104),
although a trend was observed with higher scores in the wet season. There was a positive
correlation between BCS and the size of the animal (r=0.46; p<0.001).

Skin lesion score (SLS) of the individuals was significantly different between seasons
and locations (p<0.001). SLS was significantly lower in the wet season. Individuals from
Samarra river presented higher SLS values than individuals from other locations. There was
a negative correlation between individual’s size and SLS (r=-0.28; p<0.001) and a negative
correlation between SLS and BCS (r=-0.17; p=0.015).
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Table 3. River’'s water physical and chemical parameters and characterization regarding

connectivity and human density level. C—continuous stream, |—isolated pool, R—rural, U—urban.

Dry Season Wet Season

Lizandro Samarra Laje Jamor Lizandro Samarra Laje Jamor

pH 7.95 8.07 8.11 8.07 8.08 8.25 9.62 9.09
Temperature (°C) 194 19.9 199 19.2 10.9 129 142 149
Dissolved Oxygen (ppm) 9.58 13.41 11.74 10.39 12.9 13.69 13.63 13.59
Total Dissolved Solids (ppm) 0.41 0.57 0.53 0.33 0.44 0.49 0.43 0.3
Electrical Conductivity (mS) 0.8 1.15 1.05 0.66 0.87 0.97 043 03
Nitrites (mg/L) 0 0 0.15 0.15 0.15 0.5 0.15 0
Nitrates (mg/L) 0 0 0 0 0.5 2 0.5 0
River connectivity C [ | C C C C C
Density level R R U U R R U U

Aeromonas spp. prevalence was high in individuals from both seasons and locations
(dry season=100%, wet season=92.2%). In total, a bacterial library of 376 isolates of
Aeromonas was established. After clone elimination, 223 isolates were further studied.
Species composition differed among locations and seasons (p<0.001), revealing specific
structures for each river in each season (Figure 9). In general, A. hydrophila was the most
prevalent species isolated from the sampled animals in both seasons, despite reaching higher
prevalence values in those from the dry season, followed by A. veronii and A. media. In the
individuals sampled in the dry season, a predominance of A. hydrophila was observed in the
Jamor river, outnumbering other species, while fishes from Samarra river presented higher
levels of A. veronii. In the wet season, despite high levels of A. hydrophila in the sampled
animals, individuals sampled in Jamor presented higher levels of A. caviae. On the other hand,
animals from Laje presented higher values of A. media and A. veronii. The prevalence of A.
veronii in fishes from Samarra was lower than the prevalence registered in the dry season.

Virulence indexes were significantly influenced by sampling season and the species of
the isolates (p<0.001). Isolates collected in the animals from the wet season scored
significantly lower than those collected in animals from the dry season. Regarding the species
of Aeromonas, A. caviae isolates presented the higher virulence indexes, followed by
Aeromonas spp., A. hydrophila, A. veronii and A. media. No correlation between the virulence

index and the multiple antibiotic resistance (MAR) index was found (r=-0.12, p=0.081).
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All the tested isolates (n=222) displayed lipolytic activity. A total of 204 isolates (92%) had
hemolytic activity, 89% of the isolates produced DNase activity, 86% exhibited proteolytic
activity and 40% of the isolates were slime producers. Only 24% of the isolates exhibited
gelatinase activity.
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Figure 9. Relative abundance of Aeromonas species by location and sampling season.

Regarding the virulence signatures registered for isolates from each sampling location,
shifts occurred for selected virulence factors between isolates from different locations and
across seasons (Figure 10). Slime production varied significantly between isolates from
different locations (p<0.001), with higher prevalence in those from samples collected in
Samarra, while the majority of the slime-producing strains were A. veronii. DNase prevalence
was lower in isolates collected in the wet season (p<0.001) and influenced by the origin
(p<0.001), with lower positive prevalence in those sampled in Laje river. Most of the DNase-
negative isolates obtained in samples from this river were A. media. Regarding gelatinase
prevalence, a higher positive prevalence was recorded on isolates from the dry season and
from Lizandro and Jamor (p<0.001). The vast majority of these isolates were A. hydrophila.
For hemolytic activity, only season affected the prevalence of positive results (p=0.012), with
isolates from samples collected in the dry season presenting more positive results. Regarding
protease, the sampling season influenced the prevalence of positive results (p=0.024), since

the isolates from dry season samples presented a higher prevalence of this virulence factor.

Among the studied bacterial collection, 30.2% (n=67) of the isolates were considered
multidrug resistant and none showed resistance to all the antimicrobials tested. The

prevalence of multidrug resistant was significantly influenced by sampling season (p<0.001),
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with a higher prevalence of such isolates being obtained from samples collected in the wet
season (73.1%, n=49). Similarly, the MAR index of the isolates also differed significantly
among seasons (p<0.001), with isolates collected from samples during the wet season
presenting significantly higher scores. Isolates collected from samples from Jamor river
presented the higher values, followed by those collected in Laje, Samarra and Lizandro. The

MAR index values for the different Aeromonas species did not differ significantly (p=0.837).
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Figure 10. Relative prevalence of virulence factors by location and sampling season. H—
haemolytic activity, L—lipase activity, G—gelatinase activity, P—protease activity, D—DNase activity,

S—slime production.

Higher levels of non-susceptibility (intermediate and resistant categories) were
recorded for erythromycin (100%), amoxicillin/clavulanic acid (98%) and streptomycin (61%).
Moderate levels were registered for enrofloxacin (40%), sulfamethoxazole/trimethoprim

(34%), imipenem (34%), amikacin (22%) and ceftazidime (19%). The lowest nhon-susceptibility
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levels were recorded for tetracycline (11%), florfenicol (8%), nitrofurantoin (8%) and
aztreonam (4%).

Regarding the isolates’ resistance profile for each antimicrobial tested, fluctuations in
the relative proportion of each susceptibility category occurred for the evaluated panel of
antibiotics, both between locations and seasons (Figure 11). Regarding the results for
ceftazidime, there was a higher prevalence of isolates presenting a non-susceptible status in
samples from the wet season (p<0.001) when compared to the dry season and a lower
prevalence of non-susceptible status in those from Lizandro (p=0.027) when compared to
Jamor. In relation to enrofloxacin, similar trends to ceftazidime regarding season (p<0.001)
and location (p=0.023) were observed. Regarding florfenicol (p=0.006), nitrofurantoin
(p=0.015), tetracycline (p=0.002) and sulfamethoxazole/trimethoprim (p<0.001), a higher
prevalence of isolates with a non-susceptible status were registered in the wet season. For
streptomycin, a lower prevalence of isolates with non-susceptible status occurred in Laje

(p=0.011) when compared to Jamor.
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Figure 11. Relative prevalence of non-susceptibility to the tested antimicrobial compounds of
the isolates by location and sampling season. AK—amikacin, AUG—amoxicillin/clavulanic acid,
ATM—aztreonam, CAZ—ceftazidime, E—erythromycin, ENF—enrofloxacin, FFC—florfenicol, IMI—

imipenem, Nl—nitrofurantoin, S—streptomycin, T—tetracycline, TS—sulfamethoxazole/trimethoprim.

Molecular typing of the isolates and their relations evaluated by dendrogram analysis

revealed a high number of clusters at the 66.98% of similarity (based on a joint evaluation of
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fingerprinting patterns, Aeromonas species, river of origin of the isolate and season in which
was collected) among the studied collection (Supplementary Figure S1, Annex Il). Several
clones were identified at the 87.6% similarity (reproducibility level), corresponding to isolates
originating from the same animal or from different animals in the same river. However, no
persistence of clones was observed for samples obtained in the same location across seasons

nor the presence of clones originating from samples from different rivers.

Regarding each season, specific trends were observed (Figure 12). In the dry season,
four clusters were formed (based on the fingerprinting patterns, Aeromonas species and river
of origin of the isolates). Cluster I, defined at 14.36% similarity, has 47 isolates and is mainly
composed by isolates of A. veronii, with the presence of A. hydrophila and A. media isolates.
The majority of isolates in this cluster was obtained from individuals from Samarra river.
Cluster 1l, defined at 23.12% similarity, has 68 isolates and is mainly composed by A.
hydrophila isolates, although A. caviae, A. media and Aeromonas sp. were also present. Origin
of the isolates was more disperse, although a big contribution from samples from animals
collected in Laje river is noted. Cluster Ill, defined at 32.91% similarity, has 13 isolates and is
exclusively formed by A. hydrophila from animals from Lizandro river, and is mainly composed
(84.6%) by clones retrieved from four distinct 1. lusitanicum’s individuals. Cluster 1V, defined
at 38.43%, has 32 isolates and is mainly composed of A. hydrophila isolates, with a small
proportion of A. caviae and A. veronii. The vast majority of the isolates were collected from
animals in Jamor river, where clones of A. hydrophila (11 isolates) were recovered from six

individuals.

In the wet season, eight clusters were determined (following the same parameters
used for dry season). Cluster |, defined at 25.26% similarity, has 20 isolates and is mainly
composed of A. veronii isolates, with additional A. hydrophila, A. media and Aeromonas sp.
isolates. The majority were obtained from animals collected in Laje river. Cluster Il, defined at
41.18% similarity, has 39 isolates and is mainly constituted by A. hydrophila isolates, with few
A. caviae isolates. The vast majority of the isolates originated from samples collected in Jamor
river. Cluster Ill, defined at 42.8% similarity, has 44 isolates and groups mainly A. hydrophila
isolates with A. media, A. veronii and Aeromonas sp. also included. The isolates were obtained
from fishes of the four rivers almost proportionally. Cluster IV, defined at 44.08% similarity,
has eight isolates, all identified as A. hydrophila from samples collected in Lizandro river.
Cluster V, defined at 26.31% similarity, has six isolates and is mainly composed of A. veronii
and one isolate of A. media. The majority of the isolates were from samples collected in Laje
river. Cluster VI, defined at 24.3% similarity, has 40 isolates and a predominance of A. media
and A. hydrophila, but also includes A. veronii and Aeromonas sp. Samples collected in Laje
and Samarra rivers contributed to a higher proportion of the isolates. Cluster VII, defined at
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44.54% similarity, has four isolates, including A. veronii, A. hydrophila and A. media, from
samples collected in Lizandro, Jamor and Samarra rivers. Cluster VIII, defined at 50.28%
similarity, has six isolates, half of them corresponding to A. media, but also including
Aeromonas sp. and A. hydrophila. All of the isolates from animals sampled in the Laje river.
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Figure 12. Hierarchical numerical analysis of the isolates recovered from samples collected in
the dry season (1) and wet season (2). The dendrograms were based in the PCR fingerprints obtained
with the AP5 and AP3 primers in a composite approach using for similarity calculation the Pearson
correlation coefficient. Clustering was achieved with UPGMA. Regarding the entire dendrograms,
cophenetic correlation coefficients are 0.83 for the dry season and 0.79 for the wet season. The scale
used represents the percentage of similarity between the PCR fingerprints. The first column represents
the dendrogram, the second the relative abundance (%) of Aeromonas species and the third the relative
proportion (%) of isolates based on the river of origin. AC—A. caviae, AH—A. hydrophila, AM—A.

media, AV—A. veronii, A—Aeromonas sp., LA—Laje, LI—Lizandro, J—Jamor, S—Samarra.

When investigating isolates’ genomic relationships in each location, it is possible to
form clusters that reflect the sampling season (Figure 13). That is particularly obvious for
the Jamor river, where most of the isolates grouped in two clusters, each with a majority of
isolates for one same sampling season. While such separation was also present in the other

sampling locations, some clusters presented isolates belonging to both seasons.
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Figure 13. Dendrograms of isolates based on the compaosite analysis of RAPD fingerprints with
primers Ap3 and Ap5 (Pearson correlation coefficient and UPGMA clustering) from each of the
sampling locations. Cophenetic correlation coefficients are as follows: Lizandro—0.85, Samarra—
0.86, Laje—0.83, Jamor—0.87. Differential coloration represents sampling season in which the isolate
was collected: Red—Dry Season; Green—Wet Season.
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Regarding the genomic relationships of the identified Aeromonas species, some trends
were observed (Supplementary Figures S2-S5, Annexes llI-VI). Isolates of A. caviae, A.
hydrophila and A. veronii presented clusters composed of a majority of isolates collected
during a specific sampling season. This differentiation was particularly obvious in the case of
A. caviae. Such differentiation was not present in the dendrogram of A. media isolates,
although a low prevalence of this species in the dry season was recorded. Such grouping
was not visible regarding the origin of the isolates, although some clusters were in their
vast majority represented by isolates from samples collected in the same river (e.g., A.
hydrophila in Jamor and Lizandro, A. veronii in Samarra, Laje and Lizandro).
Based on the cluster evaluation (Supplementary Figures S6 and S7, Annexes VIl and VIII),
Simpson’s diversity index did not differ across seasons (p=0.448). Diversity indexes were
considered high in both seasons (DDry season=0.97; DWet season=0.96). The indexes
differed between locations, namely the diversity indexes recorded in Laje were significantly
higher than those in the Jamor river (p=0.011; Supplementary Figures S8-S15, Annexes IX-
XVI).
Regarding the analysis of the association between bacterial clusters and fish characteristics,
the presence of a non-conventional data structure hinders conclusive results (namely,
the fact that several isolates were obtained from the same fish, which induces a dependence
across isolates, and hence different clusters within fish). There is absence of evidence that
any given cluster lead to higher or lower values of SLS or BCS.

2.5. Discussion

Surveillance programs have the potential to unravel biotic and abiotic drivers of
pathogen presence, composition and host-pathogen interaction. Such schemes can produce
valuable information often lacking in natural habitat management plans. Although skin
lesions in fishes can have a multifactorial origin, with several possible different agents
involved and contribution of Aeromonas spp. to the lesions observed in I. lusitanicum cannot
be concluded, the methodology applied in this study can access dynamics of bacterial
pathogens with relevance for conservation medicine and, at the same time, serve as an
opportunistic basis for the study of antimicrobial resistance and virulence prevalence
and temporal shifts with a particular relevance for public health. In this study, we show
that distinct populations of the critically endangered leuciscid fish 1. lusitanicum display
differential levels of general health with shifts according to seasons and locations, and that
those modifications are accompanied by changes in the Aeromonas structure associated with

them. Furthermore, the structure, antimicrobial resistance profile and virulence signatures

58



of these Aeromonas isolates are shaped by seasonal and spatial drivers. Finally, we consider
that I. lusitanicum populations are acting as reservoirs of isolates with clinically important
antibiotic resistance phenotypes.

2.5.1. Body condition score (BCS) and skin lesion score (SLS)

A higher prevalence of lesions and higher scores of SLS were detected in the dry
season, and most of the individuals sampled during this season displayed skin lesions. This
high incidence of cases reinforces the idea that the dry season, when several threats to
freshwater fish have a simultaneous and cumulative negative impact (Maceda-Veiga 2013),
constitutes a temporal frame of fragility for the fitness and consequent survival of this
endangered species. Fish skin responds quickly to changes in the environment (Noga 2000),
and several stressors are known to trigger the cellular damage that results in skin lesions such
as those observed in this study (Law 2001). Namely, oxygen depletion, exposure to xenobiotic
chemicals and biotoxins, pH and temperature fluctuations, high levels of organic matter,
parasites, stress and confinement are known to be correlated with the onset of skin diseases,
both in wild and cultured fishes (Plumb et al. 1976; Ventura and Grizzle 1987; Noga 2000;
Udomkusonsri and Noga, 2005; Murawski et al. 2014; Granneman et al. 2017; Lamb et al.
2018; Vajargah et al. 2018). Additionally, and once skin damage is established and the
homeostatic mechanism of the host is affected, optimal grounds for bacterial colonization and
invasion are established, favouring the proliferation of opportunistic pathogens such as
Aeromonas spp. (Ventura and Grizzle 1987). This phenomenon was already observed in
combination with a variety of stressors (Plumb et al. 1976; Austin 1998; Marques et al. 2016)
and, in the case of motile aeromonads, likely benefits from warmer temperatures that

potentiate bacterial proliferation (Cipriano and Austin 2011).

Like skin lesions, fishes’ body condition also varies according to the stressors present
in their environment. Growth and body condition have been reported to be negatively
correlated with reduced water quality, pollution levels in the environment, lower prey
abundance and habitat degradation (Suns and Hitchin 1990; Maceda-Veiga et al. 2014;
Granneman et al. 2017; Lamb et al. 2018; Cavraro et al. 2019). Interestingly, although I.
lusitanicum suggested prey items, such as macroinvertebrates and zooplankton, are available
in the dry season (Chiu et al. 2018; Pinto 2018), their diversity and abundance decrease in
streams highly impacted by pollution and hydric stress (Kalogianni et al. 2017; Arenas-
Sanchez et al. 2021). This situation likely generates intra-specific and interspecific competition
for food, particularly with invasive species that are better adapted to

environmental critical conditions (Marques 2016; Vedia et al. 2019). It is also likely that, as
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observed for other species, I. lusitanicum individuals would change their dietary focus into
plant material and detritus under critical conditions (Alexandre et al. 2015). This negative
dietary balance experienced by fish individuals will affect their ability for disease resistance,
since a balanced nutritional intake is key for the immune system competence (Jiang et al.
2017).

Both SLS and BCS were correlated with individual size: while smaller individuals
displayed in average the highest SLS, they were also the ones scoring the lowest regarding
their BCS. Such findings highlight the vulnerability of younger life stages towards the
adverse conditions (i.e., overcrowding, decrease levels of food availability, predation) they
encounter in their natural habitat, coupled with an immature immune system that does
not allow them to fully prevent disease by pathogenic agents (Cornet et al. 2020). For this
reason, bacterial infections in early life stages of fish are common (Wang et al. 2008). Also,
SLS levels were negatively correlated with BCS. Although causality direction is difficult to
establish in this case, this finding suggests that homeostasis disruption in I. lusitanicum

individuals is accompanied by overall deleterious effects that can compromise fish survival.

A marked differentiation in SLS and BCS occurred between animals sampled in
different locations. In the Samarra population, a consistent higher prevalence of lesions
and SLS was detected in the sampled individuals, and the BCS was also the lowest in
average from the animals in all sampled locations. Contrarily, in fishes from Lizandro,
the prevalence of lesions was the lowest. River characteristics, both regarding water
quality and anthropogenic influences, seem to shape the individual homeostatic state
and characterize the onset of dysregulations that culminate in the physical expression
of lesions. Although, in general, all the studied streams present medium to low water
guality indexes (BDJUR 2002; Antunes 2021; Lopes 2014), the Samarra River presented the
higher levels of total dissolved solids and electrical conductivity, suggestive of higher content
of organic matter. In fact, in its last kilometres, this river is influenced by effluents from a
wastewater treatment plant (Lopes 2014). Bad water quality, restricted habitats (reduced
summer pools) and habitat degradation are possible synergetic drivers that influence the
overall health of I. lusitanicum and likely result in the observed changes for the Samarra
population. In the Lizandro River, despite being influenced by agricultural runoffs (Oliveira et
al. 2011), it seems that the sampled location provides a habitat compatible with the sustainable
development of a I. lusitanicum population. These findings highlight the role that habitat quality

have in the prevalence of healthy I. lusitanicum populations.
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2.5.2. Aeromonas prevalence, structure, similarity relationships and diversity

Regarding Aeromonas prevalence, a high level of isolates was detected in animals
sampled in both seasons and across all locations. Aeromonas spp. prevalence in the aquatic
habitat seems to be highly dependent on the climacteric conditions associated with the
water (Pathak et al. 1988). Several studies report a predominance of Aeromonas prevalence
during winter, with a significant decrease of bacterial levels during the summertime (Pathak et
al. 1988; Rhodes and Kator 1994). This is likely the case in regions where a strong
temperature fluctuation is noted between seasons, while in temperate regions the opposite
occurs and the climacteric conditions favour the establishment of bacterial populations all-year
round, with a predominance when water temperature rises during summer months (Seidler et
al. 1980; Cavari et al. 1981; Pettibone 1998; Maalej et al. 2003; Chaix et al. 2017). However,
it has been proposed that Aeromonas prevalence in fishes remains stable throughout the year
(Pathak et al. 1988), as observed in our study. This is particularly important since fishes,
besides being affected by pathogenic aeromonads, can also constitute reservoirs and
maintain Aeromonas communities during adverse climacteric conditions. Even in the case that
a determined bacterial strain fails to induce disease, an individual can constitute an important
disseminator for other conspecifics that might be experiencing decreased or immature
immunological functions (e.g., juveniles) and establish outbreaks in a population. This
possibility is supported by our findings that demonstrate the sharing of bacterial clones among
several individuals in each location, which is likely a consequence of the gregarious behaviour

of I. lusitanicum.

In our study, the predominant Aeromonas species detected in I. lusitanicum were A.
hydrophila, A. veronii and A. media. A. caviae was detected in a lower proportion. These
findings are in agreement with previous results of prevalence studies conducted with
fishes (Radu et al. 2003; Perretta et al. 2018; Popovi¢ et al. 2019; Rather et al. 2019).
However, some studies report differences in Aeromonas prevalence in
fish species (Beaz-Hidalgo et al. 2010; Popovic et al. 2015; Ran et al. 2018; Wu et al. 2019;
Borella et al. 2020). This is probably a reflection of differential environmental pools of
Aeromonas communities to which these fish species are exposed, coupled with host genotype
adaptations that lead to particular associations of host and microbiota. The role of A. veronii
as a primary pathogen involved in motile aeromonad septicaemia has been emphasized,
which has been attributed to the role aerolysin has in the virulence of this species (Ran et al.
2018). In our study, a predominance of A. veronii was recorded for individuals belonging to
the Samarra river’s population during the dry season. The highest prevalence of skin lesions
and the highest scores of SLS were also recorded in this population during the dry season,

establishing a possible link with A. veronii prevalence. It is noteworthy that A. veronii may
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be linked with primary cases of infection in these individuals, contradicting the idea that
A. hydrophila is the most virulent species for aquatic animals. A. caviae has previously been
appointed as dominant in waters contaminated with sewage and is considered an indicator
of faecal contamination (Araujo et al. 1991; Popovic et al. 2015). Interestingly, in our study this
species was only isolated in individuals from Jamor and Laje streams, the two locations
associated with urban settings. It seems that the recovery of A. caviae from these locations
exposes these streams as more impacted by sewage disposal, a likely consequence of

urbanization (Araujo et al. 1991).

Our results differ from other studies focusing on the prevalence and diversity of
Aeromonas species in freshwater streams (Chowdhury et al. 1990; Araujo et al. 1991; Khor et
al. 2015; Popovic et al. 2015; Chaix et al. 2017; Solaiman e Micallef 2021). However, and
although the aquatic environmental compartment is the most likely route for the acquisition of
these isolates, the Aeromonas communities colonizing I. lusitanicum individuals probably
differs in proportion regarding their environmental counter partners. Chaix et al. (2017) showed
that the Aeromonas communities associated with copepods differed regarding the
communities available in the water column. This phenomenon mirrors bacterial adaptations
regarding host colonization, signalling the success determined strains have in adhering to and

colonizing animal hosts when compared with others present in the environmental pool.

The Aeromonas communities retrieved from |. lusitanicum individuals varied across
sampled locations and seasons, revealing specific profiles for each combination of variables.
Water temperature has been proposed as a limiting factor shaping Aeromonas prevalence
(Popovic et al. 2015), and the results retrieved from the molecular typing in this study seem to
corroborate this association. Similarity relationships among the isolates were highly shaped
by the sampling season, as described before (Popovic et al. 2015), suggesting that biotic
characteristics differing among dry and wet season determine the bacterial community
structure in each sampling time. Additionally, no strain permanence was observed in any
location between seasons. Also, no clones were detected in different locations and the
bacterial clustering was influenced by location, supporting the idea that each stream presents
autochthonous populations specific to the conditions established in a determined location. In
our study, however, it is not possible to determine if this fluctuation in the bacterial diversity is
a sole product of temperature, since water physical and chemical parameters varied in all
locations across seasons. Other factors have been implied in Aeromonas prevalence in
aqguatic streams, such as the redox potential, conductivity, organic matter level, pH, dissolved
oxygen, total dissolved nitrogen, phosphate levels and water turbidity (Hazen 1979; Pathak et
al. 1988; Araujo et al. 1991; Rhodes and Kator 1994; Pianetti et al. 2006). It is likely that the
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observed Aeromonas communities in I. lusitanicum are a result of the input

of multifactorial biotic and abiotic aspects, shaping the final community structure.

A high bacterial diversity was observed in both seasons. The diversity levels differed
between some locations (i.e., Laje and Jamor), revealing the influence of the presence
of determined clones and hence the predominance of some strains in a given location.
Although these clones were not widely prevalent across our study, they expose the success
certain strains have to colonize a higher number of individuals, consequently being more
prevalent. Additionally, it is possible that the conditions experienced in both locations drive
the establishment of more successful bacterial clusters in relationship to adverse factors
present in the streams. Colin et al. (2021) exposed how urbanization of freshwater streams
favours the abundance of determined bacterial groups (i.e., Aeromonas spp.) and leads to
decreasing levels of bacterial diversity in fishes’ skin. In our study, Jamor population is
the one with higher human population density in its vicinity, and the observed reduced
diversity levels are a probable consequence of the stressors fish are exposed to, namely the

degree of water pollution (Araujo et al. 1991; Colin et al. 2021).

2.5.3. Virulence factors

The majority of the virulence factors studied, as well as the virulence indexes, were
more prevalent and higher in isolates from animals sampled in the dry season. Several
factors have been proposed to modulate the regulation of bacterial virulence gene expression.
Water temperature has an important role in virulence gene expression, induced by
bacterial temperature sensor systems that detect temperature shifts and trigger changes in
gene expression (Guijarro et al. 2015; Rasmussen-lvey et al. 2016a). In mesophilic
aeromonads, increases in temperature are associated with higher virulence and mortality,
associated with the upregulation of specific virulence pathways and the increased production
of extracellular toxins (Guijarro et al. 2015; Pattanayak et al. 2020). Nutrient availability, and
specifically of nitrogenous compounds (Karunakaran e Devi 1995), influences the activation
of metabolic pathways. When water presents higher organic matter, bacteria possess
available energy to increase their virulence gene expression and intensify infectivity (Nagar et
al. 2016; Zhang et al. 2020). Contrarily, in situations of nutrient deprivation, virulence gene
expression is downregulated as a measure to save energy (Casabianca et al. 2015).
Additionally, the exposure to stress hormones from the host (i.e., nhorepinephrine) increases
the expression of a wide array of virulence genes (Gao et al. 2019). It can be concluded that

the environmental conditions of the dry season (i.e., warmer waters, higher nutrient load and
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increased fish stress due to overpopulation) result in an amplified virulence expression by

Aeromonas spp., as demonstrated by our results.

The virulence indexes varied across the Aeromonas species. Globally, A. caviae and
Aeromonas sp. presented the highest indexes. This finding is probably related to a sampling
bias, since these groups were substantially smaller than the other sampled species. Several
pan-genomic analyses performed in the genus Aeromonas report a hierarchization in
virulence potential among the several species, related to the abundance and diversity of
virulence genes (Ghatak et al. 2016; Zhong et al. 2019; Talagrand-Reboul et al. 2020). Among
them, A. hydrophila is generally considered one of the most pathogenic species, followed by
A. veronii. A. media, on the other hand, is considered to display a low virulence profile
(Talagrand-Reboul et al. 2020).

Virulence in the Aeromonas genus results from a multifactorial array of virulence
factors, including extracellular products and slime production (Fernandez-Bravo and Figueras,
2020). High prevalence of lipolytic, haemolytic, DNase and proteolytic activity observed in this
study are in accordance with results from previous investigations (Radu et al. 2003; Carvalho
et al. 2012; Miyagi et al. 2016; Chenia et al. 2017; Wu et al. 2019; Das et al. 2020). Similarly,
low prevalence of gelatinolytic activity has also been observed before (Sechi et al. 2002), as
well as equivalent levels of slime production (Hossain et al. 2020; Wickramanayake et al.
2020). However, prevalence values and trends seem to vary among surveillance studies
(Yano et al. 2015; Chenia et al. 2017; Igbinosa et al. 2017; Dias et al. 2018; Hossain et al.
2020; Muduli et al. 2021), suggesting that virulence signatures of a specific Aeromonas
community are the result of an interaction between the community’s composition and
the environmental factors shaping their habitat. This is possibly why specific associations
of variations in prevalence of extracellular products and slime production and selected

streams were observed in this study.

2.5.4. Antimicrobial resistance

Although some variability can be observed, members of the genus Aeromonas are
described as generally being resistant to penicillins, narrow spectrum cephalosporins,
macrolides (clarithromycin) and antifolates (sulfamethoxazole), while presenting susceptibility
to aminoglycosides, carbapenems, fluoroquinolones, extended-spectrum cephalosporins,
monobactams, nitrofurans, phenicols and tetracyclines (Janda and Abbott 2010; Harnisz and
Korzeniewska 2018; Fernandez-Bravo and Figueras, 2020). Our results corroborate

these general definitions and are in accordance with previous surveys (Radu et al 2003;
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Scarano et al 2018; Dahanayake et al. 2019; Popovi¢ et al. 2019; Wu et al. 2019; Borella et
al. 2020), although some variations exist for specific compounds that likely reflect local
dynamics characteristic to each study area. Aeromonas intrinsic resistance to many 3-lactam
antibiotics is widely acknowledged and it is the result of the combination of the constitutive
expression of a several array of B-lactamases with an external membrane with a
low permeability (Bello-Lopez et al. 2019). In our study, it is noteworthy that almost a third of
the isolates presented non-susceptibility to carbapenems, an antimicrobial class considered
of last resource. Tacao et al. (2015) reported a high incidence of blaCphA genes, conferring
resistance to carbapenems, in Aeromonas spp. collected from the Vouga river basin
(Portugal). The role of wild animals (i.e., nutria) in serving as reservoirs of carbapenem-
resistant Aeromonas was previously showed (Lim et al. 2019). Similarly, quinolone resistance
is also recognized in the genus Aeromonas (Varela et al. 2016). In our study, 40% of the
isolates presented non-susceptibility to enrofloxacin. Our results show the establishment of
antibiotic resistance phenotypes in bacteria from small riverine ecosystems in the Lisbon
district. Furthermore, we stress the role of wild species, like I. lusitanicum, as reservoirs of

clinically important resistance determinants in these environments.

In total, 30% of the isolates detected in this study were considered multidrug resistant.
While the prevalence of multidrug resistant Aeromonas varies among studies,
several authors report high levels of multidrug resistance in their surveys among this
genus (Piotrowska and Popowska 2015; Dias et al. 2018; Perretta et al. 2018; Borella et al.
2020). In a recent investigation with Aeromonas isolates collected from water
samples in the river Tua (northern Portugal), Gomes et al. (2021) determined that 83.3% of
the studied collection was multidrug resistant. Although it is alarming that about a third of
the isolates in this study present a multidrug resistance phenotype, current results suggest
that sampled locations might be under lower selective pressure than other streams in the
national territory and abroad. The observed variations in the resistance signatures of the
isolates collected in each location and season likely reflect the demographic dynamics to
which these streams are exposed and are a mirror of the resistome characteristic to the
anthropogenic communities (both humans, domestic animals and crops) in close association

with them.

In this study, both the MAR index scores and the prevalence of multidrug resistant
strains were higher in the wet season. Some studies report an increase in antibiotic residues,
antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGS) in the dry season
(Guo et al. 2018; Liang et al. 2020). This can be linked as a direct consequence of the
decrease in water levels observed in warmer months, resulting in a concentration effect in the
streams. However, building evidence expose the wet season as a period when resistance
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determinants, especially ARGs, increase (Knapp et al. 2012; Li et al. 2018; Harnisz et al.
2020). Rainfall is considered a major driver of ARGs prevalence in river streams, since rainfall
events increase the transfer of resistance determinants from terrestrial settings (e.g., urban,
agricultural) to water bodies through runoffs (Di Cesare et al. 2017; Huang et al. 2019; Stange
and Tiehm 2020). Contrary to chemical pollutants, ARGs impact is less likely to be hampered
by the dilution effect caused by the rainfall (Peng et al 2020). In our study, the sampling
performed during the wet season was preceded by the most intense raining events of the year
(November—January) which possibly translated into the differences in antibiotic resistance
between seasons observed. Similarly, such runoff events can also explain the differences in
MAR index scores observed across isolates from different sampling locations. Higher scores
were recorded in isolates from animals sampled in the Jamor and Laje rivers, two streams
located in urban settings and associated with higher human population densities. Human-
impacted environments play an important role in increasing and promoting the transmission
of ARGs in rivers, and the prevalence of ARGs increases with urbanization (Pruden et al.
2012). Specific anthropogenic activities, such as agricultural runoffs, urban wastewater
discharging and antimicrobial therapy use, promote a selective pressure in the microbiota
present in that environment, shaping its antibiotic resistance signatures (Peng et al. 2020). It
seems that the resistome of a river is highly influenced by its level of urbanization, revealing

the risk that urban rivers pose as reservoirs of resistance in aquatic environments.

2.6. Conclusions

Current results expose differences in fish fitness across four populations of 1.
lusitanicum from the Lisbon district (Portugal), suggesting that geography and habitat quality
play a key role in the sustainable development of the species. Additionally, our findings stress
the vulnerability 1. lusitanicum individuals face seasonally, being the dry season a critical
period for this species. This study also produces further knowledge regarding the
epidemiology of Aeromonas spp. in this species, shedding light on their interaction with I.
lusitanicum and how they shift seasonally and spatially. Finally, we confirmed the presence of
clinically relevant antimicrobial resistance phenotypes in Aeromonas isolated from |I.
lusitanicum, confirming both their potential as resistance indicators in aquatic environments
and the role of I. lusitanicum individuals as reservoirs of zoonotic antibiotic resistant bacteria

in river streams of the Lisbon district.

Studying the general health of Iberian leuciscids and their interactions with potentially
pathogenic Aeromonas spp. deepens our knowledge on the ecology of these species and the
threats they experience. This is especially relevant for two reasons. First, it complies with
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international legislation, such as the Water Framework Directive in Europe, in its requirement
to investigate methodology to evaluate the ecological status of aquatic environments using
sentinel species, such as the ones used in this study. Second, it provides important knowledge
regarding the signalization of leuciscids’ populations facing higher risk of extinction that can

be used in a more rational species management program.

Several knowledge gaps still exist regarding the interaction between Aeromonas spp.
and Iberian leuciscids. Further research should focus on the evaluation of susceptibility
patterns to this bacterial genus by the different species of endangered Iberian leuciscids, to
pinpoint the species most at risk. Similarly, a wider evaluation of the impact other possible
health stressors (e.qg., infectious, pollutants, stress) have in these species and how could their
control be implemented in management programs should be conducted. Finally, microbial
source tracking technigues should be used to determine the origin of antimicrobial resistance
determinants reported in this study to prevent introduction in wild aquatic habitats and

consequent establishment of reservoirs.
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Chapter 3. Sympatric threatened Iberian
leuciscids exhibit differences in Aeromonas

diversity and skin lesions’ prevalence
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3.1. Abstract

Assessments regarding health aspects of Iberian leuciscids are limited. There is
currently an information gap regarding effects of infectious diseases on these populations and
their role as a possible conservation threat. Moreover, differences in susceptibility to particular
agents, such as Aeromonas spp., by different species/populations is not clear. To understand
potential differences in Aeromonas diversity and load, as well as in the prevalence and
proportion of skin lesions, in fishes exposed to similar environmental conditions, an
observational study was implemented. Using a set of 12 individuals belonging to two sympatric
Iberian leuciscid species (Squalius pyrenaicus and Iberochondrostoma lusitanicum), the skin
lesion score in each individual was analyzed. Furthermore, a bacterial collection of Aeromonas
spp. isolated from each individual was created and isolates’ load was quantified by plate
counting, identified at species level using a multiplex-PCR assay and virulence profiles
established using classical phenotypic methods. The similarity relationships of the isolates
were evaluated using a RAPD analysis. The skin lesion score was significantly higher in S.
pyrenaicus, while the Aeromonas spp. load did not differ between species. When analyzing
Aeromonas species diversity between fishes, different patterns were observed. A
predominance of A. hydrophila was detected in S. pyrenaicus individuals, while I. lusitanicum
individuals displayed a more diverse structure. Similarly, the virulence index of isolates from
S. pyrenaicus was higher, mostly due to the isolated Aeromonas species. Genomic typing
clustered the isolates mainly by fish species and skin lesion score. Specific Aeromonas
clusters were associated with higher virulence indexes. Current results suggest potential
differences in susceptibility to Aeromonas spp. at the fish species/individual level, and
constitute important knowledge for proper wildlife management through the signalization of at-

risk fish populations and hierarchization of conservation measures.

3.2. Introduction

Freshwater habitats are among the most threatened ecosystems worldwide and this is
reflected in the conservation status of their biodiversity (Darwall and Freyhof 2015).
Freshwater populations have declined at an alarming rate in the last 40 years (Reid et al.
2019), while freshwater fishes have the largest extinction rate among vertebrates in the 21st
century (Baumsteiger and Moyle 2017). Specific life traits, such as small body size, shorter
longevity and small distribution range, predispose these species for extinction (Kopf et al.
2017; Liu et al. 2017; Jari¢ et al. 2019), although geographical origin is also accounted as a
preponderant factor. Species endemic to areas such as the Mediterranean region are
particularly at risk, and this is expected to be aggravated by predicted climacteric alterations
(Jari¢ et al. 2019).
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In the Iberian Peninsula, a high level of leuciscid species’ endemism is observed
(Sousa-Santos et al. 2019). This phenomenon resulted from past geological events that
shaped freshwater ecosystems and promoted the isolation of ancestral evolutionary lineages,
previously inhabiting interconnected paleobasins, in confined regions and/or river courses
(Filipe et al. 2009). Despite the high level of speciation in leuciscids in the Iberian freshwater
networks, around 70% of these species are listed under a threatened conservation status
(Doadrio et al 2011). These species occur mainly in small Mediterranean-type river basins.
These are typically influenced by a high seasonality, with the incidence of floods in the winter
and droughts during the summer (Sousa-Santos et al. 2016). The droughts’ period can result
in the fragmentation of the river into disconnected pools, which congregates individuals,
decreases habitat quality and jeopardizes fish survival. Additional recognized threats for these
species include water abstraction, damming, specific agricultural practices, water pollution,

and introduction and proliferation of invasive and exotic species (Maceda-Veiga 2013).

Health assessments in Iberian leuciscids are scarce (Perez-Bote 2000). Despite
conservational efforts developed in recent years to mitigate the impact different threats have
in these endangered species, investigations focusing on health parameters are needed. In
particular, the role of infectious diseases in modulating freshwater fish populations is poorly
known (Gutiérrez-Galindo and Lacasa-Millan 2005; Sanchez-Hernandez 2017).
Understanding how infectious diseases in general, or relevant pathogens for each population,
impact populational fitness and compromise the species’ sustainable development is
fundamental. The acquisition of such knowledge can contribute to the establishment of habitat
and species recovery plans that account for populational specific susceptibilities and

implement strategies to restore habitats into normal equilibriums.

In this context, bacterial pathogens — such as the members of the genus Aeromonas
— are of particular relevance. Aeromonas spp. are widely acknowledged for their pathogenic
potential in aquatic animals, especially in fishes. Several reports implicate species of
Aeromonas as the morbidity and/or mortality cause of wild and cultured fishes (Austin and
Austin 2007). This bacterial genus is globally dispersed in several aquatic environments
(Janda and Abbott 2010) and has increasingly gained importance as a zoonotic agent and
antimicrobial resistance indicator, especially regarding the emergence of multidrug resistance
(Baron et al. 2017; Grilo et al. 2020). Virulence in the Aeromonas genus is associated with a
wide range of virulence factors, such as the production of slime or extracellular products
(Fernandez-Bravo and Figueras 2020). The different Aeromonas species present distinct
pathogenic potentials, as a consequence of abundance and diversity of virulence genes, with

A. hydrophila normally being associated with higher pathogenicity (Ghatak et al. 2016).
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Despite the effect bacterial pathogens might have in Iberian leuciscids, deducing host-
pathogen interactions based on mortality assessments is challenging. Detecting fish mortality
in the wild can be impaired by ecosystem dynamics. Dead animals are rapidly eliminated from
the habitat by predators and, unless mass mortality events occur (Vardakas et al. 2017),
periodic surveillance strategies can fail to recognize the majority of cases. The development
of active sampling schemes based on subsets of live individuals is a promising marker for wild
fish population health’s assessments. This strategy can allow to identify and categorize
lesions’ prevalence and severity in each population, as well as discriminate risk factors
influencing it. Additionally, this type of program can likely be implemented across different

regions and allow for results’ comparison.

Susceptibility to bacterial pathogens in fishes varies both at the individual, populational
and species level. In many cases, the observed trends are highly influenced by individuals’
intrinsic determinants (Robinson et al. 2017). Infection challenge studies with different
Aeromonas strains in cultured fishes exposed susceptibility/resistance patterns across
different fish lineages and species (Fu et al. 2014, Zhou et al. 2017).

We hypothesize that sympatric species of Iberian leuciscids, sharing the same
habitats, can be influenced at different degrees of severity by bacterial pathogens, even if
exposed to similar environmental conditions, with potential consequences for individual
survival. To test this, we conducted an exploratory survey with individuals from two non-
migratory sympatric populations of leuciscids present in Portugal and evaluated individual skin

lesion scores, Aeromonas species composition and strains’ similarity and virulence profiles.

3.3. Materials and methods

3.3.1. Sampling site description and fish sampling

During field surveys in the dry season (June—October) of 2018 in the Lisbon area
(Portugal), several cases of leuciscid individuals displaying skin lesions were registered.
Lesion prevalence appeared to vary between species. Iberochondrostoma lusitanicum
(Collares-Pereira 1980) and Squalius pyrenaicus (Glnther 1868) individuals sharing the same
habitat were selected for further analysis. Sampling occurred in October 2018 in the Jamor
river (38.720832°, -9.249696°), a small coastal river basin located in an urban area, along a
30 m transect. Sampling location was selected based on previous knowledge of species co-

occurrence (Sousa-Santos et al. 2016).

Fish were captured using standard electrofishing procedures (CEN 2003). Six
individuals belonging to each species were randomly selected for analysis. After collection,

animals were individually inspected for general status, their fork length was measured (length
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from the tip of the snout to the notch of the caudal fin) and photographed from both lateral
sides (Canon Digital Ixus 70 BKE). Animals were handled using protective material (i.e. nitrile
gloves), skin was dried with a sterile gauze and a swab was performed along the body and
caudal fin using an ESwab™ Liquid Amies Collection and Transport System (ThermoFisher
Scientific, Massachusetts, USA). Body surface covered in the sampling process was similar
for all individuals. Swabs were stored at 4°C until further processing at the Laboratory of
Microbiology and Immunology, Faculty of Veterinary Medicine, University of Lisbon, Portugal.
All sampling was non-destructive, performed with manual immobilisation and animals were
returned to the river after the procedure. Permits for fish capture were given by the competent
authority (ICNF, permit number 477/2018/CAPT). All animals were cared for according to the
rules given by the current EU (Directive 2010/63/EC) and national (DL 113/2013) legislation
and by the competent authority (Direcdo Geral de Alimentacdo e Veterinaria, DGAV,
www.dgv.min-agricultura.pt/portal/page/portal/DGV) in Portugal. Only non-invasive samples
were collected during routine procedures, and no ethics committee approval was needed.
Trained veterinarians obtained all the samples, following standard routine procedures. No

animal experiment has been performed in the scope of this research.

Water physical and chemical parameters were recorded. This included determination
of pH, temperature, total dissolved solids and electrical conductivity; using a portable
waterproof pH meter model HI98130 (Hanna Instruments, Rhode Island, USA); dissolved
oxygen, using a waterproof oxygen meter model 9146-10, with probe HI76407/10F (Hanna
Instruments, Rhode Island, USA); and nitrites and nitrates, using colorimetric strips (ITS

Thorsten BetzelTM, Hattersheim, Germany).

3.3.2. Skin lesions’ quantification

Photographs of lateral views (right and left) from each animal were used to analyse
macroscopic morphology (i.e. ulcerations, haemorrhagic areas) of lesions in skin and produce
an individual skin lesion score. Photographs were analysed by computer image software
(ImageJ, Bethesda, Maryland, USA). The skin lesion score was calculated as follows: (total
area of skin presenting lesions / total body area) x 100. Fins (except caudal fin) were excluded
from the analysis since their visualization was not homogenous in the photographs. Scores

were produced for both sides of the animal and an average score was obtained.

In order to differentiate two groups of individuals based on the extent of skin lesions, a
division criterion was established based on the grouping characteristics of the observed data.

Namely, two groups could be distinguished by observation based on a low prevalence of skin
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lesions (skin lesion score lower than 2.5%) and a high prevalence of skin lesions (score higher

than 5.4%). No score values between these thresholds were observed.

3.3.3. Aeromonas spp. quantification and isolation

Swabs were inoculated in tubes with 10 ml of Brain Heart Infusion (BHI) broth (VWR,
Pennsylvania, USA), vortexed, after which serial ten-fold dilutions were performed in 9 ml of
0.9% saline solution (up to 10— 4). From each dilution (10- 2 to 10— 4), 100 ul were inoculated
in Glutamate Starch Red Phenol (GSP) Agar plates supplemented with 100,000 1U sodium
penicillin g/l (Merck, New Jersey, USA), in duplicate. Plates were incubated at 37°C for 12 h,
for maximal identification probability of Aeromonas colonies through coloration. Bacterial
guantification was performed for each plate and bacterial counts were averaged per individual
(CFU/mL). GSP Agar is a selective and differential agar medium and Aeromonas spp. colonies
are identified as large (2-3 mm), yellow and surrounded by a yellow zone. Aeromonas

hydrophila ATCC 7966 was used as a positive control.

After incubation, for each individual fish sample, four single colonies of presumptive
Aeromonas strains were randomly selected as previously described and further isolated into
pure cultures in Brain Heart Infusion Agar (VWR, Pennsylvania, USA) for 24 h at 37 °C. Gram
staining and oxidase activity of the isolates were evaluated. Isolates were stored in buffered

peptone water (VWR, Pennsylvania, USA) with 20% glycerol at =80 °C during the study.

3.3.4. Molecular typing

Bacterial genomic DNA was obtained by the boiling method as described before (Talon
et al. 1998). Molecular typing of the isolates was performed using a Random Amplified
Polymorphic DNA (RAPD) method as previously described (Szczuka and Kaznowski 2004;
Barroco 2013), with some modifications. Fingerprinting was achieved using the primers AP5
and AP3 (STABVIDA, Caparica, Portugal) (Szczuka and Kaznowski 2004) in independent

mixtures.

Each amplification reaction was performed in a final volume of 25 pL, and the mixture
consisted of 12.5 uL of Supreme NZYTaq 2x Green Master Mix (NZYTech, Lisbon, Portugal),
8.5 pL of PCR-grade water (Sigma-Aldrich, Missouri, USA), 0.5 uL (1 pM) of primer, 2.5 L of
Bovine Serum Albumine (0.01%; Thermo Fisher Scientific, Massachussets, USA) and 1 uL of

template DNA (except for the negative control).
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Thermocycler (VWR, Pennsylvania, USA) conditions included an initial step at 94 °C
for 5 min; followed by 40 cycles of denaturation at 94 °C for 45 s, annealing at 40 °C for 1 min,

and extension at 72 °C for 2 min; with a final extension step at 72 °C for 5 min.

Amplification products were resolved by agarose gel electrophoresis with 1.5% (w/v)
agarose in 1X TBE Buffer (NZYTech, Lisbon, Portugal) for 50 min at 90 V. NZYDNA Ladder
VIl (NZYTech, Lisbon, Portugal) was used as a molecular weight marker. Gels were visualized
using a UV light transilluminator and images recorded through the Bio-Rad ChemiDoc XRS
imaging system (Bio-Rad Laboratories, California, USA).

3.3.5. Aeromonas spp. identification

Molecular species identification was performed by employing a multiplex PCR protocol
previously described (Persson et al. 2015), with minor modifications. The established protocol
targets gyrB and rpoB genes to discriminate between four Aeromonas species — A. caviae, A.
media, A. hydrophila and A. veronii. As positive controls, Aeromonas caviae ATCC 1976,
Aeromonas hydrophila ATCC 7966, Aeromonas media ATCC 33907 and Aeromonas veronii
ATCC 35624 were used.

PCR mixtures were performed in a final volume of 25 yL and were composed of 12.15
ML of Supreme NZYTaq 2x Green Master Mix (NZYTech, Lisbon, Portugal), 10 yL of PCR-
grade water (Sigma-Aldrich, Missouri, USA), 0.025 pL (0.05 uM) of primers A-16S, 0.25 L
(0.5 uM) of primers A-cav, 0.1 pL (0.2 uM) of primers A-med, 0.225 uL (0.45 pM) of primers
A-hyd, 0.075 pL (0.15 pM) of primers A-Ver; and 1.5 uL of template DNA.

Thermocycler parameters were as follows: hot start at 95 “C for 2 min; followed by 6
cycles of denaturation at 94 °C for 40 s, annealing at 68 °C for 50 s, and extension at 72 °'C
for 40 s; and 30 cycles at 94 °C for 40 s, 66°C for 50 s, and 72 °C for 40 s.

PCR products were resolved by agarose gel electrophoresis as previously described.
Gels were resolved for 45 min at 90 V and NZYDNA Ladder VI (NZYTech, Lisbon, Portugal)

was used as a molecular weight marker.

3.3.6. Virulence traits evaluation

In order to access the isolates’ virulence phenotypes, different protocols previously
described were employed with minor modifications. Namely, isolates were inoculated in
Congo Red Agar (VWR, Pennsylvania, USA) for 72 h to detect the production of slime
(Freeman et al. 1989), in Spirit Blue Agar (Difco, New Jersey, USA) supplemented with 0.2%

Tween 80 (VWR, Pennsylvania, USA) and 20% olive oil (commercial) for 8 h for lipolytic
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activity (Blaise and Armstrong 1973), in DNase Test Agar with Methyl Green (VWR,
Pennsylvania, USA) for 24 h for DNase activity (Hickey et al. 2013), in Oxoid™ Nutrient Gelatin
(Thermo Fisher Scientific, Massachussets, USA) for 24 h for gelatinase activity (Han et al.
2008), in Columbia agar supplemented with 5% sheep (VWR, Pennsylvania, USA) for 24 h for
hemolytic activity (Santos et al. 1999), and in Skim Milk Agar (Sigma-Aldrich, Missouri, USA)
for 24 h for proteolytic activity detection (Mellergaard 1983). Since fish are poikilothermic,
incubation temperature was based on rivers’ water temperature across the Lisbon district
collected during dry season’s field surveys (Sousa-Santos, unpublished data) in the period
between 2017 and 2019 and averaged (22 °C).

The following strains were used as controls: Aeromonas hydrophila ATCC 7966
(DNase and haemolysin positive), Aeromonas caviae ATCC 15468 (haemolysin negative),
Escherichia coli ATCC 25922 (DNase and gelatinase negative; slime non-producer),
Staphylococcus aureus ATCC 29213 (lipase positive, protease negative), Pseudomonas
aeruginosa Z25.1 clinical isolate from diabetic foot infection (protease and gelatinase positive;
lipase negative), Enterococcus faecium EZ40 clinical isolate from canine periodontal disease
(slime producer). P. aeruginosa and E. faecium (Mendes et al. 2012; Semedo-Lemsaddek et
al. 2016) belong to the bacterial collection of the Laboratory of Microbiology and Immunology,
Faculty of Veterinary Medicine, University of Lisbon, Portugal.

Virulence index was defined as the ratio between positive tests for virulence traits and
the total amount of virulence traits evaluated and calculated for each isolate (Singh et al.
2017).

3.3.7. Data and statistical analysis
The reproducibility level of the genomic typing, molecular species identification and
phenotypic virulence expression techniques was established by analysing a random sample

of 10% replicates.

Genomic typing was carried out using BioNumericsl version 7.6.3 software (Applied
Maths, Sint-Martens-Latem, Belgium). Fingerprints similarity was obtained based on a
dendrogram calculated with the Dice coefficient. A tolerance value of 1% was used for band
matching. Cluster analysis was achieved through the unweighted pair group method with
arithmetic average (UPGMA). The reproducibility value was determined as the average
similarity value of all replicate’s pairs (92.3%) and patterns with higher similarity values were

considered undistinguishable.

Differences between the two fish species in 1) the skin lesion score, 2) the Aeromonas

spp. quantification and 3) the mean virulence index per individual (mean across the isolates)
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were evaluated using the Wilcoxon-Mann-Whitney test for independent samples. Association
between the virulence index and 1) the species of Aeromonas and 2) the Aeromonas’ cluster
was evaluated using a generalized linear mixed model, with gamma as family and log link
function, and with fish as a random effect (package Ime4, version 1.1-10) (Bates et al. 2015).
Correlation between the skin lesion score and 1) the individual size and 2) the Aeromonas

spp. counts was determined using the Pearson correlation.

To understand if there was an association between skin lesion score and cluster |
(more abundant and congregating most high skin lesion score’s cases), a generalized linear
model was used. Given the possibility of confounding that the fish species could have on this
association, two models were used to differentiate the influence of this variable (with and
without fish species). Since more than one bacterial isolate could be associated with each
individual fish, a random sampling technique was used to generate correspondences between
an isolate and an individual prior to the model implementation. This sampling technique was
repeated 1000 times and the results were globally analysed regarding prevalence of
occurrence. Effects were considered statistically significant when p<0.05. The statistical
analysis was done using R software (R Core Team 2021). Graphs were produced using
GraphPad Prism1 (GraphPad Software, San Diego, USA, version 5.01).

3.4. Results

3.4.1. Fish size, skin lesion score and water quality

While 1. lusitanicum sampled set included both juveniles and adults (mean size=81.5
mm % 18.2 SD; minimum-maximum range: 55—-108 mm), we were only able to sample juvenile
S. pyrenaicus in this study (60.2 mm % 7.2; 49—69 mm). In general, S. pyrenaicus presented
a higher degree of epidermic lesions, with the presence of variable areas of hyperaemic tissue

and altered skin conformation (Figure 14).

Water level of the sampling location was considered normal for the seasonal expected
levels and the stream presented a connected flow, allowing animals to perform movements

along the habitat. Water physical and chemical parameters are displayed in Table 4.
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Figure 14. Examples of individuals collected during sampling. Left: S. pyrenaicus individual
presenting an extensive area of epidermal loss with hyperaemia in the right dorso-lateral region of the

pedunculus; Right: I. lusitanicum individual without skin lesions.

Table 4. Water physical and chemical parameters of the sampled stream.

Parameter Value

pH 7.5
Temperature ('C) 17.8
Dissolved Oxygen (ppm) 12.28
Total Dissolved Solids (ppm) 0.37
Electrical Conductivity (mS) 0.75
Nitrites (mg/l) 0.025
Nitrates (mg/l) 1

Skin lesions’ prevalence varied significantly between the two species (p=0.015; Figure
15). The same did not occur for the Aeromonas spp. loads (p=0.589). No statistically
significant association between the extent of the lesions and the size of the animal was
observed (r=-0.531; p=0.076).
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Figure 15. Skin lesion score (in %) in both analysed species. * p<0.05
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3.4.2. Aeromonas load, identification and virulence index

Aeromonas isolation was possible from all individuals. Although no statistical
differences were observed between the mean loads in both species (Ms. pyrenaicus=4.8x10°
CFU/mML, Wi, wsitanicum=3.5x10® CFU/mL), different patterns were observed between individuals.
No correlation between the skin lesion score and the Aeromonas spp. load was determined
(r=-0.336; p=0.285).

The Aeromonas spp. diversity was different for each fish species and individuals
(Figure 16). While I. lusitanicum appeared to present a higher number of bacterial species and
respective proportions, a predominance of A. hydrophila was observed in the S. pyrenaicus
individuals. Additionally, some Aeromonas species could only be detected in one of the fish
species: A. media was only detected in I. lusitanicum, while A. veronii could only be isolated

from S. pyrenaicus.

Figure 16. Aeromonas structure in S. pyrenaicus (left) and 1. lusitanicum (right). Each line
represents a sampled individual and shows the relative proportion of isolation (in %) of each Aeromonas

species from the individual. Red—A. hydrophila, green—A. caviae, orange—A. veronii; blue—A. media.

Virulence index from isolates collected from both species differed significantly
(p=0.009), with generally lower expression prevalence in Aeromonas spp. isolated from I.
lusitanicum. The virulence index was also associated with the species of Aeromonas isolated.
A. hydrophila and A. veronii presented significantly higher virulence index values (p<0.001)
than A. media (Figure 17).
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Figure 17. Virulence index by Aeromonas species. *** p<0.001.

Molecular typing of the isolates revealed seven clusters and two single member
clusters (Figure 18), with a low prevalence of clones. Clones were isolated from the same

animals.

Cluster |, determined at 42.2% similarity level, contains isolates identified as A.
hydrophila, with the exception of E5.1 which was identified as A. caviae. The vast majority of
the isolates belonging to cluster | were isolated from S. pyrenaicus and they concentrate the
majority of animals displaying high levels of skin lesions. Cluster Il, identified at 51.2%
similarity, only included isolates from I. lusitanicum, encompassing different bacterial species
(A. hydrophila, A. caviae and A. media) isolated from animals with different skin lesion scores.
Cluster lll, defined at 59.3% similarity, was formed by two A. veronii isolates originating from
S. pyrenaicus with high levels of skin lesions. The remaining clusters were formed by isolates
mainly from I. lusitanicum and animals with low scores. Cluster 1V, with isolates both from I.
lusitanicum and S. pyrenaicus, was defined at 50.7% and was exclusively composed by A.
hydrophila. Cluster V, determined at 45.8%, was formed by A. caviae isolates from I.
lusitanicum. Clusters VI and VIl correspond to groups of A. media isolates from I. lusitanicum,
determined at 48.8% and 58.3% similarity, respectively. Single member clusters corresponded

to an A. veronii isolate from I. lusitanicum and an A. hydrophila isolate from S. pyrenaicus.

Aeromonas’ cluster (single member clusters not considered) was significantly
associated with the virulence index of the isolates, with members of clusters Il and |
presenting significantly higher index values (p<0.001) than members of clusters V and VII
(Figure 19).
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Figure 18. Dendrogram based on the composite analysis of the isolates’ RAPD fingerprints with primers Ap5 and Ap3, using the Dice similarity
coefficient. Clustering was achieved with UPGMA. Blue line represents reproducibility level (92.3%) and isolates displaying higher similarity levels were
considered identical. Red dash line represents cluster level (42.2%). Red lines are presented for an easy visualization of the defined clusters. Cophenetic correlation
coefficient was 0.74. First column represents isolate’s identification, second the fish species (yellow—S. pyrenaicus, red-I. lusitanicum), third the Aeromonas species
(red—A. hydrophila, green—A. caviae, blue—A. media, orange—A. veronii), fourth to ninth the virulence factors (gelatinase, hemolysin, lipase, protease, DNase, slime;

empty rectangle—negative, full rectangle—positive) and the tenth the skin lesion score (SLS) [red—high (>5.4%), green—low (>2.5%)].
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Figure 19. Virulence index by bacterial cluster.

3.4.3. Association between Aeromonas clusters and skin lesion score

Regarding the association between Cluster | and the skin lesion score, 80% of the
iterations resulted in a significant association (p<0.05). However, such effect was not present
when taking into account the fish species into the model (only 10% of the iterations resulted
in p<0.05). This is a consequence of the confounding effect between the variables: in fact, all

but one instance of cluster | were detected in S. pyrenaicus.

3.5. Discussion

Health assessments in |berian leuciscids, apart from generally missing in conservation
projects, can be challenging to achieve and to result in robust evidence of species
susceptibility to particular threats. Active surveillance schemes can help to mitigate knowledge
gaps in terms of particular species’ tolerance to pathogens, important in conservation
management planning. In this study, we show differences in skin lesions’ prevalence among
two sympatric Iberian leuciscid species and suggest a link between this observation and
specific clusters of Aeromonas strains. Our results point to the existence of distinct
susceptibility patterns from threatened Iberian leuciscid to this bacterial genus, both at

individual- and species-level.

Fish sampled in this study showed some variation in terms of mean size, however, this
is likely due to the fact that size classes might be distinctly represented for stochastic reasons
and also due to the fact that the two species might show different and non-overlapping

ecological requirements over the year and along their life span. Indeed, it is known that I.
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almacai and S. aradensis (congeners of the target species in the present study) occupy distinct
microhabitats throughout the year, overlapping only in the summer (Santos and Ferreira
2008). Although larger individuals from both species tend to select deeper and sheltered
habitats, when transitioning from late summer to autumn, I. almacai shifts to shallower water
streams. Juvenile fish, on the other hand, tend to accumulate in more exposed habitats along
the year (Santos and Ferreira 2008), such as the location selected for this study’s sampling.
Additionally, an age-class distribution study in Squalius laietanus demonstrated a significant
reduction of larger individuals in intermittent streams compared to smaller individuals (Merciai
et al. 2017). This observation is similar to field annual census findings by our team (Sousa-

Santos, unpublished data).

In cultured fish, it has been shown that juvenile stages often display higher mortality,
or display more severe forms of disease, when challenged with Aeromonas spp. (Hawke and
Khoo 2004). This feature is mainly attributed to an impaired immune function in early stages
(Castro et al. 2015). Despite not statistically significant, our data suggests that the skin lesion
score might be correlated with the size of the animals. However, it also suggests that there is
an inverse trend between size and the levels of skin lesion in the fishes. To clarify this possible
negative correlation, sampling of both juveniles and adults of S. pyrenaicus would be required.
It would constitute a great advantage to sample both juvenile and adults of both species in

order to discriminate the role of life stage on the susceptibility to Aeromonas species.

Physical and chemical water parameters did not differ significantly from those collected
in previous years during annual census sampling (Sousa-Santos, unpublished data).
However, some water parameters were considered to lay off the reference values. In farmed
freshwater species, suggested nitrite and nitrate levels in the water should be undetectable
(Noga 2010). Susceptibility to nitrite and nitrate poisoning is, nevertheless, species dependant
and difficult to establish in wild Iberian leuciscids with current data. It is important to state that
clinical signs of Aeromonas infection in fish are often the result of environmental stress (Beaz-
Hidalgo and Figueras 2013). Poor water quality is often the origin of outbreaks in farmed
species (EI-Gohary et al. 2020). Additionally, mesophilic Aeromonas species’ abundance is
interconnected with environmental temperature and their levels are considered higher in
summer months when water temperature increases (Lee et al. 2002). In modelling
experiments regarding anthropogenic pressures, both S. pyrenaicus and I. lusitanicum are
considered to display an intermediate tolerance to environmental alterations (Segurado et al.
2011). Annual censuses by our team (Sousa-Santos, unpublished data) suggests that S.
pyrenaicus is an indicator species of good habitat quality, disappearing from streams showing

initial signs of water quality detriment. Present results may indicate the effects of dry season
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at the habitat level can have in these species; however, a comparison between different

seasons and habitats with variable water quality is urged.

Previous studies in farmed species hinted at a correlation between Aeromonas spp.
load and effects on the host, where an increase in the bacterial load results in magnified
deleterious effects at the host level (i.e., morbidity and/or mortality) (Samayanpaulraj et al.
2019). However, our results do not evidence such relationship. A possible explanation relies
on the evolution of host-microorganism interactions (Mikonranta et al. 2015). As an ubiquitous
bacterial genus in aquatic environments, it is likely that Iberian leuciscids have been evolving
in close contact with Aeromonas species. While some members of this genus may be more
virulent than others, hosts will likely continuously evolve resistance trough immune activation
which often results in decreases in bacterial load (Bonneaud et al 2019). So, observed results
are possibly the mirror of an evolutionary arms-race between host and microbiota, with
variable loads of Aeromonas spp. displayed by S. pyrenaicus individuals with higher levels of

skin lesions.

Different bacterial diversities were isolated from the studied fish species. Several
factors are involved in the determination of a host-microbiota composition. However, some
factors seem to play a more determinant role (Smith et al. 2015). Steury et al. (2019)
concluded that host population genetic divergence was more important in defining the gut
microbiome of Gasterosteus aculeatus wild populations than environmental factors or the
geographical area of origin. In our study, habitat sharing foresees a similar effect of
environmental factors upon both species. Hence, an underlying host genotype difference

could be the basis for the differential bacterial composition found.

The virulence index differed between isolates from S. pyrenaicus and I. lusitanicum.
Since isolate structure in both fish species showed different Aeromonas species composition
and respective clusters, virulence index values difference likely mirrors the differences
between both fish species. An association was observed between the virulence index and the
Aeromonas’ cluster, demonstrating different virulence levels between clusters. Aeromonas
spp. pathogenic potential can be the result of the presence of several virulence factors
(Rasmussen-lvey et al. 2016a). The virulence level differs among members of the genus
Aeromonas, as proven by distinct genetic pools of virulence genes among species (Zhong et
al 2019). Different pan-genome analysis showed this hierarchical pathogenicity among
species, with A. hydrophila generally related with a higher pathogenic potential when
compared to other species (Ghatak et al. 2016; Zhong et al. 2019). This hierarchical
relationship is observed in our results, where clusters composed by this species were related

to higher virulence indexes.
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RAPD analysis was revealed as a good typing technique to differentiate the bacterial
collection under study. Furthermore, this methodology allowed a fair differentiation of the
bacterial clusters between two criteria: fish species and skin lesion score. Typing revealed that
clusters | and Il encompassed the majority of isolates originating from animals with high skin
lesion scores. Additionally, isolates from these clusters also displayed the higher virulence

indexes.

In situations of epidemics among a population it is common to observe a predominance
of determined strains/clonal structures, often with a higher virulence profile. This situation was
already documented in Aeromonas spp. outbreaks in cultured fish in North America and Asia
(Rahman et al. 2002; Hossain et al. 2014; Rasmussen-lvey et al. 2016b). In our study,
however, it was not possible to discriminate if the cases of higher skin lesion scores were
associated with the prevalence of a specific bacterial cluster or the species of fish. It is
probable, though, that both variables are interconnected-i.e., S. pyrenaicus individuals likely
present specific characteristics that make them more susceptible to the colonization and
invasion by members of more virulent Aeromonas strains (e.g., clusters | and IIl) and that
result in more pronounced alterations in the skin conformation. However, a sampling strategy

with a higher number of individuals is needed in order to clarify this situation.

3.6. Conclusions

Current results shed light on the epidemiology of Aeromonas spp. in wild endangered
leuciscids and suggest potential differences in susceptibility between different
species/individuals. It is important to notice that species inhabiting the same geographical area
and influenced by similar environmental pressures can harbour distinct bacterial compositions,
exposing species-traits on a host-microbiome structure with potential impacts at the health
level. Furthermore, we highlight the use of non-destructive technique in this investigation,
stressing the importance of following similar methodologies across sampling schemes with

threatened species.

Future studies in the field of bacterial infections and susceptibility in wild endangered
fish species are needed. Future perspectives should include the comparison between
species/populations exposed to distinct environmental conditions in order to disclose drivers
of bacterial disease manifestation, as well as to investigate the genetic basis of susceptibility
differences among species/populations, such as polymorphisms in the major
histocompatibility complex, as a way to produce suitable markers of disease resistance to be

used in conservation programs.
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4.1. Abstract

Ex situ breeding programs are important conservation tools for endangered freshwater
fish. However, developing husbandry techniques that decrease the likelihood of disease,
antimicrobial resistance and virulence determinants acquisition during this process is
challenging. In this pilot study, we conducted a captivity experiment with Portuguese nase
(Iberochondrostoma lusitanicum), a critically endangered leuciscid species, to investigate the
influence of simple protective measures (i.e., material disinfection protocols and animal
handling with gloves) on the dynamics of a potential pathogenic genus, Aeromonas, as well
as its virulence profiles and antimicrobial resistance signatures. Our findings show that
antimicrobial resistance in Aeromonas spp. collected from |I. lusitanicum significantly
increased during the extent of the assay (5 weeks), with all isolates collected at the end of the
study classified as multidrug-resistant. Additionally, humans handling fishes without protective
measures were colonized by Aeromonas spp. The use of protective measures suggested a
decreasing trend in Aeromonas spp. prevalence in I. lusitanicum, while bacterial isolates
displayed significantly lower virulence index values when virulence phenotypical expression
was tested at 22 °C. Despite this study representing an initial trial, which needs support from
further research, protective measures tested are considered a simple tool to be applied in ex
situ breeding programs for aquatic animals worldwide. Furthermore, current results raise
concern regarding antimicrobial resistance amplification and zoonotic transmission of

Aeromonas spp. in aquatic ex situ programs.

4.2. Introduction

Ex situ breeding and recovery programs are important conservation tools that help to
secure species experiencing severe declines in their natural habitat (McGowan et al. 2017).
In Portugal, a dedicated ex situ breeding program was established in 2008 aiming to
counteract the threatened status of endemic leuciscid species (Sousa-Santos et al. 2014b).
This group of freshwater fishes, presenting a high level of endemicity in the Iberian Peninsula,
faces severe conservation constraints associated with habitat degradation, water extraction,
summer droughts, and the proliferation of invasive species (Sousa-Santos et al. 2014b).
Despite the conservational value of ex situ programs for wild species, these actions are not
met without a cost. The translocation of species from their original habitat into anthropogenic
facilities, along with the changes implemented in the husbandry of the individuals during their
stay in the program and inherent changes in phenotypical and genotypical traits of the animals
caused by captivity, are accompanied by important modifications in the animal’s microbiota
(McKenzie et al. 2017). Changes in the host microbiota composition and traits can impair

overall fithess and present severe consequences for the individual survival (Bates et al. 2019).
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Additionally, and since dissemination of antimicrobial resistance and virulence
determinants between different environments are a general public health concern, the role of
recovery and breeding programs as gateways of antimicrobial resistance and virulence
transfer between anthropogenic cycles and natural environments needs to be addressed in
the One Health context. Previous studies have addressed the effect that recovery programs
have had in the acquisition of resistance determinants by wild animals in close contact with
humans (Stoddard et al. 2009; Power et al. 2013). However, no study so far has explored such
dynamics in ex situ conservation programs with aquatic species. The relocation of these
animals into their natural habitats may establish new communication bridges and the formation
of additional resistance and virulence determinants reservoirs in natural environments, which

are difficult to be controlled and eradicated.

It is fundamental to understand current reality and adapt captivity’s conditions and
husbandry techniques in order to minimize alterations in the host microbiota during the
program extent, as well as to prevent the acquisition and further dissemination of resistance

and virulence determinants that can constitute reservoirs when released into the wild.

In this pilot study, in order to understand the dynamics of prevalence and antimicrobial
resistance and virulence determinants of Aeromonas spp., an important zoonotic and fish
pathogenic agent, we developed a captivity experiment with Portuguese nase
(Iberochondrostoma lusitanicum) individuals under two husbandry regimens with different
biosafety measures and evaluated the prevalence and structure of Aeromonas spp., their

antimicrobial resistance signatures, and virulence profiles.

4.3. Materials and Methods

4.3.1. I. lusitanicum capture and transport

The ex situ conservation program, ongoing at the Vasco da Gama Aquarium (Lisbon,
Portugal), is responsible for the captive breeding, for restocking purposes, of five threatened
leuciscids (Achondrostoma occidentale, Anaecypris hispanica, Squalius pyrenaicus,
Iberochondrostoma almacai and Iberochondrostoma lusitanicum). Populations of each
species considered to be at higher risk are selected to be included in the program and a stock
of wild adults is collected from the natural habitat and housed in separate tanks to prevent

contact.

Due to space limitation in the program, selection of populations for breeding is
performed through a rotation scheme. This study benefited from the fact that a new wild stock
of I. lusitanicum from the Sado river was going to be established at the Vasco da Gama

Aquarium facilities. Hence, this species was selected to participate in this study.
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Fishing and detention licenses were granted by the competent authority - Instituto da
Conservacdo da Natureza e das Florestas, IP (Fishing Credential n® 71-A/2018; License n°
438/18/CAPT). The animals included in this study were cared for according to the rules given
by the current EU (Directive 2010/63/EC) and national (DL 113/2013) legislation and by the
competent Portuguese authority (Direcdo Geral de Alimentacdo e Veterinaria, DGAV,
www.dgv.min-agricultura.pt/portal/page/portal/DGV). In the scope of this study, only non-
invasive samples were collected during the routine procedures, and no ethics committee
approval was needed. Samples were obtained by trained veterinarians, following standard

routine procedures. No animal experiment has been performed in the scope of this study.

Animals were collected by electrofishing following standard procedures (CEN 2003).
Captured fish were transferred to a container with water collected at the sampling site in order
to monitor the stunning recuperation. The animals included in this study were collected at
Ribeira de Grandola (38.168980°, -8.569030°) in May, 2018. In total, 22 adult individuals were

collected (eight females, six males and eight undetermined; mean size = 73.9 mm £ 10.3 SD).

After capture, animals were placed in a transport container with water collected from the
river stream. The container dimensions were appropriate for the expected animal abundance
in order to guarantee the absence of casualties during transportation (50 L for 30 individuals).

Animals were transported by car to Vasco da Gama Aquarium.

4.3.2. Experimental setup

In order to mimic the breeding program conditions, the experiment was set in the same
area where the breeding tanks are usually located — an exterior terrace, under natural light,
temperature and pluviosity at the Vasco da Gama Aquarium. Experimental conditions applied

during this study are summarized in Table 5.

The experimental setting consisted of two 100 L tanks with closed water circulation
and sand filtration systems (obtained from tanks already established). Two fish refuge made
by PVC tubes were included in each tank. The tanks were disinfected with 70% ethanol prior
to their filling with water. Circulation, filtration and refuge materials were immersed in 70%
ethanol for 24 h, followed by periods of 15 min exposure to UV radiation of all their surfaces
(the number of periods varied according to the number of surfaces of the object). Replicates
of each condition (i.e., tanks) were not performed due to technical limitations (i.e., tank
uniformity and availability) and sample size (i.e., low number of animals, gregarious behaviour
of I. lusitanicum, stress effects due to group separation and possible interference with

reproduction, high microbiota inter-variability among individuals).
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Aeromonas spp. screening was performed from the following samples: swabs from the
tanks’ walls and floor after disinfection, food (frozen mosquito larvae, frozen Mysis shrimp and
frozen krill), water samples from the aquarium supplier (directly from the tap, 36 h prior to tank

filling) and filtering sand.

Tank preparation was initiated 120 h prior to fish introduction to allow the water to
stabilize and to prevent shocks leading to fish mortality. Tank conditions differed regarding
contact with the environment. In the control tank, a fine mesh (ca. 2 mm) plastic cover was
used to cover the top of the tank, still allowing the entrance of external agents (i.e. avian
faeces, insects, rain water, dust), as happens in the tanks currently used in the program. In
the test tank, a plastic cover was used over the surface of the tank, restraining the entrance

of external agents.

Table 5. Experimental conditions in this study.

Action Control Tank Test Tank
Tank covering Fine mesh Plastic cover

) . ) Food items thawed with sterile water transported
) Food items thawed with tap water in non- ) ) ) o .
Food preparation B ) in sterile shots in containers disinfected with 70%
disinfected containers o
ethanol and exposed to UV radiation

_ ) Water and food pumped out of the tank with a
Water renovation and Water and food pumped out of the tank with . o .
) o . suction system disinfected with 70% ethanol and
food surplus retrieval a non-disinfected suction system o
exposed to UV radiation

Operator using nitrile gloves and handling tanks

Operator not using gloves and using non- disinfected with 70% ethanol and shrimp nets

Fish handling o ) ) = .
disinfected shrimp nets and handling tanks  disinfected with 70% ethanol and exposed to UV
radiation
Fish sampling Measuring device non-disinfected Measuring device disinfected with 70% ethanol

The feeding regimen followed the protocol established for this species in captivity
(Sousa-Santos et al. 2014b). Food sources were limited to frozen mosquito larvae, Mysis
shrimp, and krill. Food was thawed two hours prior to feeding and cleaned with water to
eliminate impurities. Food for animals at the control tank was cleaned with water directly from
tap and stored in current use containers (not exposed to disinfection protocols), while food for
the animals at the test tank was cleaned with sterile water stored at sterile shots and stored in

containers disinfected with 70% ethanol and exposed to UV radiation.

Water renovation was performed weekly and consisted of the extraction of 10 L of tank

water and slow introduction of the same amount of tap water.
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Handling of animals, food and water from the control tank was performed by two
rotating aquarists not subjected to disinfection protocols. Any action directed towards the test
tank was performed by an external specialized operator, using nitrile gloves disinfected with
70% ethanol. Bacterial sampling was performed weekly on a fasting day. Sampling materials
used in the test tank (shrimp net and water suction system) were exposed to UV radiation.

Materials used in the control tank were not disinfected.

By the end of the assay, animals were introduced in the breeding tanks of the ex situ

conservation program.

4.3.3. Assay with distinct husbandry protocols
A weekly scheme of the assay, including tasks performed on each day, is displayed in

Table 6. The assay was performed for 5 weeks.

Table 6 Operation scheme of the assay.

Week Monday Tuesday Wednesday Thursday Friday Saturday Sunday
Capture + . Water
Feeding )
Transport Renovation
1t Fasting Feeding Fasting Fasting
1 Bacterial Food Water
Sampling Sampling Sampling
) Water
Feeding )
) 2" Bacterial Renovation ) ) )
2nd Feeding ) Feeding Fasting Fasting
Sampling Food Water
Sampling Sampling
) Water
Feeding )
] 3 Bacterial Renovation ) ] )
31 Feeding ) Feeding Fasting Fasting
Sampling Food Water
Sampling Sampling
. Water
Feeding .
_ 4 Bacterial Renovation . ) )
4th Feeding ] Feeding Fasting Fasting
Sampling Food Water
Sampling Sampling
) 5" Bacterial
5th Feeding )
Sampling
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Following arrival to Vasco da Gama Aquarium, the animals were randomly selected
and divided in two groups (n=11, each; test group—mean size =72.5 mm = 10 SD, control
group—mean size =75.3 mm = 10.4 SD). Each animal was measured, sex determined (when
possible), inspected for diagnostic phenotypic individual traits and a body swab (cloacal area,
lateral sides of the body and fins, excluding head; ESwab LiquidAmies Collection and
Transport System, ThermoFisher Scientific, Massachusetts, USA) was collected to establish
an initial bacteriological baseline. Afterwards, animals were introduced to the corresponding

tank.

In each bacteriological sampling action, water from each tank was transferred to a
separate tank, followed by the transfer of the individuals collected with shrimp nets. Animals
were individually measured, a swab sample was performed, and the animals were returned to
their respective tanks. Different measuring devices and handling tanks were used between

individuals from different tanks to prevent cross-contamination (Figure 20).

In the control tank, the aquarist did not use gloves or disinfect their hands before
handling the animals. From the 3rd to the 5th bacteriological sampling action in the control
tank, both prior to and after the procedures, a swab was collected from the hands, fingernails,
and lower arms of the aquarist. Human sampling was performed after the individuals were
informed regarding the sampling procedure, and signed an informed consent in accordance
with the Helsinki Declaration of the World Medical Association (version October 2013) and the
Oviedo Convention (version April 1997). No human experiment has been performed in the

scope of this study.

Food and water samples were collected weekly, at regular days, by using sterile 50
mL tubes (Corning Life Sciences, New York, NY, USA).

Water quality was controlled over the experiment’s period by determination of a set of
physical and chemical parameters: pH (mean = 7.02 £ 0.5 SD) and temperature (mean = 14.9
°C £ 0.8 SD), using a portable waterproof pH meter model HI98130 (Hanna Instruments®,
Woonsocket, RI, USA); nitrites (mean = 0 mg/L = 0 SD) and nitrates (mean = 0 mg/L + 0 SD),

using colorimetric strips (ITS Thorsten BetzelTM, Hattersheim, Germany).
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Figure 20. Sampling scheme for Aeromonas detection. Material used in the experiment that were
not possible to disinfect through UV radiation were sampled priorly to the beginning of the assay (tanks
and filtering sand), as well as the frozen food items used during the assay and the water used to fill the
tanks. During the assay, weekly sampling of food items (after tawing and before introduction in the
aquarium) and water (directly collected from the tanks by total immersion), as well as swabs collected
from the hands and arms of the aquarists working on the control tank (from 3™ to 5" sampling week,
prior and after contact to fishes and water) were performed. Fish were sampled after collection in the
wild and prior introduction in the respective tank. After, weekly sampling actions were performed for

each individual. Created with BioRender.com

4.3.4. Aeromonas spp. isolation, genomic typing and identification

Selection of Aeromonas spp. as model pathogens was based on their relevance as
fish pathogens. Aeromonas spp. are one of the most common pathogen groups of freshwater
fishes, and although their impact in Iberian leuciscid populations is unknow, their impact in
both wild and farmed fishes is emphasized, especially in stressful conditions such as the

translocation into new environments (Cipriano 2001).

After collection, swabs (both from human, animal and food samples) were inoculated
in tubes with 8 ml of Brain Heart Infusion (BHI) broth (VWR, Pennsylvania, USA), subjected

to homogenization, and incubated at 37 °C for 24 h. Regarding water samples, tubes
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containing the samples were homogenized briefly and 100 puL of each sample were transferred
into BHI broth, followed by a similar protocol to the one applied to the rest of the samples.
Following incubation, a sample from each tube was transferred to Glutamate Starch Red
Phenol (GSP) Agar plates supplemented with 100,000 IU sodium penicillin g/L (Merck, New
Jersey, USA). This is a selective and differential agar medium for Aeromonas spp., and typical
colonies are large (2-3 mm), yellow and surrounded by a yellow zone. Plates were incubated
at 37 °C for 12 h. Four distinct colonies displaying Aeromonas spp. morphology were randomly
selected from each individual sample and isolated into pure cultures in BHI agar, at 37 °C for

24 h. Aeromonas hydrophila ATCC 7966 was used as a positive control.

Isolates were characterized regarding Gram-staining and oxidase activity. Pure
cultures of oxidase positive gram-negative rods were stored in buffered peptone water (VWR,
Pennsylvania, USA) with 20% glycerol at =80 °C during the study.

Bacterial genomic DNA was obtained by the boiling method, after growth in BHI agar
(37 °C, 24 h), as described before (Talon et al. 1998).

In order to perform the molecular typing of the isolates, a Random Amplified
Polymorphic DNA (RAPD) technique was used. The method was applied as described before
(Szczuka and Kaznowski 2004; Barroco 2013), with minor modifications. Primers Ap3 and
Ap5 (Szczuka and Kaznowski 2004) were chosen and used in independent mixtures to achieve
fingerprinting patterns of the isolates. Each amplification reaction was performed in a final
volume of 25 pL. The mixture consisted of: 12.5 pL of Supreme NZYTaqg 2x Green Master Mix
(NZYTech, Lisbon, Portugal), 8.5 pL of PCR-grade water (Sigma-Aldrich, Missouri, USA), 2.5
pL of Bovine Serum Albumine (0.01%; Thermo Fisher Scientific, Massachussets, USA), 0.5
ML (1 pM) of primer and 1 pL of template DNA. Thermocycler conditions used included 94 °C
for 5 min; 40 cycles of 94 °C for 45 s, 40 °C for 1 min, and 72 °C for 2 min; and 72 °C for 5

min.

PCR products were resolved by gel electrophoresis [1.5% (w/v) agarose in 1X TBE
Buffer (NZYTech, Lisbon, Portugal)] for 50 min at 90 V. As a molecular weight marker,
NZYDNA Ladder VII (NZYTech, Lisbon, Portugal) was used. The visualization of gels was
performed using a UV light transilluminator. Images were captured using the Bio-Rad

ChemiDoc XRS imaging system (Bio-Rad Laboratories, California, USA).

In order to achieve species identification, a multiplex PCR protocol, previously
described by Persson et al. (2015), was used with minor maodifications. This protocol
discriminates between A. caviae, A. media, A. hydrophila and A. veronii, based on gyrB and
rpoB genes’ sequences, and contains an internal control for the genus Aeromonas. PCR

mixtures were performed in a final volume of 25 puL and were composed of 12.15 uL of
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Supreme NZYTaqg 2x Green Master Mix (NZYTech, Lisbon, Portugal), 10 pL of PCR-grade
water (Sigma-Aldrich, Missouri, USA), 0.025 pL (0.05 uM) of primers A-16S, 0.25 pL (0.5 pM)
of primers A-cav, 0.1 pL (0.2 puM) of primers A-med, 0.225 pL (0.45 puM) of primers A-hyd,
0.075 pL (0.15 pM) of primers A-Ver, and 1.5 pL of template DNA. Thermocycler (VWR,
Pennsylvania, USA) conditions were as follow: 95 °C for 2 min, followed by 6 cycles of 94 °C
for 40 s, 68 °C for 50 s and 72 °C for 40 s; and 30 cycles at 94 °C for 40 s, 66 °C for 50 s, and
72 °C for 40 s. A. caviae ATCC 1976, A. hydrophila ATCC 7966, A. media ATCC 33907 and
A. veronii ATCC 35624 were used as positive controls.

Amplification products were resolved by gel electrophoresis and visualized as described
above. Gels were resolved for 45 min at 90 V. As a molecular weight marker, NZYDNA Ladder
VI (NZYTech, Lisbon, Portugal) was used.

4.3.5. Virulence factors screening

The virulence factor expression by the isolates was accessed by a set of phenotypical
assays, as established in protocols previously described, with minor modifications. Screening
was performed on isolates collected during the first and the fifth sampling week. The following
virulence factors were investigated, namely: 1) gelatinolytic activity, using Oxoid Nutrient
Gelatin (Thermo Fisher Scientific, Massachussets, USA) for 24 h (Han et al. 2008), 2)
hemolytic activity, using Columbia agar supplemented with 5% sheep blood (VWR,
Pennsylvania, USA) for 24 h (Santos et al. 1999), 3) lipolytic activity, using Spirit Blue Agar
(Difco, New Jersey, USA) supplemented with 0.2% Tween 80 (VWR, Pennsylvania, USA) and
20% olive oil (commercial) for 8 h (Blaise e Armstrong 1973), 4) proteolytic activity, using Skim
Milk Agar (Sigma-Aldrich, Missouri, USA) for 24 h (Mellergaard 1983), and 5) slime production,
using Congo Red Agar for 72 h (Freeman et al. 1989). Two incubation temperatures were
used. The 22 °C was an average based on river's water temperature data collected during
annual monitoring census performed in the summer seasons of 2017 to 2019 (Sousa-Santos,
personal communication). This was performed in order to mimic fish’s body temperature since

they are poikilothermic. The 37 °C was used to mimic human body’s temperature.

The following strains were used as controls: A. caviae ATCC 15468 (hemolysin
negative), A. hydrophila ATCC 7966 (hemolysin positive), Enterococcus faecium EZ40 clinical
isolate canine periodontal disease (slime producer), Escherichia coli ATCC 25922 (gelatinase
negative; slime non-producer), Pseudomonas aeruginosa Z25.1 clinical isolate diabetic foot
infection (protease and gelatinase positive; lipase negative) and Staphylococcus aureus
ATCC 29213 (lipase positive, protease negative). P. aeruginosa and E. faecium (Mendes et

al. 2012; Semedo-Lemsaddek et al. 2016) belong to the bacterial collection of the Laboratory
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of Microbiology and Immunology, Faculty of Veterinary Medicine, University of Lisbon,

Portugal.

The virulence index of each isolate was calculated based on the ratio between positive

tests for virulence factors and the total amount of virulence factors tested (Singh et al. 2017).

4.3.6. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed using the disk diffusion technique
(Bauer et al. 1966). Guidelines and breakpoints of the Clinical and Laboratory Standards
Institute were followed as reference (NCCLS 2002; CLSI 2013). The following antibiotics
(Mastdiscs, Mast Group, Liverpool, United Kingdom) were tested: amikacin (AK, 30 ug),
amoxicillin/clavulanic acid (AUG, 20-10 ug), aztreonam (ATM, 30 ug), ceftazidime (CAZ, 30
Hg), enrofloxacin (ENF, 5 ug), erythromycin (E, 15 pug), florfenicol (FFC, 30 pg), imipenem (1M,
10 pg), nitrofurantoin (NI, 300 pg), streptomycin (S, 10 pg), tetracycline (T, 30 pg) and
sulfamethoxazole/trimethoprim (TS, 23.75-1.25 pg). Antimicrobial compound choice followed
those commonly used to treat Gram-negative infections in Human and Veterinary Medicine,
as well as those compounds used for treating aquatic animals’ diseases. Escherichia coli

ATCC 25922 was used as a quality control.

Isolates were categorized as multidrug-resistant, as described by Magiorakos et al.
(2012), when presenting non-susceptibility to at least one antimicrobial compound in three or
more antimicrobial categories. Multiple antibiotic resistance (MAR) index values were
produced for each isolate and calculated based on the ratio between the number of
antimicrobial compounds to each the isolate presenting a non-susceptibility profile and the
total amount of antimicrobial compounds tested (Krumperman 1983). Non-susceptibility was
defined as presenting intermediate or resistant category status. Antimicrobial compounds to
which Aeromonas spp. are considered intrinsically resistant (amoxicillin/clavulanic,
erythromycin and streptomycin) were not included in the multidrug resistance characterization

and in the MAR index calculation.

4.3.7. Statistical analysis
In order to analyse the reproducibility level of the molecular species identification,
phenotypic virulence expression, antimicrobial susceptibility testing and genomic typing

techniques, a random sample including 10% replicates was used.

BioNumerics version 7.6 software (Applied Maths, Sint-Martens-Latem, Belgium) was

used to perform genomic typing. The similarity of the fingerprinting patterns was achieved
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based on a dendrogram calculated with the Pearson correlation coefficient. Cluster analysis
was performed through the unweighted pair group method with arithmetic average (UPGMA).
The reproducibility value of the technique was determined as the average similarity value of
all replicate’s pairs (91.88%). When patterns presented higher similarity values, they were
considered to be undistinguishable. Clusters were formed based on a joint evaluation of the
fingerprinting profiles and the Aeromonas species. For all dendrograms and all clusters, the
lowest similarity value was investigated and a cut off value was established across

dendrograms to form clusters and enable comparisons between dendrograms

Several isolate level response variables were modelled as a function of tank and
sampling week. At the isolate level, and therefore, using a GLMM (Generalized Linear Mixed-
Effects Models) (Bates et al. 2015) with fish as a random effect, we modelled as a binomial
logistic response the virulence factors (i.e., prevalence of individual activity of each of the
tested virulence factors) at both (1) 22°C and (2) 37°C (0 — Negative, 1 — Positive) and the (3)
categories of susceptibility to antibiotics (0- Non-susceptible, 1-Susceptible), and using a beta
response (continuous values ranging from 0 to 1), the (4) MAR index values (i.e., the ratio
between the number of antimicrobial compounds considered as presenting acquired non-
susceptibility and the total amount of antimicrobial compounds tested) and the virulence index
values (i.e., the ratio between the number of virulence factors for which positive activity was
detected and the total amount of virulence factors tested) at both (5) 22°C and (6) 37°C.

Using a multinomial log-linear model (package nnet, version 7.3-15) (Venables and

Ripley 2002), the (7) proportion of the different species of Aeromonas was considered.

Considering an analysis at the tank level, a GLM with a beta response was used to
model the (8) Simpson index and the (9) prevalence of Aeromonas spp. The statistical analysis
was done using R software (R Core Team 2021). Graphs were produced using GraphPad
Prism (GraphPad Software, San Diego, USA, version 5.01).

4.4. Results

Mortality was not observed in both tanks during the extent of the assay. While
individuals displayed a shy behaviour in the first two days of the experiment and remained in
the refuges provided, swimming, exploration, and feeding behaviour was considered normal

for the remaining period.

Aeromonas spp. isolation was achieved for all animals in the beginning of the trial.
However, prevalence in each tank varied across the assay’s weeks. While Aeromonas spp.
prevalence in the control tank was of 100% or close to it in every week, prevalence in the test

tank decreased to 54.5% in the last week of sampling, although it displayed similar prevalence
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values to the control tank in the previous weeks (Figure 21). This variation was significantly

different among tanks (p<0.001).

Aeromonas prevalence

100
- Test

80+ -= Control

60+

%

404

20+

Figure 21. Aeromonas spp. prevalence in both tanks across the sampling weeks.

Prior to the beginning of the captivity assay, Aeromonas spp. were not detected in the
evaluated matrixes (food, water and filtering sand). Similarly, no Aeromonas spp. were
isolated from the water samples collected in both tanks across the assay. Regarding food
sources, it was possible to detect Aeromonas spp. from the food administered in the control
tank in the 15 and 2"* week of sampling. No Aeromonas spp. were isolated from the food
available at the test tank. Regarding the samples collected from aquarists’ hands and arms,
all swabs obtained after handling the animals were positive for Aeromonas spp. However,

none of the swabs collected prior to handling were positive for Aeromonas spp.

Initial Aeromonas species structures were similar between individuals from both tanks
(Figure 22). Some shifts were observed (using a multinomial log-linear model) along the assay
weeks regarding species prevalence between the two tanks. Although A. veronii isolation in
the test tank was possible across almost all sampling actions, such phenomenon was not
observed in the control tank. Instead, an increase of A. media prevalence was found from the
first sampling action to the second, with presence also recorded in the last week of sampling.
Interestingly, the original predominance of A. veronii in both tanks was gradually substituted
by a predominance of A. hydrophila in both tanks. Both the sampling tank and week
significantly influenced the Aeromonas species structure. A. veronii was more prevalent in the
test tank (p=0.006) in comparison with the control tank, while an opposite trend was observed
for A. media (p 0.050). A. veronii prevalence also significantly shifted since week one,
decreasing in the second and the third weeks (p<0.001) and increasing in the final week
(p<0.001).
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Figure 22. Relative prevalence of Aeromonas species by tank and sampling week.

Typing the 363 isolates and evaluating their relationships based on dendrogram
analysis revealed the presence of 54 clusters and 40 single-member clusters. A cut off level
of 62.93% was assumed based on the evaluation of fingerprinting patterns, Aeromonas
species, tank of origin and sampling week (Supplementary Figure S16, Annex XVII). In both
tanks, a total of 58 clones were identified at 91.88% similarity (reproducibility level). Around
half of the clones detected were collected from the same individual, while the other half were
collected from different individuals in the same tank and in the same sampling week. None of
the clones were isolates collected from fishes in different tanks or across sampling weeks.
The only observed exceptions were the food sources and the aquarists. All six isolates of
Aeromonas sp. collected from the food were obtained from the first and the second week of
sampling and were clones. Regarding the isolates collected from the aquarists’ hands, two

isolates from the same aquarist in the third and fourth sampling week were clones.

Although no specific pattern was observed for both tanks, some clusters were
exclusive to a particular sampling week (Supplementary Figure S17 and S18, Annexes XVIII
and XIX). Some clones were observed, namely clones of A. veronii isolated from the food
sources, clones of A. hydrophila in the fourth week of sampling in the control tank, clones of
A. hydrophila in the fourth week of sampling in the test tank, and clones of A. hydrophila in the
fifth week of sampling in the test tank. Regarding the isolates collected in the same tank and
in the same sampling week (Supplementary Figure S19, Annex XX), when strains of different

Aeromonas species were detected, they formed distinct clusters.
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When testing the virulence factor’'s phenotypic expression of the isolates at 22°C
(Figure 23), the virulence index values obtained for the isolates in the test tank in the fifth week
were significantly lower than the ones in the control tank and the ones recorded for the first
sampling week (p=0.003). No differences were observed between the virulence indexes from
isolates from both tanks (p=0.337) at each sampling week (p=0.580) when tested at 37°C.

The prevalence of virulence factors in isolates tested at 22°C differed among
experimental conditions and sampling weeks (Figure 24). Regarding hemolytic activity,
prevalence was significantly lower in the isolates from fifth week in comparison with the first
one (p=0.050), with a decrease in the isolates from the control tank. Lipolytic activity wasn'’t
influenced by the experimental condition (p=0.984) and sampling week (p=0.974).
Gelatinolytic activity differed among weeks (p=0.040), being characterized by an increase in
the isolates from the control tank and a decrease in the isolates from the test tank. Proteolytic
activity was also influenced by the tank (p=0.021) and the sampling week (p=0.032), being
significantly lower in the isolates from the test tank in the fifth week. Slime production was
significantly different between experimental conditions (p=0.050), being lower in the isolates
from the test tank. Regarding the prevalence of virulence factors tested at 37°C, the majority
of the phenotypic traits did not present differences between the studied variables. The only
exception was for the proteolytic activity that was significantly different between weeks

(p=0.039), being lower in the isolates from the fifth week in the control tank.

A 020C B 37°C
1T T T W T 1
1 0.8
z 0.8 5
T z
£ 0.6 *x = 0.64
o o
: 1 :
g 04 & 044
5 S
: 1
> 0.2 é 0-21
0.0 T T T 0.0 ! !
N N N e ot & S ot
qpe 4‘0"’ \‘\e‘b é@e & ‘\q,ee’ & &
NS & Ky & N o N° <
\*0\ \,}0\’ K2 A2 > (\“‘O\ Q\sO\ AZ > A2 3
5 o s 8

Figure 23. Virulence index of the isolates collected in both tanks in the 1st and 5th week and
analysed at 22°C (A) and 37°C (B). ** p<0.01
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Figure 24. Relative prevalence of virulence factors by tank and sampling week of the isolates
analysed at 22°C (A) and 37°C (B). H — haemolytic activity, L — lipase activity, G — gelatinase activity,
P — protease activity, S — slime production.

The vast majority of the isolates collected in both tanks were multidrug resistant (79%).
Prevalence of multidrug resistant isolates was higher in the control tank (84%) than in the test
tank (74.4%). The rate of multidrug resistance varied across the sampling weeks, but all the
isolates collected in the fifth week in both tanks were multidrug resistant. The multiple antibiotic
resistance (MAR) index values did not differ between experimental conditions (p=0.911).
However, a variance across the sampling weeks was observed in the fourth week (p<0.001)
and in the fifth week (p=0.003) and MAR index values significantly increased from the first to
the fifth week of sampling (Figure 25).
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Figure 25. MAR index values (mean + SEM) of the isolates collected in both tanks across the
sampling weeks.
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The susceptibility dynamics to the tested antimicrobial compounds varied across
weeks (Figure 26). Several antibiotics presented significant differences among sampling
weeks. For aztreonam, isolates in the first week were more susceptible than those collected
in the fifth week of sampling (p=0.038). Similar trends were observed for ceftazidime
(p<0.001). Although isolates collected in the third week were more susceptible to enrofloxacin
than those from the first week (p=0.017), isolates collected in the fifth week were less
susceptible than those from the first week (p<0.001). Regarding imipenem (p=0.026), isolates
collected in the fifth week were more susceptible than those collected in the first week.
Regarding sulfamethoxazole/trimethoprim, isolates collected in the first week were more
susceptible than those collected in the third (p=0.012), the fourth (p=0.004) and the fifth weeks
(p=0.016).
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Figure 23. Relative prevalence of non-susceptibility to the tested antimicrobial compounds of
the isolates collected in both tanks across the sampling weeks. AK — amikacin, AUG —
amoxicillin/clavulanic acid, ATM — aztreonam, CAZ — ceftazidime, E — erythromycin, ENF — enrofloxacin,
FFC — florfenicol, IMI — imipenem, NI — nitrofurantoin, S — streptomycin, T — tetracycline, TS —

sulfamethoxazole/trimethoprim.

4.5. Discussion

Establishing a successful ex situ breeding program is challenging. Along with the
difficulties to closely recreate natural habitat conditions for the subject species in the ex situ
settings, it is fundamental to decrease chances of disease acquisition during the program’s
duration and to secure limited transmission of important pathogenic agents and their genetic
information to natural habitats upon relocation in the wild. Developing husbandry techniques

that help mitigate such drawbacks in an ex situ program is essential. In this study, we expose,
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for the first time, the role of aquatic ex situ breeding programs in the amplification of
antimicrobial resistance and raise concerns regarding the subsequent introduction of
antimicrobial resistance determinants into natural environments upon animal reintroductions
into the wild. Similarly, we show that humans working in close association with these programs
can acquire important zoonotic bacterial species when safety measures are disregarded. Our
results also suggest a trend between the use of protective measures during husbandry of the
animals in the ex situ program and the decrease of Aeromonas spp. prevalence and

pathogenic potential.

It is important, however, to acknowledge a major limitation in this study driven by the
selected experimental setup. By using only one tank to represent each of the experimental
treatments evaluated, and therefore not including replicates that could evidence variability
associated with each tank, this study does not fully corroborate the definitive link between the
protective measures tested and the observed changes in bacterial dynamics and virulence
expression. Although current findings suggest an effect of the tested measures in these
parameters, other factors not controlled by the experimental set up could have influenced the
dynamics in the tanks differentially. Despite the number of fish individuals available, their
intrinsic characteristics and the technical limitations present, the current study is considered
an important preliminary investigation in this field and should be complemented with further

investigations.

Despite that Aeromonas spp. prevalence in fishes was similar among tanks during
most of the experimental period, a significant decrease was observed in the last week in the
test tank. Similarly, no Aeromonas spp. were retrieved from food sources in the test tank,
whilst they were detected in the food administered to the animals in the control tank in two of
the sampling procedures. It is noteworthy that the isolates collected from the food sources
were clones, highlighting a common source of contamination. Members of the genus
Aeromonas have previously been isolated from fomites (Flores et al. 2021). In a study
conducted by Bebak et al. (2015), the risk of A. hydrophila outbreaks in cultured catfish
significantly increased when animals were seined. Since disinfection protocols, although
available (Sadler and Goodwin 2007), are often not regularly implemented, this type of
materials represents an important fomite for pathogen introduction into fishes’ populations.
Current results shed light on the role that materials commonly used during the husbandry of I.
lusitanicum and other leuciscid species under ex situ conditions, such as hand nets for animal
capture and plastic containers for food thawing and preparation, might have in the
transmission and persistence of important aquatic pathogens in aquarium tanks used for
conservational purposes. Additionally, and since Aeromonas spp. are commonly isolated from

tap water (Emekdas et al. 2006; Meng et al. 2020), the use of such water to thaw frozen food
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for administration can constitute another transmission channel to fishes housed in captive

breeding programs.

Although expected, due to the lack of disinfection protocols, it was not possible to
isolate Aeromonas spp. from the hands and arms of the aquarists involved in this study prior
to animal handling. Nevertheless, after handling I. lusitanicum individuals, the aquarists’ hands
and arms yielded Aeromonas spp. The zoonotic potential of some species belonging to the
Aeromonas genus is acknowledged and their role as emergent pathogens has been stressed
in recent years (Fernandez-Bravo and Figueras 2020). By harbouring a distinct cluster of
Aeromonas spp., it seems that the most likely route for bacterial acquisition in aquarists was
through contact with tank water. Additionally, some isolates collected from the hands of
aquarists in distinct weeks were clones, highlighting the success that some strains have in
remaining in the tank environment over prolonged periods (Rahman et al. 2007). The lack of
biosafety measures such as the use of gloves or hand disinfection results in the acquisition of
bacterial pathogens by the aquarists and can evolve into clinical manifestations of disease in
certain situations. The development of such infections is possible in people handling aquatic
species, being sometimes amplified by cuts and abrasions present in the skin, and can often
result in disease ranging from wound infection to sepsis (Lehane and Rawlin 2000; Lowry and
Smith 2007). Additionally, this finding highlights the possibility of aquarists acting as vectors
of bacterial transmission among animals housed in different settings in captivity. Although
further research would be needed to clarify this link, it is important to stress that the use of
biosafety measures would likely decrease the probability of pathogen transmission during

husbandry actions with aquatic species.

Although Aeromonas species structure was similar in the beginning of the trial in both
tanks, shifts in the bacterial structure of both tanks were observed across the extent of the
experiment. Nevertheless, an increase and predominance of A. hydrophila isolates was
observed. This similar trend can reflect different explanations. In one hand, it is possible that
a similar route of contamination existed for both tanks. As referred before, tap water can be a
vehicle for the transmission of Aeromonas spp. and the weekly addition of new water to the
tanks could have shaped the dynamics observed. Despite we failed to isolate Aeromonas spp.
in the water samples collected along the experiment, it is possible that this outcome relates to
methodological issues rather than lack of Aeromonas spp. prevalence in this matrix. On the
other hand, and since Aeromonas spp. structure in a certain aquatic environment is controlled
by its environmental conditions (Pathak et al. 1988; Araujo et. 1991; Rhodes and Kator 1994;
Pianetti et al. 2006; Popovic et al. 2015), it is possible that conditions shared by both tanks
favoured the development of A. hydrophila in detriment of other Aeromonas species.

Additionally, the species shifts observed for each tank possibly result from the use of protective
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measures in the test tank, although a definitive conclusion can’t be drawn. Actions that can be
met with the introduction of new bacterial strains — i.e., the use of handling material used for
individuals living in other tanks and that are not subjected to disinfection protocols — can
influence the pre-existing bacterial structure by disrupting the bacterial dynamics originally
experienced in the tank. Contrarily, decreasing the external pressures (i.e., by using protective
measures) on a determined ecosystem that is in equilibrium will likely retain the original
bacterial structure. Another important factor that can’t be downplayed are individual fish traits
(i.e., genotype, mucus constitution) that can influence bacterial structure in the skin and
determine bacterial colonization success. It is also important to acknowledge that, while RAPD
analysis may not be considered the most suitable methodology to perform bacterial diversity
assessments in Aeromonas spp., in the scope of this study, where clone identification and
bacterial transmission routes were being evaluated, this tool has proven to be cost-effective

and reliable, similarly to previous studies (Szczuka and Kaznowski 2004; Barroco 2013).

A significant reduction of the virulence expression at 22°C was observed in the isolates
from the test tank. This possibly occurred due to the absence of activity of selected virulence
factors in isolates collected from the test tank. One of the main routes for virulence acquisition
in bacteria is through the integration of virulence genes originating from horizontal gene
transfer, conferring fithess advantage to the bacterial strain along with an increased
pathogenic potential (Beceiro et al. 2013). Contact bridges between different hosts or
environments allow the transfer of such genetic information, along with microorganisms
carrying genes absent in the original microbiota. In our study, the measures applied in the test
tank appeared to prevent the exchange of such virulence determinants between used material
and aquarists and I. lusitanicum individuals, resulting in a significantly lower virulence potential
from the isolates collected in this tank. Another hypothesis is related to the bacterial
communities in each tank, that by differing between tanks could also present differential
virulence indexes, being then independent of horizontal gene transfer. The same pattern was
not observed at 37°C. Temperature is an important driver of virulence gene expression, since
bacteria sensor systems perceive environmental modifications and modulate its gene
expression (Guijarro et al. 2015; Rasmussen-lvey et al. 2016a). As a response to heat
increase, Aeromonas spp. will up-regulate virulence pathways, which will result in the
increased production of extracellular products (Guijarro et al. 2015; Pattanayak et al. 2020).
As a consequence, Aeromonas spp. will display higher virulence and, hence, higher

pathogenic potential.

High rates of multidrug resistance levels in the isolates collected in this study are
alarming. Additionally, the significant increase of MAR index values in both tanks across the

extent of the experiment highlight the role that breeding programs might have in the
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dissemination of resistance determinants to wild threatened populations after restocking
actions with captive bred animals. Although in this study we focused in aquatic animals, our
results are in accordance with previous studies (Power et al. 2013; Stoddard et al. 2009)
conducted in ex situ conservation programs of terrestrial animals, reinforcing this idea. It
seems that the applied protective measures failed to prevent antimicrobial resistance
acquisition and dissemination. Since similar prevalence’s of non-susceptibility among the
isolates from both tanks were registered for the tested antimicrobial compounds, and the
observed dynamics across the weeks were equal between tanks, a common source of
contamination is the most likely route for the introduction of resistance determinants into the
tanks. Despite the fact that different techniqgues are employed to remove resistance
determinants, tap water still presents antibiotic resistance genes (Su et al. 2018). Furthermore,
guantity and type of antibiotic resistance genes in the water treatment system are dynamic
and dependent on the bacterial species present (Jiao et al. 2018). Hence, it is likely that the
acquisition and amplification of antimicrobial resistance in both tanks, as well as the dynamics
observed along the sampling weeks, are a reflection of the resistome of the water used in the

tanks.

4.6. Conclusion

Biosafety measures should be a critical component of any ex situ breeding program,
ensuring the successful outcome of the process. In this study, we evaluated the use of
protective measures on the prevalence, structure, diversity, virulence expression and
antimicrobial susceptibility profiles of a potential fish and human pathogenic genus —
Aeromonas — and found differences in both prevalence levels and virulence expression in
isolates from animals subjected to those measures. Investigations both on the use of biosafety
measures, as on antimicrobial resistance and virulence acquisition, lacked in breeding
programs of aquatic species. Simple protective measures, such as the disinfection of the
handling material and the use of gloves when manipulating animals, can be easily
implemented without substantial cost increments and provide significant improvements for the
animals’ welfare. Although antimicrobial resistance transmission was not prevented with
current tested measures, the results in terms of reducing both the prevalence of a potential
pathogenic agent, as well as its virulence potential, suggests an advantage in implementing
such strategies in aquatic ex situ breeding programs. However, further investigations need to
be implemented in order to prove this link. Further research should be conducted in order to
assess how these strategies affect the animals’ microbiome during the captivity time, as a

measure of the process disturbance, as well as to investigate efficacy regarding other
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important pathogenic agents in fishes. Additionally, methodologies for antibiotic resistance

determinants’ elimination in drinking water are urged.
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5.1. Abstract

Climate change is expected to create environmental disruptions that will impact a wide
array of biota. Projections for freshwater ecosystems include severe alterations with gradients
across geographical areas. Life traits in bacteria are modulated by environmental parameters,
but there is still uncertainty regarding bacterial responses to changes caused by climatic
alterations. In this study, we used a river water microcosm model to evaluate how Aeromonas
spp., an important pathogenic and zoonotic genus ubiquitary in aquatic ecosystems, responds
to environmental variations of temperature and pH as expected by future projections. Namely,
we evaluated bacterial growth, biofilm production and antimicrobial resistance profiles of
Aeromonas species in pure and mixed cultures. Biofilm production was significantly influenced
by temperature and culture, while temperature and pH affected bacterial growth. Reversion of
antimicrobial susceptibility status occurred in the majority of strains and tested antimicrobial
compounds, with several combinations of temperature and pH contributing to this effect.
Current results highlight the consequences that bacterial genus such as Aeromonas will
experience with climatic alterations, specifically how their proliferation and virulence and
phenotypic resistance expression will be modulated. Such information is fundamental to
predict and prevent future outbreaks and deleterious effects that these bacterial species might

have in human and animal populations.

5.2. Introduction

Environmental conditions are a major driver of bacterial activity and can shape the
expression of several metabolic pathways (Parter et al. 2007; Ratzke and Gore 2018).
Namely, such parameters have the potential to influence bacterial virulence (e.g., biofilm

formation) and antibiotic resistance signatures (De Silva et al. 2018; Huang et al. 2018).

Climatic scenarios, as predicted by simulation methodologies based on different levels
of emissions, are projected to significantly differ from currently observed meteorological
conditions (Pachauri et al. 2014). Regarding aquatic ecosystems, and patrticularly in
freshwater habitats, various environmental parameters are expected to be altered in the
coming years. Water temperature, directly influenced by air temperature, is expected to rise
across different habitats (Knouft e Ficklin 2017). Additionally, the occurrence of heatwaves will
likely increase, resulting in extended periods of drought associated with a low flow of
freshwater systems, a decrease in water level and in dissolved oxygen concentrations (Van
Vliet et al. 2011; Bucak et al. 2017; Griffith and Gobler 2020). Consequently, reduced dilution
of freshwater streams will also affect ion balance levels (Kaushal et al. 2018; Le et al. 2019).
These biotic changes will impact ecosystem dynamics and promote disruptions in species

equilibrium (Griffith e Gobler 2020; Dudgeon 2019). All of these events are expected to
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significantly decrease freshwater's quality (Mosley 2015). Ultimately, these changes
compromise future water availability, freshwater ecosystems’ structure and populations’
sustainability (Van Vliet et al. 2013; Pinceel et al. 2018; Rodell et al. 2018).

Natural aquatic ecosystems, often the last destination of terrestrial runoffs, are known
reservoirs of both antimicrobial resistance and bacterial virulence determinants (Chen et al.
2018). The microbiota present there, with or without direct connection with clinical infections,
constitute a pool of information to the terrestrial microbiota or can even be disseminated to
anthropogenic cycles (Peterson et al. 2018). This intricate connection between environmental
microbiota and bacterial genus with effects at the One Health level stresses the importance of
close surveillance of antimicrobial resistance and virulence dynamics in natural habitats in
order to prevent epidemic situations both in anthropogenic settings and natural habitats
(Alexander et al. 2015; Dias et al. 2020). Since modelling bacterial responses to changing
environmental parameters in natural habitats is challenging, lab simulations—e.g., microcosm
assays—are an important tool to predict how microbiota will respond to environmental cues

foreseen in climatic predictions (Friman et al. 2011; Saarinen et al. 2019).

We hypothesize that aquatic bacteria’s antimicrobial resistance signatures and
virulence traits, as well as their growth, may vary with changing environmental conditions. In
order to test this, we applied microcosm simulation assays using different water temperatures
and pH values following established emissions scenarios (Pachauri et al. 2014) to Aeromonas
spp.—a model bacterial genus ubiquitous across different aquatic ecosystems—and
evaluated changes in the antimicrobial resistance profile, biofilm production and growth of the

isolates under study.

5.3. Materials and Methods

5.3.1. Strain selection

Aeromonas species selection followed results obtained prior to this study (Grilo et al.
2021). Namely, the occurrence of mesophilic Aeromonas spp. was investigated in
Iberochondrostoma lusitanicum in four freshwater streams in the Lisbon district, Portugal
(Lizandro: 38.886701°, -9.298140°; Samarra: 38.894761°, —9.433734°; Jamor: 38.720832°,
-9.249696°; Laje: 38.709159°, -9.314079°) previously characterized by our team (Sousa-
Santos et al. 2016). A. caviae, A. hydrophila, A. media and A. veronii were considered the
most abundant species and, hence, included in this study. Strains were selected from a
bacterial library evaluated by a RAPD (random amplified polymorphic DNA) technique in order

to perform molecular typing and genomic differentiation. Three isolates of each Aeromonas
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species that were not considered clones, originating from different locations, were selected as

representatives for inclusion in the study (n = 12).

The strains’ ability to produce slime was evaluated using a phenotypical assay, Congo
Red Agar (22 °C, 72 h), as described before (Freeman et al. 1989). Only slime-producer

strains were selected for inclusion in the study.

Strains were stored in pure cultures in cryovials stored at —80 °C. Prior to their use,
resuscitation was performed by transferring 100 pL of each bacterial suspension to 8 mL of
Brain Heart Infusion broth (BHIB; VWR, Radnor, PA, USA), incubating for 24 h at 21 °C. After,
bacterial suspensions were transferred to solid mediums—BHI agar and Columbia Blood
(COS) agar (Biomérieux, Marcy-I'Etoile, France)—and incubated at 21 °C for 24 h. The purity
of the cultures was confirmed by macro and microscopic morphology, as well as by Gram
staining and phenotypic traits (oxidase production).

5.3.2. Biofilm formation quantification

In order to standardize the number of colony-forming units (CFU) in the suspensions
to be used in the quantification of biofilm formation, reference Aeromonas strains were
selected, namely A. caviae ATCC 1976, A. hydrophila ATCC 7966, A. media ATCC 33907
and A. veronii ATCC 35624.

Briefly, reference strains were incubated in BHI agar and COS agar at 21 °C for 24 h.
After incubation, for each reference strain, colonies were selected and inoculated in 5 mL of
0.9% saline solution until adjusting to a turbidity of 0.5 McFarland using a digital densitometer
DENSIMAT (Biomérieux, Marcy-I'Etoile, France). After homogenization, serial ten-fold
dilutions were performed in 9 mL of 0.9% saline solution (up to 107%). From each dilution (107
to 107%), 100 uL were collected and plated in BHI agar in duplicate, using sterilized glass
beads. Plates were incubated at 21 °C up to 48 h. Colonies were counted in both plates and
averaged. The number of CFU/mL was calculated using the formula (number of colonies x

dilution factor)/volume.

Biofilm formation was performed using the microtiter plate assay and quantification
was performed using the crystal violet method, as described before (Stepanovi¢ et al. 2000,
2007) with modifications. Bacterial colonies were collected from BHI agar and suspended in 5
mL of 0.9% saline solution until adjusting to a turbidity of 0.5 McFarland. Based on the pre-
established average CFU/mL for each Aeromonas species, concentrations were adjusted for
each strain in order to prepare a final concentration in the wells of the Nunc™ Microwell™
96-well plates (ThermoFisher Scientific®, Waltham, MA, USA) of 5 x 10° CFU/mL in a final

volume of 200 uL. As culture medium, Tryptic Soy Broth (TSB, VWR, Radnor, PA, USA)
110



supplemented with 0.25% glucose (Millipore®, Merck, Darmstadt, Germany) was used. A.
hydrophila ATCC 7966 is considered a strong biofilm producer; hence it was selected as a
positive control. As a negative control, TSB supplemented with 0.25% glucose was used in

six wells in each assay. The microtiter plate was incubated at 21 °C for 48 h.

After incubation, the content of all wells was carefully aspirated to eliminate planktonic
forms and the wells were washed three times at room temperature with phosphate-buffered
saline (PBS; VWR, Radnor, PA, USA) at pH 7.0. The PBS was discarded after the final wash
and the microtiter plate was incubated in an inverted position at 60 °C for 1h, for the adherent
cells to fixate. After, 150 pL of 0.25% Hucker crystal violet (diluted in de-ionized water; Merck,
Darmstadt, Germany) were added to the wells, followed by incubation at room temperature
for 5 min. The stain excess was aspirated, and the microtiter plate rinsed until the rinse was
free of stain. The microtiter plate was airdried at room temperature and, once dry, 150 uL of
95% ethanol (NORMAPUR®, VWR, Radnor, PA, USA) were added to each well for
solubilization of the stain. The microtiter plate was covered with the lid to avoid ethanol’'s
evaporation and incubated at room temperature for 30 min. After incubation, the optical density
(OD) of the microtiter plate was evaluated at 570 nm in a horizontal bidirectional reading using
the FLUOstar OPTIMA microplate reader (BMG LABTECH, Ortenberg, Germany). This assay
was performed prior and after the microcosm assay to enable further comparisons. In both

situations, three replicates were performed for each strain on independent days.

5.3.3. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed using the disk diffusion technique
(Bauer et al. 1966). Guidelines of the Clinical and Laboratory Standards Institute for
Aeromonas salmonicida testing were followed as reference (CLSI 2014), selected since the
testing temperature—22 °C—closely resembles the temperature used for the basal treatment.
The following antibiotics (Mastdiscs®, Mast Group, Liverpool, UK) were tested: erythromycin
(E, 15 pg), tetracycline (T, 30 ug) and sulfamethoxazole/trimethoprim (TS, 23.75-1.25 ug).
Antimicrobial compound choice followed options where epidemiological cut-off values were
available. A “wild-type” (WT) phenotype implies isolate susceptibility to the antimicrobial, while
a “non-wild-type” (NWT) phenotype implies that the isolate presents resistance mechanisms.
Escherichia coli ATCC 25922 was used as a quality control. This technique was performed
prior and after the microcosm assay to enable further comparisons. One strain from each
species was randomly selected to be tested. Only strains from pure culture microcosms (i.e.,
no strains from mixed cultures microcosms were used) were used to perform the antimicrobial
susceptibility testing. The same strain was used prior and after microcosm comparisons. In

both situations, 10% of replicates were performed on independent days.
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5.3.4. Microcosm assay

To evaluate the influence that water temperature and pH might have in the
antimicrobial resistance and virulence profiles of Aeromonas spp., a microcosm simulation
assay was developed. Testing variables (i.e., temperature and pH) were selected based on
the expected impact that climatic alterations will have in these two parameters in freshwater
ecosystems (Pachauri et al. 2014) and on the known influence of these variables on bacterial
biofilm formation and resistance acquisition/expression (Goller and Romeo 2008; Toyofuku et
al. 2016; Cruz-Loya et al. 2018; MacFadden et al. 2018; Mueller et al. 2019).

Regarding water temperature, four experimental conditions were used. First, a
condition representing the current water temperature values was created based on trends in
water temperature observed during higher temperature months (July to October) in the
Lisbon’s District rivers (Cascais, Oeiras and Sintra municipalities) in the period between 1985—
2016 and averaged (21 °C) (SNIRH 2021). Only sampling points located far from the river
mouth were selected to prevent temperature oscillations related to other water bodies.
Similarly, only sampling points with substantial datasets over a wide temporal frame were
selected (n = 6). Location was selected to match the origin of the bacterial isolates.
Additionally, two different 21st-century projections of climate alterations for the period of 2081—
2100 establishing different levels of greenhouse gas emissions and atmospheric conditions,
air pollutant emissions and land use were selected—representative concentration pathways
(RCP) 4.5, representing a scenario of medium stabilization (23.2 °C) and 8.5, representing a
scenario of high warming (24.5 °C) (Pachauri et al. 2014). To mimic a scenario of rapid
temperature fluctuations, the protocol established by Saarinen et al. (2019) was implemented
with modifications to accommodate Aeromonas spp. growth conditions and the temperature
ranges defined for this study. So, repetitions of 24 h cycles of either 24.5 °C or 21 °C were
applied. Additionally, to establish an initial time point to enable comparisons in both the
microtiter plate assay and the disk diffusion technique prior and after the microcosm assays,
a treatment (TO) mimicking the current water temperature and pH (21 °C, pH 7.61) was
included. Contrarily to the other treatments, the strains in TO were incubated in river water for
only 24 h.

Simulations from van Vliet et al. (2011) on the correlation between air and river water
temperature were used to determine final water temperature conditions for the RCP scenarios.
Additionally, river discharge level, which also affects water temperature, was based on
simulations by van Vliet et al. (2011, 2013) for the Iberian Peninsula and fixed at decrease

levels of 40%.

Regarding water pH, and since this parameter trends in rivers will vary according to
demographic and geologic characteristics of the areas adjacent to the river (Kaushal et al.
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2013; Oberholster et al. 2017), both a scenario of acidification and a scenario of alkalization
were included. Three conditions were created, two mimicking both previously described
scenarios and one establishing the current water pH conditions. Water pH values were
established based on trends accessed in the same datasets used for temperature (SNIRH
2021). The treatment established as the current condition was based on the average of the
values recorded in the analysed period (pH 7.61). The acidification scenario was based on the
average of the lowest pH values observed in all analysed rivers (pH 6.31), while the
alkalization scenario was based on the average of the highest pH values recorded (pH 8.61).

A summary of the experimental conditions used in this study is found in Table 7.

Table 7. Experimental conditions used in the microcosm assays. RCP—representative

concentration pathway.

Experimental Conditions

Temperature (°C) pH
Current 21 Current 7.61
RCP 4.5 23.2 Acidification 6.31
RCP 8.5 245 Alkalization 8.61
Fluctuations 21-24.5

Microcosm experimental setup was adapted from Zhang e Buckling (2012) and Cairns
et al. (2017). Water preparation was performed as described in Sautour et al. (2003). BHIB
was used as an addictive of river’s water to act as a nutrient source. This medium was used

at a 2.5% concentration to resemble the resource levels found in natural ecosystems.

Briefly, river water collected in a freshwater stream in the Lisbon district (Jamor:
38.720832°, —9.249696°) was filtered using a 0.22 um Millipore filter (Frilabo, Maia, Portugal)
and autoclaved at 121 °C for 20 min. For each water pH condition, BHIB was added to the
water and pH adjusted to match the conditions established using a HI-4521 Research Grade
pH/ORP/EC Bench Meter (Hanna Instruments, P6voa de Varzim, Portugal). Bacterial
suspensions were prepared by collecting colonies from BHI agar that were suspended in 5
mL of 0.9% saline solution until achieving a turbidity of 0.5 McFarland. Suspensions were
prepared in pure cultures and in mixed cultures (with only one strain of each species—A.
caviae, A. hydrophila, A. media and A. veronii—represented once). Nunc™ MicroWell™ 96-
well plates were used to establish the microcosm. In pure culture wells, 200 pL of the
respective medium were added, following the addition of 10 pL of the bacterial suspension. In
the mixed culture wells, 2.5 uL of each bacterial strain was used. In both situations, bacterial
suspensions were prepared in 0.9% saline solution previously according to the established

average CFU/mL of the reference strains to achieve a final concentration of 5 x 105> CFU/mL
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in each well. In the negative control wells, 210 uL of the respective medium was added. Plates
were incubated for 6 days in the respective temperature treatment inside an SSI10 SSI10-2
orbital shaking incubator (Shel Lab, Cornelius, NC, USA) at 150 rpm to mimic water turbulence
in the natural habitat. Every 48 h of incubation, renewal of the medium was performed by
adding 20 uL of the previous culture into a new plate with 180 uL of the respective medium.
At the end of each microcosm assay, the OD was read at 570 nm as described before to
determine bacterial growth. After reading, 10 uL from each well was transferred into BHI agar,
incubated at the respective assay’s temperature for 24 h and used for biofilm quantification,
antimicrobial susceptibility testing and species confirmation (in the case of the mixed culture
wells). The pH values for each assay were validated by randomly selecting bacterial cultures
across the three different pH used, as well as the negative controls mediums, and analyzed
using Neutralit® pH-indicator paper (Merck, Darmstadt, Germany). Tests were performed

immediately after incubation.

5.3.5. Aeromonas species confirmation in mixed culture wells

Following the microcosm assays, species confirmation in the mixed culture wells was
performed. Bacterial colonies with distinct macroscopic morphology in BHI agar were
selected and streaked into pure cultures. The purity of the cultures was evaluated by macro

and microscopic analysis, and Gram staining and oxidase production were evaluated.

Bacterial genomic DNA was obtained by the boiling method (Talon et al. 1998). To
achieve species identification, a multiplex PCR protocol previously described (Persson et al.
2014) was used with some modifications. This protocol targets the identification of the four
species included in this study. A. caviae ATCC 1976, A. hydrophila ATCC 7966, A. media
ATCC 33907 and A. veronii ATCC 35624 were used as positive controls.

Briefly, PCR mixtures were performed in a final volume of 25 pL, composed of: 12.15
ML of Supreme NZYTaqg 2 x Green Master Mix (NZYTech, Lisbon, Portugal), 10 pL of PCR-
grade water (Sigma-Aldrich, Saint Louis, MO, USA), 0.025 uL (0.05 uM) of primers A-16s,
0.25 pL (0.5 pM) of primers A-cav, 0.1 pL (0.2 pM) of primers A-med, 0.225 pL
(0.45 pM) of primers A-hyd, 0.075 pL (0.15 pM) of primers A-Ver; and 1.5 pyL of template
DNA. Thermocycler conditions included a hot start at 95 -C for 2 min; followed by 6 cycles
of denaturation at 94 -C for 40 s, annealing at 68 C for 50 s and extension at 72 -C for 40 s;
and 30 cycles at 94 -C for 40 s, 66 -C for 50 s and 72 -C for 40 s.

Amplification products were resolved by gel electrophoresis using 1.5% (w/v) agarose
in 1 x TBE Buffer (NZYTech, Lisbon, Portugal). Gels were resolved for 45 min at 90 V and
NZYDNA Ladder VI (NZYTech, Lisbon, Portugal) was used as a molecular weight marker.
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Gels were visualized using a UV light transilluminator. The images were recorded through
the Bio-Rad ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

5.3.6. Data & Statistical analysis

Prior to statistical analysis, the influence of the microcosm assay (i.e., other factors
than the water temperature and pH conditions) on the biofilm production and antimicrobial
resistance profiles were accessed by comparing the results obtained with the treatment
TO and current pH 7.61 (similar water temperature and pH conditions). A coefficient of
variation of 25% was set as a breakpoint and calculated individually for each Aeromonas
species. Minimal and maximal limits were calculated regarding TO values. Current pH
7.61 values that fell outside the limit were considered significantly different. Replicates
of isolates where this situation occurred were excluded from the subsequent analysis due
to possible bias (i.e., A. veronii #1 3rd replicate, mixed culture #1 2nd and 3rd replicates,
mixed culture #2 2nd replicate, mixed culture #3 1st and 2nd replicates). For antimicrobial
resistance profiles, a qualitative comparison of the epidemiological cut-off values between

the two treatments were performed and no deviations occurred.

Several isolate level response variables were analysed regarding temperature and
pH treatments. Using a factorial ANOVA where it was determined the difference in
values regarding TO treatment and Tukey’s multiple comparison test to evaluate differences
between treatments, the (1) biofilm production and the (2) bacterial growth were considered.
Using a stepwise linear regression and a point-biserial correlation, the influence of the
different Aeromonas species in mixed cultures on the production of biofilm was considered.
Pearson’s correlation was calculated between biofilm production and bacterial growth.
The statistical analysis was performed using IBM SPSS Statistics version 27 software
(IBM Analytics, New York, NY, USA). Graphs were produced using GraphPad Prism®
(GraphPad Software, San Diego, CA, USA, version 5.01).
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5.4. Results
Biofilm production by each of the Aeromonas strains in pure and mixed culture in the
different assays is illustrated in Figure 27. Each strain's response to temperature and pH was

variable between species and within the same species.

When considering results by groups (Aeromonas species individually and mixed
cultures), biofilm production in the mixed cultures’ wells was significantly lower (p<0.001) than
in the other groups. Additionally, water temperature also significantly influenced biofilm
production (p=0.006), with isolates exposed to the Fluctuations treatment producing less

biofilm (Figure 28). The different pH conditions tested did not influence biofilm production.

Regarding mixed culture wells, re-isolation and identification of the initial Aeromonas
pool added to each well was not possible with several combinations of temperature and pH
treatments. Aeromonas species prevalence at the end of microcosm assays varied across the
applied treatments and also between replicates (Figure 29). When evaluating the influence of
each individual Aeromonas species present in mixed cultures on the biofilm production, it was

observed that no species had a significantly different influence.

Some differences were observed regarding the growth of the isolates during the
experiment (Figure 30). Significant differences were recorded between the tested Aeromonas
species (p<0.001). A. veronii isolates presented significantly lower concentrations than the
other single and mixed cultures, while A. hydrophila presented significantly lower
concentrations than A. media and mixed cultures. Temperature (p<0.001) and pH (p=0.007)
treatments also influenced bacterial growth. While bacterial growth did not differ between
current and fluctuations treatments, it was significantly increased in the RCP 4.5 treatment
and decreased in the RCP 8.5 treatment. Bacterial growth was increased in acidic pH
conditions (6.31) when compared to alkaline pH (8.61). Specific associations were also found
between Aeromonas species and pH (p=0.002) and between temperature and pH (p<0.001).
While A. media and mixed cultures presented higher concentrations in water microcosms with
pH 6.31, A. caviae presented higher concentrations at pH 8.61. No differences were observed
at pH 7.61. Regarding the interaction between temperature and pH, concentrations in the RCP
4.5 treatment were higher at pH 6.31, decreasing until pH 8.61. For RCP 8.5, higher

concentrations were observed at pH 8.61.

The bacterial concentration was not correlated with biofilm production (rs=0.020,
p=0.676).
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RCP 8.5, F—Fluctuations) and the second the pH treatment. OD—Optical density.

Figure 247. Biofilm production by each strain and mixed culture (mean + SEM). Presented results
correspond to values subtracted to each treatment’'s negative control for normalization. The three
replicates’ results are presented by strain and mixed cultures, except for replicates where TO and
Current pH 7.61 were considered significantly different (A. veronii #1, Mixed cultures #1, #2 and #3).

First column in each graph represents the temperature treatment (C—Current, R4.5—RCP 4.5, R8.5—
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Figure 25. Biofilm production by individual Aeromonas species and mixed cultures (A) and in
different water temperature treatment — each treatment includes all strains results. (B). Presented
results correspond to values subtracted to each treatment’s negative control for normalization and to

the corresponding TO treatment values for comparison. OD—Optical density; *** p<0.001.
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Figure 26. Prevalence of Aeromonas species in the mixed cultured wells after the microcosm
assay. Each line corresponds to a distinct replicate belonging to one of the pH treatments (7.61, 6.31
and 8.61) from the tested mixed cultures (#1, #2 and #3). Each column represents an Aeromonas
species (AH—A. hydrophila, AM—A. media, AV—A. veronii, AC—A. caviae) from a specific
temperature treatment (Current, RCP 4.5, RCP 8.5 and Fluctuations).
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Figure 270. Bacterial concentration by Aeromonas species and mixed cultures (A), by water
temperature treatment (B) and by water pH treatments (C). Presented results correspond to values
subtracted to each treatment’s negative control for normalization and to the corresponding TO treatment

values for comparison. OD—Optical density. n.s. p>0.05, ** p<0.01, *** p<0.001.

Several changes regarding the antimicrobial resistance profile were observed among
treatments for the same isolate (Figure 31). Observations between the control treatment (TO,
pH 7.61) were similar to results obtained with the current treatment and similar pH levels.
Phenotype variation occurred in a strain-dependent way, and it was specific for each
antimicrobial compound tested. For all strains and antibiotics (except A. hydrophila and
tetracycline), modification of the original susceptibility category occurred with at least one

combination of treatments.

In certain situations, reversion of non-wild-type to a wild-type phenotype occurred only
with specific combinations of temperature and pH. This is the case of erythromycin
susceptibility and A. caviae, A. hydrophila and A. media. Regarding A. caviae and A. media,
the same treatment (i.e., Current and pH 6.31) caused this phenomenon. In other cases,

several combinations resulted in this reversion with no obvious pattern. The opposite was also
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observed (conversion from wild-type to non-wild-type) among the isolates. Although some
treatments seemed to result in this situation more often for some antimicrobial compounds

(i.e., RCP 4.5), a high variability was observed.

TO Current RCP 4.5 RCP 8.5 Fluctuations T'C

7.61 7.61 631 8.61 7.61 6.31 861 7.61 6.31 861 7.61 6.31 861 pH

A caviae

A. hydrophila

A. media

A veronii

e [ e

Species
Antimicrobial

Figure 281. Antimicrobial resistance phenotypes (WT—wild-type, susceptible; NWT—non-wild-
type, non-susceptible) of the Aeromonas isolates regarding water temperature and pH

treatments. E—erythromycin, T—tetracycline, TS—sulfamethoxazole/trimethoprim.

5.5. Discussion

Investigating how bacteria will evolve with environmental cues using natural habitats
is a difficult task. Instead, the use of microcosm simulations allows the exploration of such
associations, ensuring experimental control and uniformity. This methodology represents a
first step in the prediction of transformations to occur in important bacterial genus with an
impact at the One Health level, such as Aeromonas spp., and prepare for future outbreaks or
phenotypical changes with consequences to public health. In this study, we show that different
Aeromonas species adapt their growth, biofilm production and antimicrobial resistance
signatures to environmental projections related to climatic alterations (i.e., temperature and
pH) in water, highlighting the role that future climatic events will have in shaping bacterial
activity, as well as virulence and resistance expression. It is noteworthy that, in this study,
differences regarding growth, biofilm production and antimicrobial resistance signatures were
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observed using relatively small temperature and pH amplitudes, which are more likely to reflect

future climatic trends.

5.5.1. Biofilm production

In general, the studied isolates presented variability in the production of biofilm when
exposed to the different temperature and pH treatments. Although some response patterns
were present, the disparity in results between isolates of different species and within the same
species highlights the fact that individual characteristics will govern how an isolate will respond
to environmental cues; however, significant associations were observed. Mixed cultures
produced significantly less biofilm when compared to the Aeromonas species individually. At
the end of the microcosm assay, it was not possible to isolate all Aeromonas species in many
mixed cultures. Some species absence was more evident than others (e.g., A. caviae in mixed
culture #3 along the various temperature and pH treatments), although a general pattern was
not present. Additionally, and while pH treatments seem not to influence biofilm production
significantly, temperature influenced biofilm production in Aeromonas spp. Namely, isolates
exposed to temperature oscillations (i.e., Fluctuations) produced less biofilm. Such biofilm
production was not dependent on bacterial concentration. Distinct Aeromonas species display
specific preferences regarding environmental parameters (Abbott et al. 2003; Wang and Gu
2005). Although Aeromonas spp. possess stress response mechanisms to deal with
environmental oscillations (Awan et al. 2018), they still impact several aspects of bacterial life.
If the combined temperature and pH conditions fall within the optimal range for multiplication
and virulence expression for each isolate, they will dictate the isolate’s competitiveness and
ability to survive in an environment composed of multiple species (Thomas et al. 1996; Lopez-
Vazquez et al. 2009). Further, the level of interspecific competition for the limited resources
will also hinder each isolate’s ability to allocate nutrients to processes such as biofilm
production, contrary to what occurs in pure cultures (Yuan et al. 2020). Finally, environmental
oscillations of abiotic factors, such as temperature, will create additional disturbances for the
bacterial communities (Saarinen et al. 2019) and the overall combination of external stressors

with internal competition is likely to impact the final biofilm production.

5.5.2. Bacterial growth

In this study, a disparity in bacterial growth during the microcosm experiments was
observed between the studied species (both in pure culture and in mixed culture). Overall, A.
veronii isolates displayed a significantly lower growth when compared with other tested
groups. Delamare et al. (2000) highlighted lower growth patterns by A. veronii when compared

to other Aeromonas species (i.e., A. hydrophila, A. media and A. caviae). Growth rate
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variability is a consequence of phenotypic diversity in bacteria (Nana et al. 2018). Such
variability can be the result of the nutrient uptake rate by the bacterial cell and of the resource’s
distribution between the processes occurring in the bacterial cell (Goelzer and Fromion 2011).
Aeromonas strains and species growth variability likely reflect different limitations in these
processes among the isolates, which can also explain differences observed not only for A.
veronii but also for A. hydrophila. In the mixed cultures group, this pattern was not observed,
and two hypotheses can be drawn: either other Aeromonas species present in the culture
compensated for lower growth rates by A. veronii, or interspecific competition eliminated A.
veronii presence in the microcosm wells (as stated in Figure 3), facilitating the growth of other

species or cancelling the growth effect A. veronii had in the total growth.

Both changes in water temperature, as well as in the pH conditions, played a significant
role in the growth of Aeromonas spp. Regarding temperature, a biphasic effect was observed:
while small increments in water temperature (i.e., RCP 4.5) seem to benefit the Aeromonas
species under study, both in pure and in mixed cultures and favour their proliferation; once
reaching a certain threshold imposed by higher temperatures (i.e., RCP 8.5), such boosting
effect is lost and bacterial growth is lowered. Temperature is a determinant in bacterial growth
and Aeromonas typically increase both growth and metabolic activity and decrease lag phase
when experiencing higher environmental temperatures (Cavari et al. 1981; Sautour et al.
2003); however, such growth reaches a plateau with temperature increments and starts to
decrease before reaching maximum thermal tolerance (Palumbo et al. 1985), highlighting the
role of thermal stress as a regulator of bacterial growth. It is noteworthy that, although cultures
subjected to the fluctuation treatment experienced similar temperature values, such as the
ones in the RCP 8.5 treatment, alternate exposure to higher (24.5 °C) and lower (21 °C)
temperature values likely created buffer periods in which bacterial cultures could stabilize and

multiplicate.

Regarding pH, the overall growth of Aeromonas spp. was higher in acidic environments
when compared to alkaline environments. While some authors found a non-significant effect
or a negative effect of pH on Aeromonas growth (Kngchel 1990; Sautour et al. 2003;
Vivekanandhan et al. 2003), Aeromonas are evolutionarily adapted to low pH environments,
such as the gastrointestinal environment, and have built cellular responses (i.e., protective
protein synthesis) that allow for acid tolerance (Karem et al. 1994). Additionally, when exposed
to acidic environments, the lag phase in Aeromonas is significantly shorter, prompting the
beginning of the following growth phases sooner (Buncic and Avery 1995); however, it is likely
that different Aeromonas species display specific niche preferences and have evolved towards
tolerance in different pH gradients. This explains why in this study some groups exhibited

higher growths in acidic treatments (A. media and mixed cultures), while others performed
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better in alkaline pH (A. caviae). Additionally, both temperature and pH seem to play an
interactive role, conditioning higher growth of Aeromonas spp. with specific combinations (i.e.,
RCP 4.5 and acidic pH, RCP 8.5 and alkaline pH).

5.5.3. Antimicrobial resistance profiles

Climate change has been implicated as a factor involved in increasing levels of
antimicrobial resistance among different bacterial species in prolonged temporal sets. Distinct
spatial patterns occur globally and are connected with local climacteric variability, highlighting
how distinct geographical areas will be impacted by this problem in different proportions
(Alvarez-Uria and Midde 2018; Kaba et al. 2020). Specifically, regions expected to be more
vulnerable to climacteric alterations are also the ones predicted to accumulate the highest
prevalence of antimicrobial resistance (Reverter et al. 2020). Some authors report the role of
increasing temperatures over time in the overexpression of this phenomenon in species such
as Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus
aureus (MacFadden et al. 2018; Kaba et al. 2020). In a meta-analysis with isolates collected
in aquacultures conducted by Reverter et al. (2020), a similar conclusion was drawn for
bacterial genera commonly infecting aquatic animals. In this study, we show that climatic
scenarios of changing temperature and pH can alter the antimicrobial susceptibility profile of
different Aeromonas species. Although species belonging to the Aeromonas genus are
normally  resistant to erythromycin and  susceptible to tetracycline and
sulfamethoxazole/trimethoprim, the selected strains in this study displayed variable
susceptibility status to these antimicrobials; however, and with the exception of one strain (A.
hydrophila and tetracycline), reversion of the original susceptibility status occurred for all

tested strains and antimicrobial compounds at least in one experimental condition.

In some situations, reversion of non-susceptibility to susceptibility to the tested
antimicrobial compounds was observed. Antibiotic resistance represents a fitness cost for
bacterial species and the development of resistance is modulated by this parameter (Anderson
and Hughes 2010; Sundqvist 2014). Resistance to antimicrobial compounds can impact
important cellular activities or be met with higher energetic costs related to gene expression
needs (Melnyk et al. 2015; Hernando-Amado et al. 2017). Thus, when experiencing amplified
fitness costs, such as those provided by changes in temperature and pH, the rate of resistance
reversibility in bacteria increases (Andersson and Hughes 2010). In this study, it seems that
several combinations of water temperature and pH treatments resulted in the phenomenon
that accommodates this hypothesis; however, resistance development was also observed in
this study for strains displaying wild-type status. In alternative to resistance acquisition through
horizontal gene transfer, a process known to be modulated by temperature conditions
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(MacFadden et al. 2018), de novo mutations (including recombination) can explain antibiotic
resistance development in the absence of resistance determinants or antimicrobial pressure
in the environment (Melnyk et al. 2015; Hernando-Amado et al. 2017), as in this study. In fact,
increasing temperatures have been associated with genome-wide selection of these
mutations (Berger et al. 2021). Despite the costs in fithess already described for resistance
acquisition, bacterial species have the potential to downplay such costs by means of
compensatory evolution by developing mutations that will decrease fithess cost without
compromising antimicrobial resistance or by performing physiological adaptations or activating
specific systems that buffer mutational effects and fitness costs (Melnyk et al. 2015; Freihofer
et al. 2016; Hernando-Amado et al. 2017; Fay et al. 2021). Different factors can influence the
acquisition of antibiotic resistance in these settings, such as thermal stress or changes in pH
(McMahon et al. 2007; Rodriguez-Verdugo et al. 2013). Antimicrobial resistance development
occurred in this study for several combinations of water temperature and pH treatments. It is
likely that the final antimicrobial susceptibility of the isolates corresponds to an “arms race”
between external stressors impact, fithess costs and genetic adaptation by the bacteria,
unravelling a non-linear relationship between the tested variables and the antimicrobial

susceptibility of Aeromonas spp.

5.6. Conclusions

Current results show how Aeromonas spp. will respond to projected environmental
shifts in water temperature and pH. Namely, that temperature increments will have a
biphasic effect on Aeromonas spp. growth, while this bacterial genus will multiply better in
acidic environments. Further, Aeromonas spp. biofilm production will be decreased due to
temperature oscillations and microbial interactions in mixed cultures. Finally, antimicrobial
resistance signatures of Aeromonas spp. will vary individually to changing temperature and
pH parameters. Although general patterns were observed, it is evident that modulation
of the intrinsic bacterial characteristics varies across isolates and that the final expression
pattern will be influenced by environmental drivers and individual variability; however, the
general patterns determined with this study deepen our knowledge on bacterial alterations
expected in aquatic environments, strengthening our awareness and response to future

bacterial outbreaks and how to deal with them.

Simplification of experimental settings, such as the approach applied in this study,
has the limitation of disregarding the role of many other biotic and abiotic factors that
can play a role in bacterial growth and virulence and resistance expression. Additionally,
focusing on one bacterial genus to study such interactions is a major limitation of this

study, since it fails to represent both the outcomes of a bacterial community that closely
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resembles natural communities, as well as beneficial and detrimental effects of distinct
bacterial strains/species on a particular bacterial strain in focus. Further development of
microcosm experiments to accommodate more complex networks of drivers and bacterial

communities is required.
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Sub-Chapter 6.1. Discussion

Health assessments of wild fish populations without economic importance, concerning
threatened Iberian leuciscids in particular, has been a neglected area of fish conservation
(Maceda-Veiga 2013). Regarding threatened Iberian leuciscids, established investigations
often focused on pathogens prevalence alone, without establishing health parameters for the
host species, describing pattern differences between populations/species or understanding
the dynamics associated with the host-pathogen interaction (Bueno 1980; Teixeira et al. 2018;
Rocha et al. 2019; Dias et al. 2020; Benovics et al. 2021). Furthermore, several studies relied
on euthanasia of the hosts to perform such investigations, a technique considered

unsustainable when working with imperilled species (Santos et al. 2019, 2021).

While investigating topics related to fish population health with important pathogenic
agents, active surveillance schemes are also opportunistic platforms to unravel antimicrobial
resistance and virulence prevalence in bacterial indicator species and to disclose natural

reservoirs with potential impacts at the One Health level (Vittecoq et al. 2016).

Additionally, and since translocation into captivity and ex situ breeding programs are
common and useful tools in the conservation of threatened Iberian leuciscids (Sousa-Santos
et al. 2014b), it is essential to develop biosafety protocols that help to decrease potential
pathogens prevalence, pathogenicity and dissemination across the program constituents (i.e.,
fishes in the program, handlers, other animals in the institution), at the same time that try to

tackle antimicrobial resistance acquisition and dissemination among different landscapes.

Finally, to understand bacterial responses in terms of antimicrobial resistance and
virulence profiles to projected climatic scenarios, and especially in regions where
environmental alterations are expected to be particular evident and antimicrobial resistance
accumulation is expected to be high (Reverter et al. 2020), such as the Iberian Peninsula, it is
essential to perceive the interaction scenario in which threatened Iberian leuciscids and

potential pathogenic agents will co-exist.

In this PhD thesis, a focus on the interaction between mesophilic Aeromonas spp. and
I. lusitanicum (and S. pyrenaicus to a lesser extent) was made in order to generate important
information that can be of assistance in conservation management planning of threatened
Iberian leuciscids, as well as important surveillance markers for Health agencies of
antimicrobial resistance and virulence determinants in freshwater streams from the Lisbon

district.
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6.1.1. Mesophilic Aeromonas in threatened Iberian leuciscids

For the first time, we conducted a bacterial survey regarding an important freshwater
fish pathogenic genus — Aeromonas — in the critically endangered . lusitanicum. We support
past concerns from other authors in relationship to the dry season being a critical time period
for threatened lIberian leuciscids (Maceda-Veiga 2013; Sousa-Santos et al. 2016), by
demonstrating that fishes experience higher prevalence and extension of skin lesions during
this season, while presenting a trend of poorer condition score (without statistical evidence).
Origin of the populations, and hence the habitat to each they are exposed, also influences this
pattern, reinforcing the idea that individual populations of threatened Iberian leuciscids need
to be addressed as Operational Conservation Units (OTU’s) (Robalo et al. 2007b; Sousa-
Santos et al. 2016) regarding their health status as well, a consideration that should be
mandatory in their management plans. Furthermore, our findings support evidence regarding
juveniles’ susceptibility to adverse conditions (Wang et al. 2008; Cornet et al. 2020) by
concluding that body condition is lower and extension of skin lesions is higher in this group
than in adults, raising concern regarding juveniles’ survival, recruitment and future

sustainability of the species.

Although causality between skin lesions and mesophilic Aeromonas spp. could not be
proven in our study, we demonstrated that structure in the Aeromonas communities
associated with |. lusitanicum individuals is dependent of the origin and of seasonality, and
furthermore we show that the predominance of species considered more pathogenic (i.e., A.
hydrophila) is stronger in the dry season, being replaced to an extent in the wet season. This
type of phenomenon (i.e., species predominance) is common in bacterial infections, where
pathogenic strains tend to be overexpressed and decrease bacterial diversity (Rahman et al.
2002; Hossain et al. 2014; Rasmussen-lvey et al. 2016b). Additionally, A. veronii high
prevalence was associated with the population with the highest extension of skin lesions and
the lowest body condition (i.e., Samarra in the dry season). Our results support building
evidence for the role of this species as a primary pathogen (Ran et al. 2018), rather than an
opportunistic one, and suggest specific epidemiological scenarios in Portuguese freshwater
habitats that do not correspond to the majority of reported cases (Cipriano 2001; Smith et al.
2019).

We also showed that sympatric threatened Iberian leuciscids, despite being influenced
by similar environmental conditions, can display different levels of skin lesions’ extension and
that higher levels of skin lesion are accompanied by specific Aeromonas clusters that have
higher pathogenic potential. Such results support the evidence that host-microbiome
associations are influenced by specific factors, such as the host’s genetic background (Smith

et al. 2015; Steury et al. 2019), and that a further knowledge regarding inter-species

128



susceptibility to pathogenic agents is needed in order to identify populations at higher risk of
developing infections and prioritize conservation managements to counteract the effects such

infections could have in the sustainability of the population (Figure 32).

1. lusitanicum

A. 1. lusitanicum B.

S. pyrenaicus

Wet season

Figure 292. Schematic results of chapter 2 (A and C) and chapter 3 (B). LA — Laje, LI — Lizandro,
J- Jamor, S — Samarra. Created with BioRender.com.

6.1.2. Wildlife reservoirs of antimicrobial resistance and virulence determinants
in mesophilic Aeromonas

Despite the fact that surveillance of antimicrobial resistance and virulence
determinants has become more common in aquatic ecosystems, and particularly in Portugal
(Tac@o et al. 2015; Varela et al. 2016; Gomes et al. 2021), following recognition of these
habitats as reservoirs of important determinants at the One Health level (Fletcher 2015; Chen
et al. 2018), we showed for the first time the role of small freshwater streams in the Lisbon
district area as reservoirs of antimicrobial resistance and virulence determinants. Furthermore,
we exposed how wild populations of I. lusitanicum are colonised by microbiota harbouring
such determinants and provided evidence for their role as reservoirs in the wild. It is
noteworthy that such streams are in close association with anthropogenic settings, often being
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used for a variety of activities (e.g., agriculture, recreational), contributing to a close contact
with these populations and creating interaction bridges that culminate in antimicrobial

resistance and virulence acquisition by the human and domestic animal populations.

The prevalence of virulence factor’s activity by the isolates collected in this study, and
hence their pathogenic potential, was higher in the dry season. Not only this result constitutes
a concern for the I. lusitanicum populations homeostasis, already experiencing severe
adverse environmental conditions during this period, but is also alarming for human and
domestic animals in close contact with these streams, as in this season their interaction with
aquatic habitats may increase (i.e., irrigation necessities, fluvial beaches), consequently being

more exposed to strains with higher pathogenic potential.

Our results suggest that the MAR index of the collected isolates and the prevalence of
multidrug resistant strains is highly influenced by seasonality, exposing the wet season as a
period for higher accumulation of antimicrobial resistance in mesophilic Aeromonas spp. from
I. lusitanicum. We also observed lower multidrug resistant prevalence than in other studies
conducted with Aeromonas spp. (Perretta et al. 2018; Borella et al. 2020), including in other
regions of Portugal (Gomes et al. 2021). Our results suggest a lower selective pressure in the
surveyed streams in comparison with other locations. However, it is noteworthy that we still
found considerable prevalence of resistance phenotypes associated with carbapenem and
guinolone resistance. We showed that such phenotypes are established in wild I. lusitanicum
populations, urging further investigations on sources of antimicrobial resistance determinants
and antimicrobial compound introduction in small riverine streams such as the studied ones,
as well as in the establishment of prevention and educational measures to decrease posterior

dissemination to the human and domestic animal populations (Figure 33).

MAR Index Virulence Index

Dry season Wet season

Figure 30. Schematic results of chapter 2. Created with BioRender.com.
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6.1.3. Biosafety protocols for mesophilic Aeromonas in ex situ breeding
programs for threatened Iberian leuciscids

Although some work regarding ex situ programs, biosafety measures and antimicrobial
resistance acquisition has been developed in the past with terrestrial species (Stoddard et al.
2009; Power et al. 2013), we have implemented the first experimental investigation in ex situ

program for aquatic species.

Despite the technical limitations existing prior to study, such as sample size, fish
characteristics and infrastructures available, hampering the causality link between studied
measures and the observations made, our results suggested that the use of simple protective
measures has the potential to decrease the prevalence of mesophilic Aeromonas spp., retain
an Aeromonas community more closely resembling the one present in the natural habitat and
decrease the pathogenic potential of Aeromonas isolates to I. lusitanicum in the breeding

program.

Our results also showed how husbandry techniques associated with the ex situ
program can be a vehicle for mesophilic Aeromonas spp. acquisition by aquarists working in
this field. The recognition of the Aeromonas genus as emergent pathogens is widely
acknowledged (Fernandez-Bravo and Figueras 2020), and professionals working with aquatic
species are considered at risk of developing infections with these bacterial species, especially
when presenting skin abrasions or cuts (Lehane and Rawlin 2000; Lowry and Smith 2007). A
change of behaviours is urged in the husbandry of aquatic species in ex situ programs, not
only regarding personal health safety for handlers, but also to prevent dissemination of

pathogenic agents across different background animals.

The studied biosafety measures were not successful in preventing antimicrobial
resistance acquisition in the ex situ program. In fact, similar to findings reported by previous
studies (Stoddard et al. 2009; Power et al. 2013), we showed that prevalence of multidrug
resistant isolates was high along the period of the experiment and that the MAR index values
of the isolates in both conditions were higher in end of the experiment when compared to the
beginning. We suggest a common route of antimicrobial resistance determinants (i.e., water
introduction) in both tanks. Our findings suggest that the further relocation of I. lusitanicum
individuals into their natural habitat can be met with the introduction of new antimicrobial
resistance determinants, which raises concern on the role of these actions in promoting new
antimicrobial resistance reservoirs in Portuguese freshwater habitats. Despite this fact and the
need to continue pursuing methodologies that prevent antimicrobial resistance acquisition and
dissemination by ex situ programs, their value as a last resource in the conservation of
threatened Iberian leuciscids needs to be taken in consideration when evaluating pros and

cons (Figure 34).
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Figure 31. Schematic results of chapter 4. Created with BioRender.com.

6.1.4 Growth, biofilm production and antimicrobial resistance responses of
mesophilic Aeromonas to climacteric alterations

We explored, for the first time, the effects that future environmental projections have
in mesophilic Aeromonas spp. growth, biofilm production and antimicrobial resistance
signatures, and showed that future climatic scenarios will influence these species proliferation
ability, as well as their capability of producing biofilm and their antimicrobial resistance profiles.
However, we also showed that, despite conclusions can be drawn for the tested species as a

group, strain variability is evident.

Our results suggest that mesophilic Aeromonas spp. will benefit from small
temperature increments, increasing their growth potential, while greater increments will reduce
it. Furthermore, their growth will be higher in acidic aquatic environments. It is noteworthy that
these changes will coincide with the warmer months of the year, a period already considered
critical for I. lusitanicum populations (Maceda-Veiga 2013), and that a higher proliferation of
mesophilic Aeromonas spp. will enhance the contact and colonization of these individuals.
Although we did not find a correlation between higher mesophilic aeromonads and the
extension of skin lesions in I. lusitanicum and in S. pyrenaicus in our previous work, another
study explored this relationship and suggested the potential risk for infection development with

higher loads (Samayanpaulraj et al. 2019).
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Despite this, we also found evidence that biofilm production in mesophilic Aeromonas
spp. will be affected by temperature oscillations, a phenomenon expected to increase with
climatic alterations (Saarinen et al. 2019). These finding suggests mesophilic Aeromonas spp.
will likely experience difficulties in expressing their virulence mechanisms under harsher
environmental conditions, but a likely rapid bacterial evolution in response to continued
environmental stimulus can also indicate that longer exposure periods that those tested in this
work can result in a bacterial adaptation. This consideration is similar to the antimicrobial
resistance phenotypic expression, which can be prompted or silenced with a variety of
combinations of the tested treatments of environmental parameters as evidenced by our
results. Nevertheless, these findings provide valuable knowledge on future responses of
mesophilic Aeromonas spp. to climatic alterations, that need to be taken into consideration in
long-term management of threatened Iberian leuciscids (Figure 35).
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Figure 32. Schematic results of chapter 5. WT- wild-type; NWT — non-wild-type. Created with
BioRender.com.
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Sub-Chapter 6.2. Conclusions

The findings exposed in this thesis contribute to our knowledge on the interaction
between mesophilic Aeromonas spp. and threatened Iberian leuciscids. Conservation
Medicine and active surveillance approaches need to be addressed as fundamental parts of
any successful conservation program for a species at risk of extinction. Health assessments
are crucial management evaluation tools since changes in a population homeostasis can
inform us on imbalances occurring between individuals and the habitat they occupy.
Furthermore, they can be considered additional ecological indicators of environmental quality,
complying with international legislation requiring such interventions (e.g., Water Framework
Directive in Europe). In addition to health evaluations of wild populations, guaranteeing the
safety associated with the translocation of this species into captivity is essential and constant
efforts need to be made in order to decrease pathogen presence and virulence in ex situ
programs, as well as to decrease possible deleterious effects associated with these actions.
Finally, unravelling bacterial responses to future environmental scenarios further increases
our prediction power towards host-pathogen interactions, hence making possible the creation
of more robust conservation management plans. Decision making based on informed scientific
data increases the probability of success of conservation programs for threatened Iberian

leuciscids (Figure 36).
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Figure 33. Health conservation recommendations to be included in the Conservation programs of threatened Iberian leuciscids. Created with
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Sub-Chapter 6.3. Future perspectives //

Although the advances obtained with this thesis, several knowledge gaps still exist that

should be taken into consideration in further research.

Despite our methodological approach relied on simplification by choosing a model
pathogen and host, the lack of knowledge regarding the impact and prevalence of several
infectious agents is still evident in threatened Iberian leuciscids. Namely, bacterial and viral
pathogens are underrepresented in performed investigations when compared to parasitic
infections. A broader testing panel designed for freshwater fishes should be implemented in
order to understand the contribution of each pathogenic agent in specific locations and time
periods to the homeostasis of these species, such as the investigation of Aeromonas
salmonicida, Flavobacterium spp., Renibacterium salmoninarum, Edwardsiella spp.,
Mycobacterium spp., Pseudomonas spp., Vibrio spp., Shewanella putrefaciens,
Streptococcus iniae, Yersinia ruckeri, Viral Hemorrhagic Septicemia virus, Spring Viremia of
Carp virus and ranavirus, among others. Similarly, and since our results point towards
differences in skin lesion extension between distinct fish species, other threatened Iberian
leuciscid species should be included in the surveillance schemes, as well as other species
present in the natural habitat that can act as disease reservoirs. Conservation programs would
also benefit from the development of non-lethal marker methodologies that would identify
susceptibility differences to infectious agents among different populations/species, in order to
prioritize conservation measures. Knowledge acquired in aquaculture research regarding
genetic markers, such as polymorphisms in the major histocompatibility complex, could be a
starting point. Additionally, although difficult to execute due to unpredictability, investigation of
mass mortalities should be conducted to determine definitive cases of infection and mortality

causes when possible.

Regarding antimicrobial resistance and virulence prevalence in natural habitats, and
since their eradication of natural habitats is virtually impossible, efforts need to be directed into
disclosing entrance points for specific streams, which can be facilitated by the use of microbial
source tracking techniques. Also, and similar to ex situ breeding programs, remediation
treatments that eliminate antimicrobial resistance and virulence determinants in drinking water
are required. However, scientific investigations need to be accompanied by implementation
and supervision policies that guarantee that entrance routes are discontinued and important
stakeholders (i.e., industry, sewage plants and agricultural practices) comply with available

legislation preventing illegal discharges into freshwater streams.
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Ex situ breeding programs for threatened Iberian leuciscids would benefit from a wider
knowledge of the epidemiological scenario in natural habitats, in order to adapt husbandry
techniques to the health status of the target population but also in preventing pathogen spill-
over to distinct populations/species possible naive to infectious agents common in the original
population. Despite the suggested potential of the biosafety measures studied here, it is
important to evaluate their efficacy regarding other important and common pathogenic agents
in freshwater fishes. Furthermore, similar to studies conducted in terrestrial species, it is
fundamental to investigate changes in the microbiome of individuals kept in captivity, their
possible impact in the individual homeostasis, in the breeding success and in the future

relocation in natural habitats.

Finally, when recreating natural habitats and evaluating bacterial responses to
environmental drivers, it is essential to adapt microcosm experiments to the complexity
experienced in the aquatic ecosystems. Namely, future investigations should aim at evaluating
bacterial communities representing the diversity found in natural environments, as well as to
test the role of other drivers (e.g., nutrient availability, mobile genetic elements abundance) in

promoting antimicrobial resistance and virulence expression.

137



References

Abbott SL, Cheung WK, Janda JM. 2003. The genus Aeromonas: Biochemical
characteristics, atypical reactions, and phenotypic identification schemes. J. Clin. Microbiol.
41(6): 2348-2357. doi:10.1128/jcm.41.6.2348-2357.2003.

Abu-Elala N, Abdelsalam M, Marouf S, Setta A. 2015. Comparative analysis of
virulence genes, antibiotic resistance and gyrB-based phylogeny of motile Aeromonas species
isolates from Nile tilapia and domestic fowl. Lett. Appl. Microbiol. 61(5):429-436.
doi:10.1111/lam.12484.

Adamczuk M, Dziewit L. 2017. Genome-based insights into the resistome and
mobilome of multidrug-resistant Aeromonas sp. ARM81 isolated from wastewater. Arch.
Microbiol. 199(1):177-183. doi:10.1007/s00203-016-1285-6.

Adegoke AA, Amoah ID, Stenstrom TA, Verbyla ME, Mihelcic JR. 2018.
Epidemiological evidence and health risks associated with agricultural reuse of partially
treated and untreated wastewater: a review. Front. Public Health. 6(6):337.
doi:10.3389/fpubh.2018.00337.

Ahmed W, Zhang Q, Lobos A, Senkbeil J, Sadowsky MJ, Harwood VJ, Saeidi N,
Marinoni O, Ishii S. 2018. Precipitation influences pathogenic bacteria and antibiotic
resistance gene abundance in storm drain outfalls in coastal sub-tropical waters. Environ. Int.
116, 308—318. doi:10.1016/j.envint.2018.04.005.

Alexander J, Bollmann A, Seitz W, Schwartz T. 2015. Microbiological characterization
of aquatic microbiomes targeting taxonomical marker genes and antibiotic resistance genes
of opportunistic bacteria. Sci. Total Environ. 512-513, 316-325,
doi:10.1016/j.scitotenv.2015.01.046.

Alexandre CM, Sales S, Ferreira MT, Almeida PR. 2015. Food resources and cyprinid
diet in permanent and temporary Mediterranean rivers with natural and regulated flow. Ecol.
Freshw. Fish. 24, 629-645, doi:10.1111/eff.12176.

Aller-Gancedo JM, Fregeneda-Grandes JM, Gonzéalez-Palacios C, Garcia-lglesias MJ,
Pérez-Ordoyo LI. First record of an outbreak of saprolegniosis by Saprolegnia parasitica in
Pseudochondrostoma duriense (Coelho, 1985) (Cyprinidae). Bull. Eur. Ass. Fish Pathol.
36(2):95-100.

Almeida D, Merino-Aguirre R, Vilizzi L, Copp GH. 2014. Interspecific aggressive
behaviour of invasive Pumpkinseed Lepomis gibbosus in Iberian fresh waters. PLoS ONE.
9(2):e88038. doi:10.1371/journal.pone.0088038.

Almodévar A, Nicola GG, Leal S, Torralva M, Elvira B. 2012. Natural hybridization with
invasive bleak Alburnus alburnus threatens the survival of Iberian endemic calandino Squalius
alburnoides complex and Southern Iberian chub Squalius pyrenaicus. Biol. Invasions,
14(11):2237-2242. doi:10.1007/s10530-012-0241-x

Alvarez-Pellitero MP, Simon Vicente F, Gonzalez Lanza C. 1981. Nuevas aportaciones
sobre Dactylogyridae (Monogenea) de la cuenca del Duero (NO. de Espafia), con descripcion
de Dactylogyrus polylepidis n.sp. y D. bocageii n.sp. [In Spanish]. Rev. Ibér. Parasitol. 41(2),
225-249.

138



Alvarez-Uria G, Midde M. 2018. Trends and factors associated with antimicrobial
resistance of Acinetobacter spp. invasive isolates in Europe: A country-level analysis. J. Glob.
Antimicrob. Resist. 14, 29-32, doi:10.1016/j.jgar.2018.05.024.

Alves MJ, Coelho MM. 1994. Genetic variation and population subdivision of the
endangered Iberian cyprinid Chondrostoma lusitanicum. J. Fish Biol.,, 44, 627-636.
doi:10.1111/j.1095-8649.1994.tb01239.x

Anandan S, Gopi R, Devanga Ragupathi NK, Muthuirulandi Sethuvel DP,
Gunasekaran P, Walia K, Veeraraghavan B. 2017. First report of blaOXA-181-mediated
carbapenem resistance in Aeromonas caviae in association with pKP3-A: threat for rapid
dissemination. J. Glob. Antimicrob. Resist. 10, 310-314. doi:10.1016/j.jgar.2017.07.006.

Andersson DI, Hughes D. 2010. Antibiotic resistance and its cost: is it possible to
reverse resistance? Nat. Rev. Microbiol. 8(4):260-271. doi:10.1038/nrmicro2319.

Antunes C, Augusto S, Mexia T, Branquinho C. 2021. Assessment and monitoring of
water quality and ecological status of the main streams in the Oeiras Municipality. [In
Portuguese]. [acessed 2021 Apr 12]. https://www.cm-
oeiras.pt/pt/viver/ambiente/biodiversidade/Documents/Relat% C3%B3rio%203.pdf.

Aparicio E, Carmona-Catot G, Moyle PB, Garcia-Berthou E. 2011. Development and
evaluation of a fish-based index to assess biological integrity of Mediterranean streams.
Aquat. Conserv. 21(4):324-337. doi:10.1002/aqc.1197.

Araujo RM, Arribas RM, Pares R. 1991. Distribution of Aeromonas species in waters
with different levels of pollution. J. Appl. Bacteriol. 71(2):182-186. do0i:10.1111/.1365-
2672.1991.tb02976.x.

Arenas-Sanchez A, Dolédec S, Vighi M, Rico A. 2021. Effects of anthropogenic
pollution and hydrological variation on macroinvertebrates in Mediterranean rivers: A case-
study in the upper Tagus river basin (Spain). Sci. Total Environ. 766, 144044.
doi:10.1016/j.scitotenv.2020.144044.

Ariel E, Freeman AB, Elliott E, Wirth W, Mashkour N, Scott J. 2017. An unusual
mortality event in Johnstone River snapping turtles Elseya Irwini (Johnstone) in far North
Queensland. Australia. Aust. Vet. J. 95(10):355-361. doi:10.1111/av}.12627.

Arnold KE, Williams NJ, Bennett M. 2016. 'Disperse abroad in the land': the role of life
in the dissemination of antimicrobial resistance. Biol. Lett. 12(8):20160137.
doi:10.1098/rsbl.2016.0137.

Austin B, Austin DA. 2007. Bacterial fish pathogens, diseases of farmed and wild fish,
4" ed. Godalming: Springer-Praxis.

Austin B, Austin DA. 2016. Introduction. In: Austin B, Austin DA, editors. Bacterial Fish
Pathogens. New York: Springer; p. 1-19.

Austin B. 1998. The effects of pollution on fish health. J. Appl. Microbiol. 85, 234S-
242S. doi:10.1111/j.1365-2672.1998.tb05303.x.

Awan F, Dong Y, Wang N, Liu J, Ma K, Liu Y. 2018. The fight for invincibility:
Environmental stress response mechanisms and Aeromonas hydrophila. Microb. Pathog. 116,
135-145. doi:10.1016/j.micpath.2018.01.023.

Banarescu P. 1992. Zoogeography of fresh waters. Distribution and dispersal of
freshwater animals in North America and Eurasia (Vol. II). Wiesbaden: AULA Verlag.

Baron S, Granier SA, Larvor E, Jouy E, Cineux M, Wilhelm A, Gassilloud B, Le Bouquin
S, Kempf I, Chauvin C. 2017. Aeromonas diversity and antimicrobial susceptibility in

139


https://www.cm-oeiras.pt/pt/viver/ambiente/biodiversidade/Documents/Relat%C3%B3rio%203.pdf
https://www.cm-oeiras.pt/pt/viver/ambiente/biodiversidade/Documents/Relat%C3%B3rio%203.pdf

freshwater — An attempt to set generic epidemiological cut-off values. Front. Microbiol. 8, 503,
doi:10.3389/fmicbh.2017.00503.

Barroco C. 2013. Antibiotic resistance and virulence factors screening in Aeromonas
spp. [master’s thesis]. Lisbon: University of Lisbon.

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models
using Ime4. J. Stat. Softw. 67(1):1-48. doi:10.18637/jss.v067.i01.

Bates KA, Shelton JMG, Mercier VL, Hopkins KP, Harrison XA, Petrovan SO, Fisher
MC. 2019. Captivity and infection by the fungal pathogen Batrachochytrium salamandrivorans
perturb  the  amphibian  skin microbiome. Front  Microbiol. 10, 1834.
doi:10.3389/fmicb.2019.01834.

Bauer AW, Kirby WM, Sherris JC, Turck M. 1966. Antibiotic susceptibility testing by a
standardized single disk method. Am. J. Clin. Pathol. 45(4):493-496.

Baumsteiger J, Moyle PB. 2017. Assessing extinction. BioScience. 67(4):357-366.
doi:10.1093/biosci/bix001.

BDJUR. 2002. Regulation Number 26/2002, 05-04-2002 PART Il [In Portuguese].
[acessed 2021 Apr 12]. http://bdjur.almedina.net/item.php?field=item idevalue=92010.

Beaz-Hidalgo R, Alperi A, Bujan N, Romalde JL, Figueras MJ. 2010. Comparison of
phenotypical and genetic identification of Aeromonas strains isolated from diseased fish. Syst.
Appl. Microbiol. 33(3):149-153. doi:10.1016/j.syapm.2010.02.002.

Beaz-Hidalgo R, Figueras MJ. 2013. Aeromonas spp. whole genomes and virulence
factors implicated in fish disease. J. Fish Dis. 36(4):371-388. d0i:10.1111/jfd.12025

Bebak J, Wagner B, Burnes B, Hanson T. 2015. Farm size, seining practices, and salt
use: risk factors for Aeromonas hydrophila outbreaks in farm-raised catfish, Alabama, USA.
Prev. Vet. Med. 118(1):161-168. doi:10.1016/j.prevetmed.2014.11.001.

Beceiro A, Tomas M, Bou G. 2013. Antimicrobial resistance and virulence: a successful
or deleterious association in the bacterial world? Clin. Microbiol. Rev. 26(2):185-230.
doi:10.1128/CMR.00059-12.

Bello-Lépez JM, Cabrero-Martinez OA, |bafiez-Cervantes G, Hernandez-Cortez C,
Pelcastre-Rodriguez LI, Gonzalez-Avila LU, Castro-Escarpulli G. 2019. Horizontal gene
transfer and its association with antibiotic resistance in the genus Aeromonas spp.
Microorganisms. 7(9):363. doi:10.3390/microorganisms7090363.

Benejam L, Benito J, Garcia-Berthou E. 2010. Decreases in condition and fecundity of
freshwater fishes in a highly polluted reservoir. Water Air Soil Pollut. 210, 231-242.
doi:10.1007/s11270-009-0245-z.

Benovics M, Desdevises Y, Sanda R, Vukié¢ J, Scheifler M, Doadrio |, Sousa-Santos
C, Simkova A. 2020. High diversity of fish ectoparasitic monogeneans (Dactylogyrus) in the
Iberian Peninsula: a case of adaptive radiation? Parasitol. 147(4):418-430.
doi:10.1017/S0031182020000050.

Benovics M, Koubkova B, Civanova K, Rahmouni |, Cermakova K, Simkova A. 2021.
Diversity and phylogeny of Paradiplozoon species (Monogenea: Diplozoidae) parasitising
endemic cyprinoids in the peri-Mediterranean area, with a description of three new
Paradiplozoon species. Parasitol. Res. 120(2):481-496. doi:10.1007/s00436-020-06982-z.

Berendonk TU, Manaia CM, Merlin C, Fatta-Kassinos D, Cytryn E, Walsh F, Birgmann
H, Sgrum H, Norstrom M, Pons MN, et al. 2015. Tackling antibiotic resistance: the
environmental framework. Nat. Rev. Microbiol. 13(5):310-317. doi:10.1038/nrmicro3439.

140


http://bdjur.almedina.net/item.php?field=item_idevalue=92010

Berger D, Stangberg J, Baur J, Walters RJ. 2021. Elevated temperature increases
genome-wide selection on de novo mutations. Proc. R. Soc. B. 288(1944):20203094.
doi:10.1098/rspb.2020.3094.

Bergeron S, Boopathy R, Nathaniel R, Corbin A, LaFleur G. 2015. Presence of
antibiotic resistant bacteria and antibiotic resistance genes in raw source water and treated
drinking water. Int. Biodeterior. Biodegradation. 102, 370-374.
doi:10.1016/j.ibiod.2015.04.017.

Berglund B. 2015. Environmental dissemination of antibiotic resistance genes and
correlation to anthropogenic contamination with antibiotics. Infect. Ecol. Epidemiol. 5, 28564.
doi:10.3402/iee.v5.28564.

Berthinussen A, Smith RK, Sutherland WJ. 2021. Marine and freshwater mammal
conservation: Global evidence for the effects of interventions. Conservation Evidence Series
Synopses. Cambridge: University of Cambridge.

Bhattacharyya A, Haldar A, Bhattacharyya M, Ghosh A. 2019. Anthropogenic influence
shapes the distribution of antibiotic resistant bacteria (ARB) in the sediment of Sundarban
estuary in India. Sci. Total Environ. 647, 1626—1639. doi:10.1016/j.scitotenv.2018.08.038.

Bianco PG. 1990. Potential role of the palaeohistory of the Mediterranean and
Paratethis basins on the early dispersal of Euro-Mediterranean freshwater fishes. Ichthyol. 1,
167-184.

Bighiu MA, Norman Haldén A, Goedkoop W, Ottoson J. 2019. Assessing microbial
contamination and antibiotic resistant bacteria using zebra mussels (Dreissena polymorpha).
Sci. Total Environ. 650(Pt 2):2141-2149. doi:10.1016/j.scitotenv.2018.09.314.

Blaise CR, Armstrong JB. 1973. Lipolytic bacteria in the Ottawa river. Appl. Microbiol.
26(5):733-740. doi:10.1128/AEM.26.5.733-740.1973.

Bonneaud C, Tardy L, Giraudeau M, Hill GE, McGraw KJ, Wilson AJ. 2019. Evolution
of both host resistance and tolerance to an emerging bacterial pathogen. Evol. Lett. 3, 544—
554. doi:10.1002/evI3.133.

Borella L, Salogni C, Vitale N, Scali F, Moretti VM, Pasquali P, Alborali GL. 2020. Motile
aeromonads from farmed and wild freshwater fish in northern Italy: An evaluation of
antimicrobial activity and multidrug resistance during 2013 and 2016. Acta Vet. Scand. 62(1):6.
doi:10.1186/s13028-020-0504-y.

Bucak T, Trolle D, Andersen HE, Thodsen H, Erdogan S, Levi EE, Filiz N, Jeppesen
E, Beklioglu M. 2017. Future water availability in the largest freshwater Mediterranean lake is
at great risk as evidenced from simulations with the SWAT model. Sci. Total Environ. 581—
582, 413-425. doi:10.1016/j.scitotenv.2016.12.149.

Bueno I, Williams-Nguyen J, Hwang H, Sargeant JM, Nault AJ, Singer RS. 2018.
Systematic Review: Impact of point sources on antibiotic-resistant bacteria in the natural
environment. Zoonoses Public Health. 65(1):e162—e184. doi:10.1111/zph.12426.

Bueno JMP. 1980. Helmintocenosis del tracto digestivo de los ciprinidos de los rios de
Leon [dissertation]. Oviedo: University of Oviedo.

Buncic S, Avery SM. 1995. Effect of pre-incubation pH on the growth characteristics of
Aeromonas hydrophila at 5 °C, as assessed by two methods. Lett. Appl. Microbiol. 20, 7-10.
doi:10.1111/j.1472-765x.1995.tb00395.x.

Cai W, Willmon E, Burgos FA, Ray CL, Hanson T, Arias CR. 2019. Biofilm and
sediment are major reservoirs of virulent Aeromonas hydrophila (vAh) in catfish production
ponds. J. Aquat. Anim. Health. 31(1):112-120. doi:10.1002/aah.10056.

141



Cairns J, Becks L, Jalasvuori M, Hiltunen T. 2017. Sublethal streptomycin
concentrations and lytic bacteriophage together promote resistance evolution. Philos. Trans.
R. Soc. B. 372(1712):20160040. doi:10.1098/rsth.2016.0040.

Cairns J, Ruokolainen L, Hultman J, Tamminen M, Virta M, Hiltunen T. 2018. Ecology
determines how low antibiotic concentration impacts community composition and horizontal
transfer of resistance genes. Commun. Biol. 1, 35. doi:10.1038/s42003-018-0041-7.

Canica M, Manageiro V, Jones-Dias D, Clemente L, Gomes-Neves E, Poeta P, Dias
E, Ferreira E. 2015. Current perspectives on the dynamics of antibiotic resistance in different
reservoirs. Res. Microbiol. 166(7):594—600. doi:10.1016/j.resmic.2015.07.009.

Cardoso MD, Lemos LS, Roges EM, de Moura JF, Tavares DC, Matias CAR,
Rodrigues DP, Siciliano S. 2018. A comprehensive survey of Aeromonas sp. and Vibrio sp. in
seabirds from southeastern Brazil: outcomes for public health. J. Appl. Microbiol.
124(5):1283-1293. doi:10.1111/jam.13705.

Carnelli A, Mauri F, Demarta A. 2017. Characterization of genetic determinants
involved in antibiotic resistance in Aeromonas spp. and fecal coliforms isolated from different
aquatic environments. Res. Microbiol. 168(5):461-471. doi:10.1016/j.resmic.2017.02.006.

Carroll D, Wang J, Fanning S, McMahon BJ. 2015. Antimicrobial resistance in wildlife:
implications  for  public health. Zoonoses Public Health. 62(7):534-542.
doi:10.1111/zph.12182.

Carvalho MJ, Martinez-Murcia A, Esteves AC, Correia A, Saavedra MJ. 2012.
Phylogenetic diversity, antibiotic resistance and virulence traits of Aeromonas spp. from
untreated waters for human consumption. Int. J. Food Microbiol. 159(3):230-239.
doi:10.1016/j.ijfoodmicro.2012.09.008.

Carvalho V, Robalo JI, Almada VC. 2003. A description of the reproductive behaviour
of the endangered Iberian cyprinid Chondrostoma lusitanicum Collares-Pereira 1980 in
captivity. Etologia. 10, 23-25.

Casabianca A, Orlandi C, Barbieri F, Sabatini L, Di Cesare A, Sisti D, Pasquaroli S,
Magnani M, Citterio B. 2015. Effect of starvation on survival and virulence expression of
Aeromonas hydrophila from different sources. Arch. Microbiol. 197(3):431-438.
doi:10.1007/s00203-014-1074-z.

Castro R, Jouneau L, Tacchi L, Macqueen DJ, Alzaid A, Secombes CJ, Martin SA,
Boudinot P. 2015. Disparate developmental patterns of immune responses to bacterial and
viral infections in fish. Sci. Rep. 5, 15458. doi:10.1038/srep15458.

Cavari BZ, Allen D, Colwell RR. 1981. Effect of temperature on growth and activity of
Aeromonas spp. and mixed bacterial populations in the Anacostia river. Appl. Environ.
Microbiol. 41(4):1052—-1054. doi:10.1128/aem.41.4.1052-1054.1981.

Cavraro F, Bettoso N, Zucchetta M, D’Aietti A, Faresi L, Franzoi P. 2019. Body
condition in fish as a tool to detect the effects of anthropogenic pressures in transitional waters.
Aquat. Ecol. 53, 21-35, d0i:10.1007/s10452-018-09670-4.

CCEDCV. 2019. Balance de Actividades 2019. [In Catalan]. [accessed 2021 Jul 26].
https://agroambient.gva.es/documents/91061501/161984358/Balance+de+Actividades+201
9+CCEDCV/f34b5cd4-5d46-44bc-a89c-54580fb4a967.

CEN. 2003. Water quality: sampling of fish with electricity. Brussels: CEN, European
Standard EN 14011, European Committee for Standardization.

Cermakova K, Koubkova B, Rahmouni |, Civanova K, Simkova AV. 2018. Diplozoid
species of endemic cyprinids from mediterranean area [abstract]. In Proceedings of the 7"

142


https://agroambient.gva.es/documents/91061501/161984358/Balance+de+Actividades+2019+CCEDCV/f34b5cd4-5d46-44bc-a89c-54580fb4a967
https://agroambient.gva.es/documents/91061501/161984358/Balance+de+Actividades+2019+CCEDCV/f34b5cd4-5d46-44bc-a89c-54580fb4a967

Workshop of the European Centre of Ichtyoparasitology; 28" November; Brno, Czech
Republic.

Chaix G, Roger F, Berthe T, Lamy B, Jumas-Bilak E, Lafite R, Forget-Leray J, Petit F.
2017. Distinct Aeromonas populations in water column and associated with copepods from
estuarine environment (Seine, France). Front Microbiol. 11, 1259.
doi:10.3389/fmicb.2017.01259.

Chen H, Jing L, Teng Y, Wang J. 2018. Characterization of antibiotics in a large-scale
river system of China: Occurrence pattern, spatiotemporal distribution and environmental
risks. Sci. Total Environ. 618, 409-418. doi:10.1016/j.scitotenv.2017.11.054.

Chenia HY, Duma S. 2017. Characterization of virulence, cell surface characteristics
and biofilm-forming ability of Aeromonas spp. isolates from fish and sea water. J. Fish Dis.
40(3):339-350. doi:10.1111/jfd.12516.

Chenia HY. 2016. Prevalence and characterization of plasmid-mediated quinolone
resistance genes in Aeromonas spp. isolated from South African freshwater fish. Int. J. Food
Microbiol. 231, 26—-32. doi:10.1016/j.ijfoodmicro.2016.04.030.

Chiu M, Chou T, Kuo M. 2018. Seasonal patterns of stream macroinvertebrate
communities in response to anthropogenic stressors in monsoonal Taiwan. J. Asia Pac.
Entomol. 21(1):423-429. doi:10.1016/j.aspen.2018.02.005.

Chowdhury MA, Yamanaka H, Miyoshi S, Shinoda S. 1990. Ecology of mesophilic
Aeromonas spp. in aquatic environments of a temperate region and relationship with some
biotic and abiotic environmental parameters. Zentralbl. Hyg. Umweltmed. 190(4):344-356.

Chu BTT, Petrovich ML, Chaudhary A, Wright D, Murphy B, Wells G, Poretsky R. 2018.
Metagenomics reveals the impact of wastewater treatment plants on the dispersal of
microorganisms and genes in aquatic sediments. Appl. Environ. Microbiol. 84(5):e02168-17.
doi:10.1128/AEM.02168-17.

Cipriano RC, Austin B. 2011. Furunculosis and other Aeromonad diseases. In: Woo
PTK, Bruno DW, editors. Fish Diseases and Disorders. 2" ed. Volume 3. Cambridge: CAB
International Volume; p. 424—483.

Cipriano RC. 2001. Aeromonas hydrophila and motile aeromonad septicemias of fish.
[accessed 2021 Aug 5]. https://pubs.er.usgs.gov/publication/fdl68 2001.

Citterio B, Biavasco F. 2015. Aeromonas hydrophila virulence. Virulence. 6(5):417-
418. doi:10.1080/21505594.2015.1058479.

Clark TS, Pandolfo LM, Marshall CM, Mitra AK, Schech JM. 2018. Body condition
scoring for adult zebrafish (Danio rerio). J. Am. Assoc. Lab. Anim. Sci. 57(6):698-702.
doi:10.30802/AALAS-JAALAS-18-000045.

Clavero M, Blanco-Garrido F, Prenda J. 2004. Fish fauna in Iberian Mediterranean
river basins: biodiversity, introduced species and damming impacts. Aquat. Conserv. 14, 575-
585. doi:10.1002/aqc.636.

Clavero M, Hermoso V, Levin N, Kark S. 2010. Geographical linkages between threats
and imperilment in freshwater fish in the Mediterranean Basin. Divers. Distrib. 16, 744—754.
doi:10.1111/j.1472-4642.2010.00680.x.

CLSI. 2013. Clinical and Laboratory Standards Institute (CLSI) Performance standards
for antimicrobial susceptibility testing: 23" informational supplement (M100-S23). Wayne (NJ):
CLSI.

143


https://pubs.er.usgs.gov/publication/fdl68_2001

CLSI. 2014. Clinical and Laboratory Standards Institute (CLSI) Performance Standards
for Antimicrobial Susceptibility Testing of Bacteria Isolated from Aquatic Animals, 2"
Informational Supplement; CLSI document VET03/VET04-S2. Wayne (PA): CLSI.

CLSI. 2015. Clinical and Laboratory Standards Institute (CLSI) Methods for
Antimicrobial Dilution and Disk Susceptibility Testing of Infrequently Isolated or Fastidious
Bacteria, 3" ed.; Document M45. Wayne (NJ): CLSI.

Coelho M, Alves M, Rodrigues E. 1997. Patterns of genetic divergence in
Chondrostoma lusitanicum Collares-Pereira, in intermittent Portuguese rivers. Fish. Manag.
Ecol. 4, 223-232. doi:10.1046/j.1365-2400.1997.00124 .x.

Colin Y, Berthe T, Molbert N, Guigon E, Vivant AL, Alliot F, Collin S, Goutte A, Petit F.
2021. Urbanization constrains skin bacterial phylogenetic diversity in wild fish populations and
correlates with the proliferation of aeromonads. Microb. Ecol. 82(2):523-536.
doi:10.1007/s00248-020-01650-2.

Collares-Pereira MJ, Alves MJ, Ribeiro F, Domingos |, Almeida PR, da Costa L, Gantes
H, Filipe AF, Aboim MA, Rodrigues PM, Magalhdes MF. 2021. Guia dos Peixes de Agua Doce
e Migradores de Portugal Continental. Porto: Edi¢cbes Afrontamento.

Cornet V, Douxfils J, Mandiki SNM, Kestemont P. 2020. Early-life infection with a
bacterial pathogen increases expression levels of innate immunity related genes during
adulthood in zebrafish. Dev. Comp. Immunol. 108, 103672. doi:10.1016/j.dci.2020.103672.

Cortes R, Hughes S, Coimbra A, Monteiro S, Pereira V, Lopes M, Pereira S, Pinto A,
Sampaio A, Santos C, et al. 2016. A multiple index integrating different levels of organization.
Ecotoxicol. Environ. Saf. 132, 270-278. doi:10.1016/j.ecoenv.2016.06.001.

Costa MJ, Duarte G, Segurado P, Branco P. 2021. Major threats to European
freshwater fish species. Sci. Total Environ. 797, 149105. doi:10.1016/j.scitotenv.2021.149105.

Crivelli AJ. 2021. Iberochondrostoma lusitanicus. [acessed 2021 Jan 16].
https://dx.doi.org/10.2305/IUCN.UK.2006.RLTS.T60791A12398911.en.

Cruz-Loya M, Kang TM, Lozano NA, Watanabe R, Tekin E, Damoiseaux R, Savage
VM, Yeh PJ. 2018. Stressor interaction networks suggest antibiotic resistance co-opted from
stress responses to temperature. ISME J. 13(1):12-23, doi:10.1038/s41396-018-0241-7.

Cunningham AA, Langton TE, Bennett PM, Lewin JF, Drury SE, Gough RE, Macgregor
SK. Pathological and microbiological findings from incidents of unusual mortality of the
common frog (Rana temporaria). Philos. Trans. R. Soc. Lond. B. Biol. Sci. 351(1347):1539-
1557. doi:10.1098/rsth.1996.0140.

Czekalski N, Sigdel R, Birtel J, Matthews B, Birgmann H. 2015. Does human activity
impact the natural antibiotic resistance background? Abundance of antibiotic resistance genes
in 21 Swiss lakes. Environ. Int. 81, 45-55. do0i:10.1016/j.envint.2015.04.005.

Dahanayake PS, Hossain S, Wickramanayake MVKS, Heo GJ. 2019. Antibiotic and
heavy metal resistance genes in Aeromonas spp. isolated from marketed Manila Clam
(Ruditapes  philippinarum) in  Korea. J. Appl. Microbiol. 127(3):941-952.
doi:10.1111/jam.14355.

Darwall W, Freyhof J. 2015. Lost fishes, who is counting? The extend of threat to
freshwater fish biodiversity. In: Closs GP, Krkosek M, Olden JD, editors. Conservation of
Freshwater Fishes. Cambridge: Cambridge University Press; p. 1-35.

Das S, Aswani R, Jasim B, Sebastian KS, Radhakrishnan EK, Mathew J. 2020.
Distribution of multi-virulence factors among Aeromonas spp. isolated from diseased
Xiphophorus hellerii. Aquacult. Int. 28, 235-248. doi:10.1007/s10499-019-00456-5.

144


https://dx.doi.org/10.2305/IUCN.UK.2006.RLTS.T60791A12398911.en

De la Cruz Barron M, Merlin C, Guilloteau H, Montargés-Pelletier E, Bellanger X. 2018.
Suspended materials in river waters differentially enrich class 1 integron- and IncP-1 plasmid-
carrying bacteria in sediments. Front. Microbiol. 9, 1443. doi:10.3389/fmicb.2018.01443.

De Silva PM, Chong P, Fernando DM, Westmacott G, Kumar A. 2018. Effect of
incubation temperature on antibiotic resistance and virulence factors of Acinetobacter
baumannii  ATCC  17978. Antimicrob. Agents Chemother. 62(1):e01514-17.
doi:10.1128/aac.01514-17.

Delamare APL, Costa SOP, Da Silveira MM, Echeverrigaray S. 2000. Growth of
Aeromonas species on increasing concentrations of sodium chloride. Lett. Appl. Microbiol.
30(1):57-60. doi:10.1046/].1472-765x.2000.00662.X.

Di Cesare A, Eckert EM, Rogora M, Corno G. 2017. Rainfall increases the abundance
of antibiotic resistance genes within a riverine microbial community. Environ. Pollut. 226, 473—
478. doi:10.1016/j.envpol.2017.04.036.

Diario de Madrid. 2021. Tres especies de peces que desaparecieron hace un siglo del
Manzanares vuelven al rio. [acessed 2021 Jul 27]. https://diario.madrid.es/blog/notas-de-
prensal/tres-especies-de-peces-que-desaparecieron-hace-un-siglo-del-manzanares-vuelven-
al-rio/.

Dias AR, Teixeira A, Lopes-Lima M, Varandas S, Sousa R. 2020. From the lab to the
river: Determination of ecological hosts of Anodonta anatina. Aquatic Conservat. 30(5):988-
999. doi:10.1002/aqc.3328.

Dias C, Borges A, Saavedra MJ, Simdes M. 2018. Biofilm formation and multidrug-
resistant Aeromonas spp. from wild animals. J. Glob. Antimicrob. Resist. 12, 227-234.
doi:10.1016/j.jgar.2017.09.010.

Dias MF, da Rocha Fernandes G, de Paiva MC, Salim ACDM, Santos AB, Nascimento
AMA. 2020. Exploring the resistome, virulome and microbiome of drinking water in
environmental and clinical settings. Water Res. 174, 115630.
doi:10.1016/j.watres.2020.115630.

Doadrio I, Perea S, Garzéon-Heydt P, Gonzéalez JL. 2011. Ictiofauna Continental
Espafiola. Bases Para su Seguimiento [In Spanish]. Madrid: Direccién General Medio Natural
y Politica Forestal, Ministerio de Medio Ambiente y Medio Rural y Marino.

Dolejska M, Papagiannitsis CC. 2018. Plasmid-mediated resistance is going wild.
Plasmid. 99, 99-111. doi:10.1016/j.plasmid.2018.09.010.

Dong HT, Techatanakitarnan C, Jindakittikul P, Thaiprayoon A, Taengphu S,
Charoensapsri W, Khunrae P, Rattanarojpong T, Senapin S. 2017. Aeromonas jandaei and
Aeromonas veronii caused disease and mortality in Nile tilapia, Oreochromis niloticus (L.). J.
Fish Dis. 40(10):1395-1403. doi:10.1111/jfd.12617.

Duarte G, Segurado P, Haidvogl G, Pont D, Ferreira MT, Branco P. 2021. Damn those
damn dams: fluvial longitudinal connectivity impairment for European diadromous fish
throughout the 20th century. Sci. Total Environ. 761, 143293.
doi:10.1016/j.scitotenv.2020.143293.

Dudgeon, D. 2019. Multiple threats imperil freshwater biodiversity in the Anthropocene.
Curr. Biol. 29(19):R960-R967. d0i:10.1016/j.cub.2019.08.002.

Efuntoye, M.O. 1995. Diarrhoea disease in livestock associated with Aeromonas
hydrophila biotype 1. J. Gen. Appl. Microbiol. 41(6):517-521. doi:10.2323/jgam.41.517.

Ekwanzala MD, Dewar JB, Kamika |, Momba MNB. 2018. Systematic review in South
Africa reveals antibiotic resistance genes shared between clinical and environmental settings.
Infect. Drug Resist. 11, 1907-1920. doi:10.2147/IDR.S170715.
145


https://diario.madrid.es/blog/notas-de-prensa/tres-especies-de-peces-que-desaparecieron-hace-un-siglo-del-manzanares-vuelven-al-rio/
https://diario.madrid.es/blog/notas-de-prensa/tres-especies-de-peces-que-desaparecieron-hace-un-siglo-del-manzanares-vuelven-al-rio/
https://diario.madrid.es/blog/notas-de-prensa/tres-especies-de-peces-que-desaparecieron-hace-un-siglo-del-manzanares-vuelven-al-rio/

El-Gohary FA, Zahran E, Abd El-Gawad EA, El-Gohary AH, M Abdelhamid F, EI-Mleeh
A, Elmahallawy EK, Elsayed MM. 2020. Investigation of the prevalence, virulence genes, and
antibiogram of motile Aeromonads isolated from Nile tilapia fish farms in Egypt and
assessment of their water quality. Animals. 10(8):1432. doi:10.3390/ani10081432.

Elosegui A, Flores L, Diez J. 2011. The importance of local processes on river habitat
characteristics: a Basque stream case study. Limnetica. 30(2):183-196.
doi:10.23818/limn.30.15.

Emekdas G, Aslan G, Tezcan S, Serin MS, Yildiz C, Ozturhan H, Durmaz R. 2006.
Detection of the frequency, antimicrobial susceptibility, and genotypic discrimination of
Aeromonas strains isolated from municipally treated tap water samples by cultivation and AP-
PCR. Int. J. Food Microbiol. 107(3):310-314. doi:10.1016/].ijfoodmicro.2005.10.012.

Emond-Rheault J, Vincent AT, Trudel MV, Frey J, Frenette M, Charette SJ. 2015.
AsaGEI2b: A new variant of a genomic island identified in the Aeromonas salmonicida subsp.
salmonicida JF3224 strain isolated from a wild fish in Switzerland. FEMS Microbiol. Lett.
362(13):fnv093. doi:10.1093/femsle/fnv093.

Eschmeyer WN, Fricke R, van der Laan R. 2017. Catalog of Fishes. [accessed 2020
Nov 24].
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp.

EUCAST. 2020. Breakpoint tables for interpretation of MICs and zone diameters.
Version 10.0, 2020. [acessed 2020 Jan 10]. http://www.eucast.org.

Faria S, Ferreira A, Marau D, Correia |, Roma M, Santos P, Monteiro R, Saraiva S,
Lopes T. 2015. Caracterizagéo biofisica das ribeiras do concelho de Cascais. Lisboa: Cascais
Ambiente.

Fay A, Philip J, Saha P, Hendrickson RC, Glickman MS, Burns-Huang K. 2021. The
DnaK chaperone system buffers the fithess cost of antibiotic resistance mutations in
mycobacteria. mBio. 12(2):e00123-21. doi:10.1128/mbio.00123-21.

Fernandez-Bravo A, Figueras MJ. 2020. An update on the Genus Aeromonas:
Taxonomy, epidemiology, and pathogenicity. Microorganisms. 8(1):129.
doi:10.3390/microorganisms8010129.

Filipe AF, Araldjo MB, Doadrio I, Angermeier PL, Collares-Pereira MJ. 2009.
Biogeography of Iberian freshwater fishes revisited: the roles of historical versus
contemporary  constraints. J.  Biogeogr. 36, 2096-2110. do0i:10.1111/j.1365-
2699.2009.02154.x.

Fletcher S. 2015. Understanding the contribution of environmental factors in the spread
of antimicrobial resistance. Environ. Health Prev. Med. 20(4):243-252. do0i:10.1007/s12199-
015-0468-0.

Flores EA, Launer B, Miller LG, Evans K, Estevez D, Huang SS, McKinnell JA, Bolaris
MA. 2021. Detection of carbapenem resistant enterobacteriace from fomite surfaces. Am. J.
Infect. Control. 49(1):128-130. doi:10.1016/j.ajic.2020.05.023.

Fluviatilis. 2003. Inventariac&o da ictiofauna das Bacias do Tejo, Sado, Entre Tejo e
Sado, Mira, Algarve Este. Relatério Final. Estudo Integrado no Projecto do Instituto de
Conservacgéo da Natureza "Livro Vermelho dos Vertebrados de Portugal — Revisdo”. Lisboa:
Programa Operacional do Ambiente.

Forouhar Vajargah M, Mohamadi Yalsuyi A, Hedayati A, Faggio C. 2018.
Histopathological lesions and toxicity in common carp (Cyprinus carpio L. 1758) induced by
copper nanoparticles. Microsc. Res. Tech. 81(7):724-729. doi:10.1002/jemt.23028.

146


http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://www.eucast.org/

Foti M, Siclari A, Mascetti A, Fisichella V. 2018. Study of the spread of antimicrobial
resistant Enterobacteriaceae from wild mammals in the National Park of Aspromonte
(Calabria, Italy). Environ. Toxicol. Pharmacol. 63, 69—73. doi:10.1016/j.etap.2018.08.016.

Freeman DJ, Falkiner FR, Keane CT. 1989. New method for detecting slime production
by  coagulase negative staphylococci. J. Clin. Pathol. 42(8):872-874.
doi:10.1136/jcp.42.8.872.

Freihofer P, Akbergenov R, Teo Y, Juskeviciene R, Andersson DI, Bottger EC. 2016.
Nonmutational compensation of the fithess cost of antibiotic resistance in mycobacteria by
overexpression of tiyA rRNA methylase. RNA. 22(12):1836-1843.
doi:10.1261/rna.057257.116.

Friman VP, Hiltunen T, Jalasvuori M, Lindstedt C, Laanto E, Ormala AM, Laakso J,
Mappes J, Bamford JKH. 2011. High Temperature and bacteriophages can indirectly select
for bacterial pathogenicity in environmental reservoirs. PLoS ONE. 6(3):el7651.
doi:10.1371/journal.pone.0017651.

Froese R, Pauly D. 2016. FishBase. [accessed 2020 Nov 24]. http://www.fishbase.org.

Fu GH, Liu F, Xia JH, Yue GH. 2014. The LBP gene and its association with resistance
to Aeromonas hydrophila in tilapia. Int. J. Mol. Sci. 15(12):22028-22041.
doi:10.3390/ijms151222028.

Furness LE, Campbell A, Zhang L, Gaze WH, McDonald RA. 2017. Wild small
mammals as sentinels for the environmental transmission of antimicrobial resistance. Environ.
Res. 154, 28-34. d0i:10.1016/j.envres.2016.12.014.

Gangwe Nana GY, Ripoll C, Cabin-Flaman A, Gibouin D, Delaune A, Janniere L,
Grancher G, Chagny G, Loutelier-Bourhis C, Lentzen E, et al. 2018. Division-Based, growth
rate diversity in bacteria. Front. Microbiol. 9, 849. doi:10.3389/fmich.2018.00849.

Gao J, Xi B, Chen K, Song R, Qin T, Xie J, Pan L. 2019. The stress hormone
norepinephrine increases the growth and virulence of Aeromonas hydrophila. Microbiol. Open.
8(4):e00664. doi:10.1002/mbo3.664.

Garcia-Berthou E. 2007. The characteristics of invasive fishes: what has been learned
so far? J. Fish Biol. 71, 33-55. d0i:10.1111/j.1095-8649.2007.01668.x.

Garner E, Benitez R, von Wagoner E, Sawyer R, Schaberg E, Hession WC, Krometis
LH, Badgley BD, Pruden A. 2017. Stormwater loadings of antibiotic resistance genes in an
urban stream. Water Res. 123, 144-152. doi:10.1016/j.watres.2017.06.046.

Ghatak S, Blom J, Das S, Sanjukta R, Puro K, Mawlong M, Shakuntala I, Sen A,
Goesmann A, Kumar A, et al. 2016. Pan-genome analysis of Aeromonas hydrophila,
Aeromonas veronii and Aeromonas caviae indicates phylogenomic diversity and greater
pathogenic potential for Aeromonas hydrophila. Antonie Van Leeuwenhoek. 109(7):945-956.
doi:10.1007/s10482-016-0693-6.

Gibson KM, Nguyen BN, Neumann LM, Miller M, Buss P, Daniels S, Ahn MJ, Crandall
KA, Pukazhenthi B. Gut microbiome differences between wild and captive black rhinoceros -
implications for rhino health. Sci. Rep. 9(1):7570. doi:10.1038/s41598-019-43875-3.

Gil F, Sousa-Santos C, Almada VC. 2010. A simple and inexpensive technique for the
ex situ reproduction of critically endangered cyprinids — Achondrostoma occidentale as a case
study. J. World Aquac. Soc. 41, 661-664.

Goelzer A, Fromion V. 2011. Bacterial growth rate reflects a bottleneck in resource
allocation. Biochim. Biophys. Acta. 1810(10):978-988. doi:10.1016/j.bbagen.2011.05.014.

147


http://www.fishbase.org/

Goller CC, Romeo T. 2008. Environmental influences on biofilm development. In:
Romeo T, editor. Bacterial biofilms. Current Topics in Microbiology and Immunology. Berlin:
Springer; p. 322.

Gomes S, Fernandes C, Monteiro S, Cabecinha E, Teixeira A, Varandas S, Saavedra
MJ. 2021. The role of aquatic ecosystems (River Tua, Portugal) as reservoirs of multidrug-
resistant Aeromonas spp. Water. 13(5):698. doi:10.3390/w13050698.

Gonino G, Branco P, Benedito E, Ferreira MT, Santos JM. 2019. Short-term effects of
wildfire ash exposure on behaviour and hepatosomatic condition of a potamodromous cyprinid
fish, the Iberian barbel Luciobarbus bocagei (Steindachner, 1864). Sci. Total Environ. 665,
226-234. doi:10.1016/j.scitotenv.2019.02.108.

Gonzalez-Lanza MC, Alvarez-Pellitero MP. 1985. Myxobolus spp. of various cyprinids
from the River Esla (Le6n, NW Spain). Description and population dynamics. Angew.
Parasitol. 26(2):71-83.

Gosling PJ. 1996. Aeromonas species in disease of animals. In: Austin B, Altwegg M,
Gosling PJ, Joseph S, editors. The genus Aeromonas. West Sussex: John Wiley e Sons Ltd;
p. 175-195.

Goulas A, Livoreil B, Grall N, Benoit P, Couderc-Obert C, Dagot C, Patureau D, Petit
F, Laouénan C, Andremont A. 2018. What are the effective solutions to control the
dissemination of antibiotic resistance in the environment? A systematic review protocol.
Environ. Evid. 7, 3. do0i:10.1186/s13750-018-0118-2.

Gozlan R, St-Hilaire S, Feist S, Martin P, Kent ML. 2005. Biodiversity: disease threat
to European fish. Nature. 435(7045):1046. doi:10.1038/4351046a.

Gozlan RE, Britton JR, Cowx |, Copp GH. 2010. Current knowledge on non-native
freshwater fish introductions. J. Fish Biol. 76(4):751-786. do0i:10.1111/j.1095-
8649.2010.02566.x

Granneman JE, Jones DL, Peebles EB. 2017. Associations between metal exposure
and lesion formation in offshore Gulf of Mexico fishes collected after the Deepwater Horizon
oil spill. Mar. Pollut. Bull. 15(1-2):462—-477. doi:10.1016/j.marpolbul.2017.01.066.

Gregory S, LiH, Li J, Gregory S, Li H, Li J. 2002. The conceptual basis for ecological
responses to dam removal. Bioscience, 52(8):713-723. doi:10.1641/0006-
3568(2002)052[0713:TCBFER]2.0.CO;2.

Griffith AW, Gobler CJ. 2020. Harmful algal blooms: A climate change co-stressor in
marine and freshwater ecosystems. Harmful Algae. 91, 101590.
doi:10.1016/j.hal.2019.03.008.

Grilo ML, Isidoro S, Chambel L, Marques C, Marques TA, Sousa-Santos C, Robalo JI,
Oliveira M. 2021. Molecular epidemiology, virulence traits and antimicrobial resistance
signatures of Aeromonas spp. in the critically endangered Iberochondrostoma lusitanicum
follow geographical and seasonal patterns. Antibiotics. 10(7):759.
doi:10.3390/antibiotics10070759.

Grilo ML, Sousa-Santos C, Robalo JI, Oliveira M. 2020. The potential of Aeromonas
spp. from wildlife as antimicrobial resistance indicators in aquatic environments. Ecol. Indic.
115, 106396, doi:10.1016/j.ecolind.2020.106396.

Grogan LF, Berger L, Rose K, Grillo V, Cashins SD, Skerratt LF. 2014. Surveillance
for emerging biodiversity diseases of wildlife. PL0oS Pathog. 10(5):e1004015.
doi:10.1371/journal.ppat.1004015.

148



Guijarro JA, Cascales D, Garcia-Torrico Al, Garcia-Dominguez M, Méndez J. 2015.
Temperature-dependent expression of virulence genes in fish-pathogenic bacteria. Front.
Microbiol. 6, 700. doi:10.3389/fmicb.2015.00700.

Guo XP, Liu X, Niu ZS, Lu DP, Zhao S, Sun XL, Wu JY, Chen YR, Tou FY, Hou L, et
al. 2018. Seasonal and spatial distribution of antibiotic resistance genes in the sediments
along the Yangtze Estuary, China. Environ. Pollut. 242(Pt. A):576-584.
doi:10.1016/j.envpol.2018.06.099.

Gutiérrez-Galindo JF, Lacasa-Millan MI. 2005. Population dynamics of Lernaea
cyprinacea (Crustacea: Copepoda) on four cyprinid species. Dis. Aquat. Organ. 67(1-2):111—
114. doi:10.3354/dao067111.

Hacioglu N, Tosunoglu M. 2014. Determination of antimicrobial and heavy metal
resistance profiles of some bacteria isolated from aquatic amphibian and reptile species.
Environ. Monit. Assess. 186(1):407-413. doi:10.1007/s10661-013-3385-y.

Han HJ, Taki T, Kondo H, Hirono I, Aoki T. 2008. Pathogenic potential of a collagenase
gene from Aeromonas veronii. Can. J. Microbiol. 54(1):1-10. doi:10.1139/w07-109.

Harnisz M, Kiedrzynska E, Kiedrzyhski M, Korzeniewska E, Czatzkowska M,
Koniuszewska I, Jozwik A, Szklarek S, Niestepski S, Zalewski M. 2020. The impact of WWTP
size and sampling season on the prevalence of antibiotic resistance genes in wastewater and
the river system. Sci. Total Environ. 741, 140466. doi:10.1016/j.scitotenv.2020.140466.

Harnisz M, Korzeniewska E. 2018. The prevalence of multidrug-resistant Aeromonas
spp. in the municipal wastewater system and their dissemination in the environment. Sci. Total
Environ. 626, 377—383. doi:10.1016/j.scitotenv.2018.01.100.

Hassell JM, Begon M, Ward MJ, Févre EM. 2017. Urbanization and disease
emergence: dynamics at the wildlife-livestock-human interface. Trends Ecol. Evol. 32(1):55—-
67. doi:10.1016/j.tree.2016.09.012.

Hawke JP, Khoo LH. 2004. Infectious diseases. In: Tucker CS, Hargreaves JA, editors.
Biology and Culture of Channel Catfish. Amsterdam: Elsevier; p. 387-443.

Hazen TC. 1979. Ecology of Aeromonas hydrophila in a South Carolina cooling
reservoir. Microb. Ecol. 5(3):179-195. doi:10.1007/BF02013525.

Hermoso V, Clavero M, Blanco-Garrido F, Prenda J. 2011. Invasive species and
habitat degradation in Iberian streams: an analysis of their role in freshwater fish diversity loss.
Ecol. Applic. 21(1):175-88. d0i:10.1890/09-2011.1.

Hermoso V, Clavero M. 2011. Threatening processes and conservation management
of endemic freshwater fish in the Mediterranean basin: a review. Mar. Freshw. Res. 62, 244—
254. doi:10.1071/MF09300.

Hermoso V, Filipe AF, Segurado P, Beja P. 2015. Effectiveness of a large reserve
network in protecting freshwater biodiversity: a test for the Iberian Peninsula. J. Environ.
Manage. 161, 358-365. doi:10.1016/j.jenvman.2015.07.023.

Hermoso V, Filipe AF. 2021. Offsetting connectivity loss in rivers: Towards a no-net-
loss approach for barrier planning. Biol. Cons. 256, 109043.
doi:10.1016/j.biocon.2021.109043.

Hernando-Amado S, Sanz-Garcia F, Blanco P, Martinez JL. 2017. Fitness costs
associated with the acquisition of antibiotic resistance. Essays Biochem. 61(1):37-48.
doi:10.1042/ebc20160057.

149



Hickey ME, Besong SA, Kalavacharla V, Lee J. 2013. Identification of extracellular
DNase-producing bacterial populations on catfish fillets during refrigerated storage. Food Sci.
Biotechnol. 22, 87—92. do0i:10.1007/s10068-013-0012-1.

Hossain MJ, Sun D, McGarey DJ, Wrenn S, Alexander LM, Martino ME, Xing Y,
Terhune JS, Liles MR. 2014. An Asian origin of virulent Aeromonas hydrophila responsible for
disease epidemics in United States-farmed catfish. mBio. 5(3):e00848-14.
doi:10.1128/mBi0.00848-14.

Hossain S, Wickramanayake MVKS, Dahanayake PS, Heo GJ. 2020. Species
identification, virulence markers and antimicrobial resistance profiles of Aeromonas sp.
isolated from marketed hard-shelled mussel (Mytilus coruscus) in Korea. Lett. Appl. Microbiol.
70(3):221-229. doi:10.1111/lam.13266.

Hu Y, Gao GF, Zhu B. 2017. The antibiotic resistome: Gene flow in environments,
animals and human beings. Front. Med. 11(2):161-168. doi:10.1007/s11684-017-0531-x.

Huang L, Liu W, Jiang Q, Zuo Y, Su Y, Zhao L, Qin Y, Yan Q. 2018. Integration of
transcriptomic and proteomic approaches reveals the temperature-dependent virulence of
Pseudomonas plecoglossicida. Front. Cell. Infect. Microbiol. 8, 207.
doi:10.3389/fcimb.2018.00207.

Huang L, Xu Y, Xu J, Ling J, Zheng L, Zhou X, Xie G. 2019. Dissemination of antibiotic
resistance genes (ARGSs) by rainfall on a cyclic economic breeding livestock farm. Int.
Biodeter. Biodegr. 138, 114-121. doi:10.1016/j.ibiod.2019.01.009.

Igbinosa IH, Beshiru A, Odjadjare EE, Ateba CN, Ighinosa EO. 2017. Pathogenic
potentials of Aeromonas species isolated from aquaculture and abattoir environments. Microb.
Pathog. 107, 185-192. doi:10.1016/j.micpath.2017.03.037.

lllan G, de Blas |, Ruiz-Zarzuela I. 2013. Hysteromorpha triloba: primer registro de la
presencia de la Enfermedad del Punto Negro en aguas continentales de Castilla y Ledn
(Espafia) [In Spanish]. Revista AquaTIC. 39, 36-43.

lllan G. 2012. Descripcién y caracterizacion epidemioldgica de la parasitofauna de
peces ciprinidos de la cuenca alta y media del rio Duero [dissertation]. Zaragoza: University
of Zaragoza.

INE. 2011. Censos 2011 [In Portuguese]. [acessed 2017 Sep 25].
http://censos.ine.pt/xportal/xmain?xpgid=censo0s2011 apresentacaoexpid=CENSOS.

IUCN. 2017. International Union for Conservation of Nature — Species Conservation
Planning Sub-Committee. Guidelines for species conservation planning. Version 1.0. Gland:
IUCN.

IUCN. 2021. The IUCN Red List of Threatened Species. Version 2021-1. [accessed
2021 Jul 21]. https://www.iucnredlist.org.

Jager T, Hembach N, Elpers C, Wieland A, Alexander J, Hiller C, Krauter G, Schwartz
T. 2018. Reduction of antibiotic resistant bacteria during conventional and advanced
wastewater treatment, and the disseminated loads released to the environment. Front.
Microbiol. 9, 2599. doi:10.3389/fmicb.2018.02599.

Janda JM, Abbott SL. 2010. The genus Aeromonas: Taxonomy, pathogenicity, and
infection. Clin. Microbiol. Rev. 23(1):35-73. d0i:10.1128/CMR.00039-09.

Jari¢ I, Lennox RJ, Kalinkat G, Cvijanovi¢ G, Radinger J. 2019. Susceptibility of
European freshwater fish to climate change: Species profiling based on life-history and
environmental characteristics. Glob. Chang. Biol. 25(2):448-458. doi:10.1111/gcbh.14518.

150


http://censos.ine.pt/xportal/xmain?xpgid=censos2011_apresentacaoexpid=CENSOS
https://www.iucnredlist.org/

Jiang WD, Xu J, Zhou XQ, Wu P, Liu Y, Jiang J, Kuang SY, Tang L, Tang WN, Zhang
YA, et al. 2017. Dietary protein levels regulated antibacterial activity, inflammatory response
and structural integrity in the head kidney, spleen and skin of grass carp (Ctenopharyngodon
idella) after challenged with Aeromonas hydrophila. Fish Shellfish Immunol. 68, 154-172.
doi:10.1016/}.fsi.2017.07.019.

Jiao YN, Zhou ZC, Chen T, Wei YY, Zheng J, Gao RX, Chen H. 2018. Biomarkers of
antibiotic resistance genes during seasonal changes in wastewater treatment systems.
Environ Pollut. 234, 79-87. doi:10.1016/j.envpol.2017.11.048.

Johnson PT, Olden JD, Vander Zanden MJ. 2008. Dam invaders: impoundments
facilitate biological invasions into freshwaters. Front. Ecol. Environ. 6, 357-363.
doi:10.1890/070156.

Ju F, Beck K, Yin X, Maccagnan A, McArdell CS, Singer HP, Johnson DR, Zhang T,
Birgmann H. 2018. Wastewater treatment plant resistomes are shaped by bacterial
composition, genetic exchange, and upregulated expression in the effluent microbiomes.
ISME J. 13(2):346-360. d0i:10.1038/s41396-018-0277-8.

Junta de Extremadura. 2021. Centro regional de Acuicultura. [acessed 2021 Jul 26].
http://extremambiente.juntaex.es/index.php?option=com_contenteview=articleeid=478eltemi
d=324.

Kaba HE, Kuhlmann E, Scheithauer S. 2020. Thinking outside the box: Association of
antimicrobial resistance with climate warming in Europe—A 30 country observational study.
Int. J. Hyg. Environ. Health. 223(1):151-158. doi:10.1016/j.ijheh.2019.09.008.

Kalogianni E, Vourka A, Karaouzas |, Vardakas L, Laschou S, Skoulikidis NT. 2017.
Combined effects of water stress and pollution on macroinvertebrate and fish assemblages in
a Mediterranean intermittent river. Sci. Total Environ. 603-604, 639-650.
doi:10.1016/).scitotenv.2017.06.078.

Karem KL, Foster JW, Bej AK. 1994. Adaptive acid tolerance response (ATR) in
Aeromonas hydrophila. Microbiol. 140(Pt 7):1731-1736. doi:10.1099/13500872-140-7-1731.

Karunakaran T, Devi BG. 1995. Proteolytic activity of Aeromonas caviae. J. Basic
Microbiol. 35(4):241-247. doi:10.1002/jobm.3620350409.

Kaushal SS, Likens GE, Pace ML, Utz R, Haq S, Gorman J, Grese M. 2018.
Freshwater salinization syndrome on a continental scale. Proc. Natl. Acad. Sci. USA.
115(4):E574—-E583. d0i:10.1073/pnas.1711234115.

Kaushal SS, Likens GE, Utz RM, Pace ML, Grese M, Yepsen M. 2013. Increased river
alkalinization in the Eastern U.S. Environ. Sci. Technol. 47(18):10302-10311.
doi:10.1021/es401046s.

Khor WC, Puah SM, Tan JAMA, Puthucheary S, Chua KH. 2015. Phenotypic and
genetic diversity of Aeromonas species isolated from fresh water lakes in Malaysia. PLoS
ONE. 10(12):e0145933. doi:10.1371/journal.pone.0145933.

Knapp CW, Lima L, Olivares-Rieumont S, Bowen E, Werner D, Graham DW. Seasonal
variations in antibiotic resistance gene transport in the Almendares river, Havana, Cuba. Front.
Microbiol. 3, 396. doi:10.3389/fmicb.2012.00396.

Kngchel S. 1990. Growth characteristics of motile Aeromonas spp. isolated from
different environments. Int. J. Food Microbiol. 10(3-4):235-244. d0i:10.1016/0168-
1605(90)90071-c.

Knouft JH, Ficklin D. 2017. The potential impacts of climate change on biodiversity in
flowing freshwater systems. Annu. Rev. Ecol. Evol. Syst. 48, 111-133. doi:10.1146/annurev-
ecolsys-110316-022803.

151


http://extremambiente.juntaex.es/index.php?option=com_content&view=article&id=478&Itemid=324
http://extremambiente.juntaex.es/index.php?option=com_content&view=article&id=478&Itemid=324

Kopf RK, Shaw C, Humphries P. 2017. Trait-based prediction of extinction risk of small-
bodied freshwater fishes. Cons. Biol. 31(3):581-591. doi:10.1111/cobi.12882.

Kophamel S, llling B, Ariel E, Difalco M, Skerratt LF, Hamann M, Ward LC, Méndez D,
Munns SL. 2021. Importance of health assessments for conservation in noncaptive wildlife.
Conserv. Biol. doi:10.1111/cobi.13724.

Kottelat M, Freyhof J. 2007. Handbook of European Freshwater Fishes. Berlin:
Publications Kottelat.

Kozinska A. 2007. Dominant pathogenic species of mesophilic aeromonads isolated
from diseased and healthy fish cultured in Poland. J. Fish Dis. 30(5):293-301.
doi:10.1111/j.1365-2761.2007.00813.x.

Krovacek K, Huang K, Sternberg S, Svenson SB. 1998. Aeromonas hydrophila
septicaemia in a grey seal (Halichoerus grypus) from the Baltic Sea: a case study. Comp.
Immunol. Microbiol. Infect. Dis. 21(1):43-9. doi:10.1016/s0147-9571(97)00015-5.

Krumperman PH. 1983. Multiple antibiotic resistance indexing of Escherichia coli to
identify high-risk sources of fecal contamination of foods. Appl Environ Microbiol. 46(1):165-
70. doi:10.1128/aem.46.1.165-170.1983.

Lamb RW, Smith F, Aued AW, Salinas-de-Leén P, Suarez J, Gomez-Chiarri M,
Smolowitz R, Giray C, Witman JD. 2018. El Nifio drives a widespread ulcerative skin disease
outbreak in Galapagos marine fishes. Sci. Rep. 8(1):16602. doi:10.1038/s41598-018-34929-
z.

Larsson DGJ, Andremont A, Bengtsson-Palme J, Brandt KK, de Roda Husman AM,
Fagerstedt P, Fick J, Flach CF, Gaze WH, Kuroda M, et al. 2018. Critical knowledge gaps and
research needs related to the environmental dimensions of antibiotic resistance. Environ. Int.
117, 132-138. doi:10.1016/j.envint.2018.04.041.

Laviad-Shitrit S, Izhaki |, Arakawa E, Halpern M. 2018. Wild waterfowl as potential
vectors of Vibrio cholerae and Aeromonas species. Trop. Med. Int. Health. 23(7):758-764.
doi:10.1111/tmi.13069.

Law M. 2001. Differential diagnosis of ulcerative lesions in fish. Environ. Health
Perspect. 109 Suppl 5(Suppl 5):681-686. doi:10.1289/ehp.01109s5681.

Lawson B, Petrovan SO, Cunningham AA. 2015. Citizen Science and Wildlife Disease
Surveillance. Ecohealth. 12(4):693-702. doi:10.1007/s10393-015-1054-z.

Le Page G, Gunnarsson L, Snape J, Tyler CR. 2017. Integrating human and
environmental health in antibiotic risk assessment: A critical analysis of protection goals,
species sensitivity and antimicrobial resistance. Environ. Int. 109, 155-169.
doi:10.1016/j.envint.2017.09.013.

Le TDH, Kattwinkel M, Schitzenmeister K, Olson JR, Hawkins CP, Schéfer RB. 2018.
Predicting current and future background ion concentrations in German surface water under
climate change. Philos. Trans. R. Soc. Lond. B Biol. Sci. 374(1764):20180004.
doi:10.1098/rstb.2018.0004.

Lee C, Cho JC, Lee SH, Lee DG, Kim SJ. 2002. Distribution of Aeromonas spp. as
identified by 16S rDNA restriction fragment length polymorphism analysis in a trout farm. J.
Appl. Microbiol. 93(6):976-85. doi:10.1046/].1365-2672.2002.01775.x.

Lehane L, Rawlin GT. 2000. Topically acquired bacterial zoonoses from fish: a review.
Med. J. Aust. 173(5):256-259. doi:10.5694/j.1326-5377.2000.tb125632.x.

Leunda PM. 2010. Impacts of non-native fishes on Iberian freshwater ichthyophauna:
current knowledge and gaps. Aquat. Invasions. 3, 239-262.

152



Li A, Chen L, Zhang Y, Tao Y, Xie H, Li S, Sun W, Pan J, He Z, Mai C, et al. 2018.
Occurrence and distribution of antibiotic resistance genes in the sediments of drinking water
sources, urban rivers, and coastal areas in Zhuhai, China. Environ. Sci. Pollut. Res. Int.
25(26):26209-26217. doi:10.1007/s11356-018-2664-0.

Li F, Wang W, Zhu Z, Chen A, Du P, Wang R, Chen H, Hu Y, Li J, Kan B, et al. 2015.
Distribution, virulence-associated genes and antimicrobial resistance of Aeromonas isolates
from diarrheal patients and  water, China. J. Infect. 70(6):600-608.
doi:10.1016/}.jinf.2014.11.004.

Liang X, Guan F, Chen B, Luo P, Guo C, Wu G, Ye Y, Zhou Q, Fang H. 2020. Spatial
and seasonal variations of antibiotic resistance genes and antibiotics in the surface waters of
Poyang Lake in China. Ecotoxicol. Environ. Saf. 196, 110543.
doi:10.1016/j.ecoenv.2020.110543.

Lim SR, Lee DH, Park SY, Lee S, Kim HY, Lee MS, Lee JR, Han JE, Kim HK, Kim JH.
2019. Wild nutria (Myocastor coypus) is a potential reservoir of carbapenem-resistant and
zoonotic Aeromonas spp. in Korea. Microorganisms. 7(8):224.
doi:10.3390/microorganisms7080224.

Liu C, Comte L, Olden JD. 2017. Heads you win, tails you lose: Life-history traits predict
invasion and extinction risk of the world's freshwater fishes. Aquat. Conserv. 27(4):773-779.
doi:10.1002/aqc.2740.

Liu L, Su JQ, Guo Y, Wilinson DM, Liu Z, Zhu YG, Yang J. 2018. Large-scale
biogeographical patterns of bacterial antibiotic resistome in the waterbodies of China. Environ.
Int. 117, 292-299. doi:10.1016/j.envint.2018.05.023.

Lopes J. 2014. Action plan for the fish communities on the streams of the Sintra-
Cascais Natural Park [master’s thesis]. Lisbon: University of Lisbon.

Lopez-Vazquez CM, Oehmen A, Hooijmans CM, Brdjanovic D, Gijzen HJ, Yuan Z, van
Loosdrecht MC. 2009. Modeling the PAO-GAO competition: effects of carbon source, pH and
temperature. Water Res. 43(2):450-462. doi:10.1016/j.watres.2008.10.032.

Lowry T, Smith SA. 2007. Aquatic zoonoses associated with food, bait, ornamental,
and tropical fish. J. Am. Vet. Med. Assoc. 231(6):876-880. doi:10.2460/javma.231.6.876.

Maalej S, Mahjoubi A, Elazri C, Dukan S. 2003. Simultaneous effects of environmental
factors on motile Aeromonas dynamics in an urban effluent and in the natural seawater. Water
Res. 37(12):2865-2874. d0i:10.1016/S0043-1354(03)00117-9.

Maceda-Veiga A, Green AJ, De Sostoa A. 2014. Scaled body-mass index shows how
habitat quality influences the condition of four fish taxa in north-eastern Spain and provides a
novel indicator of ecosystem health. Freshw. Biol. 59, 1145-1160. doi:10.1111/fwb.12336.

Maceda-Veiga A, Mac Nally R, de Sostoa A. 2017. The presence of non-native species
is not associated with native fish sensitivity to water pollution in greatly hydrologically altered
rivers. Sci. Total Environ. 607-608, 549-557. doi:10.1016/j.scitotenv.2017.07.010.

Maceda-Veiga A, Mac Nally R, Green AJ, Poulin R, de Sostoa A. 2019. Major
determinants of the occurrence of a globally invasive parasite in riverine fish over large-scale
environmental gradients. Int. J. Parasitol. 49(8):625-634. doi:10.1016/j.ijpara.2019.03.002.

Maceda-Veiga A, Salvadé H, Vinyoles D, De Sostoa A. 2009. Outbreaks of
Ichthyophthirius muiltifiliis in redtail barbs Barbus haasi in a Mediterranean stream during
drought. J. Aquat. Anim. Health. 21(3):189-194. doi:10.1577/H08-054.1.

Maceda-Veiga A. 2019. Prevalence is positively associated with host tolerance to
environmental degradation in riverine fish in north-eastern Spain: example with lernaeids and
water molds. Bull. Eur. Assoc. Fish Pathol. 39(2):54-59.

153



Maceda-Veiga, A. 2013. Towards the conservation of freshwater fish: Iberian Rivers
as an example of threats and management practices. Rev. Fish Biol. Fish. 23, 1-22.
doi:10.1007/s11160-012-9275-5.

MacFadden DR, McGough SF, Fisman D, Santillana M, Brownstein JS. 2018.
Antibiotic resistance increases with local temperature. Nat. Clim. Chang. 8(6):510-514.
doi:10.1038/s41558-018-0161-6.

Magiorakos AP, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, Harbarth
S, Hindler JF, Kahimeter G, Olsson-Liljequist B, et al. 2012. Multidrug-resistant, extensively
drug-resistant and pandrug-resistant bacteria: an international expert proposal for interim
standard definitions for acquired resistance. Clin. Microbiol. Infect. 18(3):268-281.
doi:10.1111/).1469-0691.2011.03570.x.

Magoulick DD, Kobza RM. 2003. The role of refugia for fishes during drought: A review
and synthesis. Freshw. Biol. 48, 1186-1198. do0i:10.1046/j.1365-2427.2003.01089.x.

Mameri D, Branco P, Ferreira MT, Santos JM. 2020a. Heatwave effects on the
swimming behaviour of a Mediterranean freshwater fish, the Iberian barbel Luciobarbus
bocagei. Sci. Total Environ. 730, 139152. doi:10.1016/j.scitotenv.2020.139152.

Mameri D, Sousa-Santos C, Robalo JI, Gil F, Faria AM. 2020b. Swimming performance
in early life stages of three threatened Iberian Leuciscidae. Acta Ethol. 23, 23-29.

Maravi¢ A, SkocibuSi¢ M, Samani¢ |, Fredotovi¢ Z, Cvjetan S, Jutroni¢ M, Puizina J.
2013. Aeromonas spp. simultaneously harbouring bla(CTX-M-15), bla(SHV-12), bla(PER-1)
and bla(FOX-2), in wild-growing Mediterranean mussel (Mytilus galloprovincialis) from Adriatic
Sea, Croatia. Int. J. Food Microbiol. 166(2):301-308. doi:10.1016/j.ijfoodmicro.2013.07.010.

Marcos JCV, Santos LAM, Santos JMM. 2019. Manual técnico sobre la cria en
cautividad de peces endémicos de interés comunitario. Valladolid: Junta de Castilla y Ledn
and Confederacion Hidrografica del Duero.

Marcos-Lopez M, Gale P, Oidtmann BC, Peeler EJ. 2010. Assessing the impact of
climate change on disease emergence in freshwater fish in the United Kingdom. Transbound.
Emerg. Dis. 57(5):293-304. doi:10.1111/j.1865-1682.2010.01150.x.

Marques DS, Ferreira DA, Paiva PM, Napoledo TH, Aradjo JM, Maciel Carvalho EV,
Coelho LC. 2016. Impact of stress on Aeromonas diversity in tambaqui (Colossoma
macropomum) and lectin level change towards a bacterial challenge. Environ. Technol.
37(23):3030-3035. doi:10.1080/09593330.2016.1174313.

Marques R. 2016. Trophic impacts of African clawed frog Xenopus laevis in Barcarena
stream (Oeiras, Portugal). [master’s thesis]. Lisbon: University of Lisbon.

Martin-Carnahan A, Joseph SW. 2015. Aeromonas. In: Trujillo ME, Dedysh S, DeVos
P, Hedlund B, Kampfer P, Rainey FA, Whitman WB, editors. Bergey's Manual of Systematics
of Archaea and Bacteria. Hoboken: John Wiley e Sons, Inc. and Bergey's Manual Trust; p. 1-
44.

Martinez Gomes P. 1970. Plerocercoides de Ligula intestinalis Linnea, 1758 (Cestoda,
Diphyllobothriidae) en la cavidad intestinal de Leuciscus cephalus pyrenaicus Gunther, 1868
(Pisces, Ciprinidae) [abstract] [In Spanish]. In V Seminario Nacional Veterinario Symposium
de Produccion, Pesca e Indistria; 3'9-8" August; Santiago, Spain. p. 251-254.

Matono P, llhéu M, Formigo N, Ferreira MT, Raposo de Almeida P, Cortes R.,
Bernardo J. 2009. Development of a fish index for the rivers of continental Portugal. Recursos
Hidricos. 3(2):75-82.

154



McEwen SA, Collignon PJ. 2018. Antimicrobial resistance: a one health perspective.
In: Schwarz S, Cavaco LM, Shen J, Aarestrup FM, editors. Antimicrobial Resistance in
Bacteria from Livestock and Companion Animals. Washington: ASM Press; p. 521-547.

McGowan PJ, Traylor-Holzer K, Leus K. 2017. IUCN Guidelines for determining when
and how ex situ management should be used in species conservation. Conserv. Lett. 10, 361-
366.

McKenzie VJ, Song SJ, Delsuc F, Prest TL, Oliverio AM, Korpita TM, Alexiev A, Amato
KR, Metcalf JL, Kowalewski M, et al. 2017. The effects of captivity on the mammalian gut
microbiome. Integr. Comp. Biol. 57(4):690-704. doi:10.1093/ich/icx090.

McMahon MA, Xu J, Moore JE, Blair IS, McDowell DA. 2007. Environmental stress
and antibiotic resistance in food-related pathogens. Appl. Environ. Microbiol. 73(1):211-217.
doi:10.1128/AEM.00578-06.

Mellergaard S. 1983. Purification and characterization of a new proteolytic enzyme
produced by Aeromonas salmonicida. J. Appl. Bacteriol. 54(2):289-294. d0i:10.1111/j.1365-
2672.1983.tb02619.x.

Melnyk AH, Wong A, Kassen R. 2015. The fitness costs of antibiotic resistance
mutations. Evol Appl. 8(3):273-283. doi:10.1111/eva.12196.

Mendes JJ, Marques-Costa A, Vilela C, Neves J, Candeias N, Cavaco-Silva P, Melo-
Cristino J. 2012. Clinical and bacteriological survey of diabetic foot infections in Lisbon.
Diabetes Res. Clin. Pract. 95(1):153-161. doi:10.1016/j.diabres.2011.10.001.

Meng S, Wang YL, Liu C, Yang J, Yuan M, Bai XN, Jin D, Liang JR, Cui ZG, Li J. 2020.
Genetic diversity, antimicrobial resistance, and virulence genes of Aeromonas Isolates from
clinical patients, tap water systems, and food. Biomed. Environ. Sci. 33(6):385-395.
doi:10.3967/bes2020.053.

Merciai R, Molons-Sierra C, Sabater S, Garcia-Berthou E. Water abstraction affects
abundance, size-structure and growth of two threatened cyprinid fishes. PLoS ONE.
12(4):e0175932. doi:10.1371/journal.pone.0175932.

Mesquita N, Carvalho G, Shaw P, Crespo E, Coelho MM. 2001. River basin-related
genetic structuring in an endangered fish species, Chondrostoma lusitanicum, based on
mtDNA sequencing and RFLP analysis. Heredity. 86(Pt 3):253-64. do0i:10.1046/j.1365-
2540.2001.00776.x.

Mikonranta L, Mappes J, Laakso J, Ketola T. 2015. Within-host evolution decreases
virulence in an opportunistic bacterial pathogen. BMC Evol. Biol. 15, 165. doi:10.1186/s12862-
015-0447-5.

Migueleiz I, Miranda R, Arifio AH, Cancellario T. 2021. Effective reassessments of
freshwater fish species: a case study in a Mediterranean peninsula. Hydrobiol.
doi:10.1007/s10750-021-04644-4.

Miyagi K, Hirai I, Sano K. 2016. Distribution of Aeromonas species in environmental
water used in daily life in Okinawa Prefecture, Japan. Environ. Health Prev. Med. 21(5):287-
294. doi:10.1007/s12199-016-0528-0.

Molbert N, Angelier F, Alliot F, Ribout C, Goutte A. 2021. Fish from urban rivers and
with  high pollutant levels have shorter telomeres. Biol. Lett. 17(1):20200819.
doi:10.1098/rshl.2020.0819.

Moro EM, Weiss RD, Friedrich RS, de Vargas AC, Weiss LH, Nunes MP. 1999.
Aeromonas hydrophila isolated from cases of bovine seminal vesiculitis in south Brazil. J. Vet.
Diagn. Invest. 11(2):189-191. doi:10.1177/104063879901100217.

155



Morris PJ, Johnson WR, Pisani J, Bossart GD, Adams J, Reif JS, Fair PA. 2011.
Isolation of culturable microorganisms from free-ranging bottlenose dolphins (Tursiops
truncatus) from the southeastern United States. Vet. Microbiol. 148(2-4):440-447.
doi:10.1016/j.vetmic.2010.08.025.

Mosley L. 2015. Drought impacts on the water quality of freshwater systems; review
and integration. Earth Sci. Rev. 140, 203-214. doi:10.1016/j.earscirev.2014.11.010.

Mouillot F, Rambal S, Joffre R. 2002. Simulating climate change impacts on fire
frequency and vegetation dynamics in a Mediterranean-type ecosystem. Glob. Change Biol.
8, 423-437. doi:10.1046/j.1365-2486.2002.00494 .x.

Muduli C, Tripathi G, Paniprasad K, Kumar K, Singh RK, Rathore G. 2021. Virulence
potential of Aeromonas hydrophila isolated from apparently healthy freshwater food fish. Biol.
76, 1005-1015. doi:10.2478/s11756-020-00639-z.

Mueller EA, Egan AJ, Breukink E, Vollmer W, Levin PA. 2019. Plasticity of Escherichia
coli cell wall metabolism promotes fitness and antibiotic resistance across environmental
conditions. Elife. 8, e40754. doi:10.7554/eLife.40754.

Murawski SA, Hogarth WT, Peebles EB, Barbeiri L. 2014. Prevalence of external skin
lesions and polycyclic aromatic hydrocarbon concentrations in Gulf of Mexico fishes, post-
Deepwater Horizon. Trans. Am. Fish. Soc. 143, 1084-1097.
doi:10.1080/00028487.2014.911205.

Nagar V, Bandekar JR, Shashidhar R. 2016. Expression of virulence and stress
response genes in Aeromonas hydrophila under various stress conditions. J. Basic Microbiol.
56(10):1132-1137. d0i:10.1002/jobm.201600107.

NCCLS. 2002. National Committee for Clinical Laboratory Standards. Performance
Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from
Animals, 2" ed.; Approved Standard; Document M31-A2. Wayne (NJ): NCCLS.

Nicola GG, Almodévar A, Elvira B. 2010. Effects of environmental factors and predation
on benthic communities in headwater streams. Aquat. Sci. 72, 419-429. doi:10.1007/s00027-
010-0145-8.

Noga EJ. 2000. Skin ulcers in fish: Pfiesteria and other etiologies. Toxicol. Pathol.
28(6):807-823. d0i:10.1177/019262330002800607.

Noga EJ. 2010. Fish Disease: Diagnosis and Treatment, 2" ed. Hoboken (NJ): Wiley-
Blackwell.

North RL, Khan NH, Ahsan M, Prestie C, Korber DR, Lawrence JR, Hudson JJ. 2014.
Relationship between water quality parameters and bacterial indicators in a large prairie
reservoir. Lake Diefenbaker, Saskatchewan, Canada. Can. J. Microbiol. 60(4):243-249.
doi:10.1139/cjm-2013-0694.

Oberholster PJ, Botha AM, Hill L, Strydom WF. 2017. River catchment responses to
anthropogenic acidification in relationship with sewage effluent: An ecotoxicology screening
application. Chemosphere. 189, 407-417. doi:10.1016/j.chemosphere.2017.09.084.

Olden JD, Kennard MJ, Lawler JJ, Poff NL. 2011. Challenges and opportunities in
implementing managed relocation for conservation of freshwater species. Conserv. Biol.
25(1):40-47. doi:10.1111/j.1523-1739.2010.01557 .x.

Oliveira A, Palma C, Valenga M. 2011. Heavy metal distribution in surface sediments
from the continental shelf adjacent to Nazaré canyon. Deep Sea Res. Part Il Top. Stud.
Oceanogr. 58(23-24):2420-2432. doi:10.1016/j.dsr2.2011.04.006.

156



Pachauri RK, Allen MR, Barros VR, Broome J, Cramer W, Christ R, Church JA, Clarke
L, Dahe Q, Dasgupta P, et al. 2014. Climate Change 2014: Synthesis Report. Contribution of
Working Groups I, Il and Il to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Geneva: IPCC.

Palma-Martinez |, Guerrero-Mandujano A, Ruiz-Ruiz MJ, Hernandez-Cortez C,
Molina-Lépez J, Bocanegra-Garcia V, Castro-Escarpulli G. 2016. Active Shiga-like toxin
produced by some Aeromonas spp., solated in Mexico City. Front. Microbiol. 7, 1522.
doi:10.3389/fmich.2016.01522.

Palumbo SA, Morgan DR, Buchanan RL. 1985. Influence of temperature, NaCl, and
pH on the growth of Aeromonas hydrophila. J. Food Sci. 50, 1417-1421. doi:10.1111/].1365-
2621.1985.tb10490.x.

Parker JL, Shaw JG. 2011. Aeromonas spp. clinical microbiology and disease. J.
Infect. 62(2):109-118. doi:10.1016/.jinf.2010.12.003.

Parter M, Kashtan N, Alon U. 2007. Environmental variability and modularity of
bacterial metabolic networks. BMC Evol. Biol. 7, 169. doi:10.1186/1471-2148-7-169.

Pathak SP, Bhattacherjee JW, Kalra N, Chandra S. 1988. Seasonal distribution of
Aeromonas hydrophila in river water and isolation from river fish. J. Appl. Bacteriol. 65(4):347-
52. do0i:10.1111/j.1365-2672.1988.tb01901.x.

Patil HJ, Benet-Perelberg A, Naor A, Smirnov M, Ofek T, Nasser A, Minz D, Cytryn E.
2016. Evidence of increased antibiotic resistance in phylogenetically-diverse Aeromonas
isolates from semi-intensive fish ponds treated with antibiotics. Front. Microbiol. 7, 1875.
doi:10.3389/fmicb.2016.01875.

Pattanayak S, Priyadarsini S, Paul A, Kumar PR, Sahoo PK. 2020. Diversity of
virulence-associated genes in pathogenic Aeromonas hydrophila isolates and their in vivo
modulation at varied water temperatures. Microb. Pathog. 147, 104424.
doi:10.1016/j.micpath.2020.104424.

Paulson JR, Mahmoud Y, Al-Musharafi SK, Al-Bahry SN. 2016. Antibiotic resistant
bacteria in the environment as bio-indicators of pollution. Open Biotechnol. J. 10(Suppl-2,
M7):342-351. doi:10.2174/1874070701610010342.

Pekala-Safinska A. 2018. Contemporary threats of bacterial infections in freshwater
fish. J. Vet. Res. 62(3):261-267. doi:10.2478/jvetres-2018-0037.

Peng F, Guo Y, Isabwe A, Chen H, Wang Y, Zhang Y, Zhu Z, Yang J. 2020.
Urbanization drives riverine bacterial antibiotic resistome more than taxonomic community at
watershed scale. Environ. Int. 137, 105524. doi:10.1016/j.envint.2020.105524.

Pereira S, Pinto AL, Cortes R, Fontainhas-Fernandes A, Coimbra AM, Monteiro SM.
2013. Gill histopathological and oxidative stress evaluation in native fish captured in
portuguese  northwestern  rivers.  Ecotoxicol.  Environ. Saf. 90, 157-166.
doi:10.1016/j.ecoenv.2012.12.023.

Pérez-Bote JL. 2000. Occurrence of Lernaea cyprinacea (Copepoda) on three native
cyprinids in the river Guadiana (SW Iberian Peninsula). Res. Rev. Parasitol. 60(3-4), 135-136.

Perretta A, Antinez K, Zunino P. 2018. Phenotypic, molecular and pathological
characterization of motile aeromonads isolated from diseased fishes cultured in Uruguay. J.
Fish Dis. 41(10):1559-1569. doi:10.1111/jfd.12864.

Persson S, Al-Shuweli S, Yapici S, Jensen JN, Olsen KE. 2015. Identification of clinical
Aeromonas species by rpoB and gyrB sequencing and development of a multiplex PCR
method for detection of Aeromonas hydrophila, A. caviae, A. veronii, and A. media. J. Clin.
Microbiol. 53(2):653-656. doi:10.1128/JCM.01963-14.

157



Pessoa RB, de Oliveira WF, Marques DSC, Dos Santos Correia MT, de Carvalho
EVMM, Coelho LCBB. 2019. The genus Aeromonas: A general approach. Microb. Pathog.
130, 81-94. doi:10.1016/j.micpath.2019.02.036.

Peterson E, Kaur P. 2018. Antibiotic resistance mechanisms in bacteria: Relationships
between resistance determinants of antibiotic producers, environmental bacteria, and clinical
pathogens. Front. Microbiol. 9, 2928. doi:10.3389/fmicb.2018.02928.

Pettibone GW. 1998. Population dynamics of Aeromonas spp. in an urban river
watershed. J. Appl. Microbiol. 85(4):723-730. do0i:10.1111/j.1365-2672.1998.00585.x.

Pfeiffer DU. 2006. Communicating risk and uncertainty in relation to development and
implementation of disease control policies. Vet. Microbiol. 112(2-4):259-64.
doi:10.1016/j.vetmic.2005.11.020.

Pianetti A, Bruscolini F, Rocchi MB, Sabatini L, Citterio B. 2006. Influence of different
concentrations of nitrogen and phosphorous on Aeromonas spp. growth. Ig. Sanita Pubbl.
62(6):609-622.

Pinceel T, Buschke F, Weckx M, Brendonck L, Vanschoenwinkel B. 2018. Climate
change jeopardizes the persistence of freshwater zooplankton by reducing both habitat
suitability and demographic resilience. BMC Ecol. 18(1):2. doi:10.1186/s12898-018-0158-z.

Pinto J. 2018. Zooplankton dynamics and water quality of the reservoirs from the
Algueva Irrigation System. [master’s thesis]. Oporto: University of Porto.

Piotrowska M, Popowska M. 2015. Insight into the mobilome of Aeromonas strains.
Front. Microbiol. 6, 494. doi:10.3389/fmicb.2015.00494.

Plumb JA, Grizzle JM, Defigueiredo J. 1976. Necrosis and bacterial infection in channel
catfish (Ictalurus punctatus) following hypoxia. J. Wildl. Dis. 12(2):247-253. doi:10.7589/0090-
3558-12.2.247.

Pongsiri MJ, Roman J, Ezenwa VO, Goldberg TL, Koren HS, Newbold SC, Ostfeld RS,
Pattanayak SK, Salkeld DJ. 2009. Biodiversity loss affects global disease ecology. Bioscience.
59(11):945-954. doi:10.1525/bi0.2009.59.11.6.

Popovi¢ NT, Kazazi¢ SP, BariSi¢ J, Strunjak-Perovi¢ |, Babi¢ S, Bujak M, Kljusuri¢ JG,
Coz-Rakovac R. 2019. Aquatic bacterial contamination associated with sugarplant sewage
outfalls as a microbial hazard for fish. Chemosphere. 224, 1-8.
doi:10.1016/j.chemosphere.2019.02.110.

Popovic NT, Kazazic SP, Strunjak-Perovic |, Barisic J, Sauerborn Klobucar R, Kepec
S, Coz-Rakovac R. 2015. Detection and diversity of aeromonads from treated wastewater and
fish inhabiting effluent and downstream waters. Ecotoxicol. Environ. Saf. 120, 235-242.
doi:10.1016/j.ecoenv.2015.06.011.

Port JA, Cullen AC, Wallace JC, Smith MN, Faustman EM. 2014. Metagenomic
frameworks for monitoring antibiotic resistance in aquatic environments. Environ. Health
Perspect. 122(3):222-228. doi:10.1289/ehp.1307009.

Power ML, Emery S, Gillings MR. 2013. Into the wild: dissemination of antibiotic
resistance determinants via a species recovery program. PLoS ONE. 8(5):e63017.
doi:10.1371/journal.pone.0063017.

Prenda J, Clavero M, Blanco-Garrido F, Menor A, Hermoso V. 2006. Threats to the
conservation of biotic integrity in Iberian fluvial ecosystems. Limnetica. 25(1):377-388.

Pruden A, Arabi M, Storteboom HN. 2012. Correlation between upstream human
activities and riverine antibiotic resistance genes. Environ. Sci. Technol. 46(21):11541-11549.
doi:10.1021/es302657r.

158



R Core Team. 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. [accessed 2021 May 31].
https://www.R-project.org/.

Radu S, Ahmad N, Ling FH, Reezal A. 2003. Prevalence and resistance to antibiotics
for Aeromonas species from retail fish in Malaysia. Int. J. Food Microbiol. 81(3):261-266.
doi:10.1016/s0168-1605(02)00228-3.

Rahman M, Colque-Navarro P, Kihn I, Huys G, Swings J, Mdllby R. 2002.
Identification and characterization of pathogenic Aeromonas veronii biovar sobria associated
with epizootic ulcerative syndrome in fish in Bangladesh. Appl. Environ. Microbiol. 68(2):650-
655. doi:10.1128/AEM.68.2.650-655.2002.

Rahman M, Huys G, Rahman M, Albert MJ, Kuhn I, Mdéllby R. 2007. Persistence,
transmission, and virulence characteristics of Aeromonas strains in a duckweed aquaculture-
based hospital sewage water recycling plant in Bangladesh. Appl. Environ. Microbiol.
73(5):1444-1451. doi:10.1128/AEM.01901-06.

Ramos-Merchante A, Prenda J. 2018. The ecological and conservation status of the
Guadalquivir river basin (s Spain) through the application of a fish-based multimetric index.
Ecol. Indic. 84, 45-59. d0i:10.1016/j.ecolind.2017.08.034.

Ran C, Qin C, Xie M, Zhang J, Li J, Xie Y, Wang Y, Li S, Liu L, Fu X, et al. 2018.
Aeromonas veronii and aerolysin are important for the pathogenesis of motile aeromonad
septicemia in cyprinid fish. Environ. Microbiol. 20(9):3442-3456. do0i:10.1111/1462-
2920.14390.

Rasmussen-lvey CR, Figueras MJ, McGarey D, Liles MR. 2016a. Virulence factors of
Aeromonas hydrophila: In the wake of reclassification. Front. Microbiol. 7, 1337.
doi:10.3389/fmicb.2016.01337.

Rasmussen-lvey CR, Hossain MJ, Odom SE, Terhune JS, Hemstreet WG, Shoemaker
CA, Zhang D, Xu DH, Griffin MJ, Liu YJ, et al. Classification of a hypervirulent Aeromonas
hydrophila pathotype responsible for epidemic outbreaks in warm-water fishes. Front.
Microbiol. 7, 1615. doi:10.3389/fmicb.2016.01615.

Rather MA, Willayat MM, Wani SA, Hussain SA, Shah SA. 2019. Enterotoxin gene
profile and molecular epidemiology of Aeromonas species from fish and diverse water
sources. J. Appl. Microbiol. 127(3):921-931. doi:10.1111/jam.14351.

Ratzke C, Gore J. 2018. Modifying and reacting to the environmental pH can drive
bacterial interactions. PLoS Biol. 16(3):e2004248. doi:10.1371/journal.pbio.2004248.

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson PTJ, Kidd KA,
MacCormack TJ, Olden JD, Ormerod SJ, et al. 2019. Emerging threats and persistent
conservation challenges for freshwater biodiversity. Biol. Rev. Camb. Philos. Soc. 94(3):849-
873. doi:10.1111/brv.12480.

Reis J, Collares-Pereira MJ, Araujo R. 2014. Host specificity and metamorphosis of
the glochidium of the freshwater mussel Unio tumidiformis (Bivalvia: Unionidae). Folia
Parasitol. 61(1):81-89.

Reverter M, Sarter S, Caruso D, Avarre JC, Combe M, Pepey E, Pouyaud L, Vega-
Heredia S, de Verdal H, Gozlan RE. 2020. Aquaculture at the crossroads of global warming
and antimicrobial resistance. Nat. Commun. 11(1):1870. doi:10.1038/s41467-020-15735-6.

Reynolds JD, Webb TJ, Hawkins LA. 2005. Life history and ecological correlates of
extinction risk in European freshwater fishes. Can. J. Fish. Aquat. Sci. 62, 854—-862.

159


https://www.r-project.org/

Rhodes MH, Kator H. 1994. Seasonal occurrence of mesophilic Aeromonas spp. as a
function of biotype and water quality in temperate freshwater lakes. Water Res. 28(11):2241—
2251. doi:10.1016/0043-1354(94)90039-6.

Risco D, Fernandez-Llario P, Cuesta JM, Benitez-Medina JM, Garcia-Jiménez WL,
Martinez R, Gongalves P, Hermoso de Mendoza J, Gomez L, Garcia A. Isolation of
Aeromonas hydrophila in the respiratory tract of wild boar: pathologic implications. J. Zoo
Wildl. Med. 44(4):1090-1093. doi:10.1638/2013-0009R2.1.

Robalo JI, Almada VC, Faria C. 2003. First description of agonistic behaviour in
Chondrostoma polylepis (Pisces: Cyprinidae) with notes on the behaviour of other
Chondrostoma species. Etologia. 11, 9-13.

Robalo JI, Almada VC, Levy A, Doadrio I. 2007a. Re-examination and phylogeny of
the genus Chondrostoma based on mitochondrial and nuclear data and the definition of 5 new
genera. Mol. Phylogenet. Evol. 42(2):362-372. doi:10.1016/j.ympev.2006.07.003.

Robalo JI, Doadrio |, Valente A, Almada VC. 2007b. ldentification of ESUs in the
critically endangered Portuguese minnow Chondrostoma lusitanicum Collares-Pereira 1980,
based on a phylogeographical analysis. Conserv. Genet. 8, 1225-1229. doi:10.1007/s10592-
006-9275-x.

Robalo JI, Doadrio I, Valente A, Almada VC. 2008. Insights on speciation patterns in
the genus lberochondrostoma (Cyprinidae): evidence from mitochondrial and nuclear data.
Mol. Phylogenet. Evol. 46(1):155-166. doi:10.1016/j.ympev.2007.07.010.

Robalo JI, Sousa-Santos C, Almada VC. 2009. Threatened fishes of the world:
Iberochondrostoma lusitanicum Collares-Pereira, 1980 (Cyprinidae). Environ. Biol. Fishes. 86,
295.

Robalo JI. 2008. Filogenia, fitogeografia e comportamento dos pequenos ciprinideos
do género Chondrostoma Agassiz, 1832 (Actinopterygii: Cyprinidae). [dissertacao]. Oporto:
University of Porto.

Robinson NA, Gjedrem T, Quillet E. 2017. Improvement of disease resistance by
genetic methods. In: Jeney G, editor. Fish diseases — Prevention and Control Strategies.
Amsterdam: Elsevier; p. 21-50.

Rocha S, Azevedo C, Alves A, Antunes C, Casal G. 2019. Morphological and
molecular characterization of myxobolids (Cnidaria, Myxozoa) infecting cypriniforms
(Actinopterygii, Teleostei) endemic to the Iberian Peninsula. Parasite. 26, 48.
doi:10.1051/parasite/2019049.

Rodeles AA, Galicia D, Miranda R. 2017. Recommendations for monitoring freshwater
fishes in river restoration plans: A wasted opportunity for assessing impact. Aquatic Conserv.
27, 880-885. doi:10.1002/aqc.2753.

Rodeles AA, Galicia D, Miranda R. 2021. A simple method to assess the fragmentation
of freshwater fish meta-populations: Implications for river management and conservation.
Ecol. Indic. 125, 107557. doi:10.1016/j.ecolind.2021.107557.

Rodell M, Famiglietti JS, Wiese DN, Reager JT, Beaudoing HK, Landerer FW, Lo MH.
2018. Emerging trends in global freshwater availability. Nature. 557(7707):651-659.
doi:10.1038/s41586-018-0123-1.

Rodriguez-Verdugo A, Gaut BS, Tenaillon O. 2013. Evolution of Escherichia coli
rifampicin resistance in an antibiotic-free environment during thermal stress. BMC Evol. Biol.
13, 50. d0i:10.1186/1471-2148-13-50.

Rogado L, Alexandrino P, Almeida PR, Alves J, Bochechas J, Cortes R, Domingos |,
Filipe F, Madeira J, Magalhdes F. 2005. Chondrostoma lusitanicum Boga-portuguesa. [In
160



Portuguese]. In: Cabral MJ et al., editors. Livro Vermelho dos Vertebrados de Portugal.
Lisboa: Instituto da Conservacao da Natureza; p. 89-90.

Rovira A, Ibafiez C. 2007. Sediment management options for the Lower Ebro and its
Delta. J Soils Sediments. 7, 285-295. doi:10.1065/jss2007.08.244.

Rowe W, Verner-Jeffreys DW, Baker-Austin C, Ryan JJ, Maskell DJ, Pearce GP. 2016.
Comparative metagenomics reveals a diverse range of antimicrobial resistance genes in
effluents entering a river catchment. Water Sci. Technol. 73(7):1541-1549.
doi:10.2166/wst.2015.634.

Saarinen K, Lindstrom L, Ketola T. 2019. Invasion triple trouble: environmental
fluctuations, fluctuation-adapted invaders and fluctuation-mal-adapted communities all govern
invasion success. BMC Evol. Biol. 19(1):42. doi:10.1186/s12862-019-1348-9.

Sadler J, Goodwin A. 2007. Disease prevention on fish farms. [accessed 2021 May 3].
http://fisheries.tamu.edu/files/2013/09/SRAC-Publication-No.-4703-Disease-Prevention-on-
Fish-Farms.pdf.

Samayanpaulraj V, Velu V, Uthandakalaipandiyan R. 2019. Determination of lethal
dose of Aeromonas hydrophila Ah17 strain in snake head fish Channa striata. Microb. Pathog.
127, 7-11. doi:10.1016/j.micpath.2018.11.035.

Sanarelli G. 1891. Uber enine neuen Mikroorganismum des Wassers, welcher fr
Thiere mit veraenderlichen und konstanter temperature pathogen ist. [In German]. Zentralbl.
Bakteriol. Mikrobiol. Hyg. 9, 222-228.

Sanchez-Hernandez J. 2017. Lernaea cyprinacea (Crustacea: Copepoda) in the
Iberian Peninsula: Climate implications on host—parasite interactions. Knowl. Manag. Aquat.
Ecosyst. 418, 11. doi:10.1051/kmae/2017002.

Santos D, Luzio A, Coimbra AM, Varandas S, Fontainhas-Fernandes A, Monteiro SM.
2019. A gill histopathology study in two native fish species from the hydrographic Douro basin.
Microsc Microanal. 25(1):236-243. doi:10.1017/S1431927618015490.

Santos JA, Gonzalez CJ, Otero A, Garcia-Lopez ML. 1999. Hemolytic activity and
siderophore production in different Aeromonas species isolated from fish. Appl. Environ.
Microbiol. 65(12):5612-5614. doi:10.1128/AEM.65.12.5612-5614.1999.

Santos JM, Ferreira M. 2008. Microhabitat use by endangered Iberian cyprinids nase
Iberochondrostoma almacai and chub Squalius aradensis. Aquat. Sci. 70, 272-281.
doi:10.1007/s00027-008-8037-X.

Santos JM, Rivaes R, Boavida I, Branco P. 2018. Structural microhabitat use by
endemic cyprinids in a Mediterranean-type river: Implications for restoration practices. Aquatic
Conserv. 28, 26-36.

Santos RMB, Monteiro SM, Cortes RMV, Pacheco FAL, Fernandes LFS. 2021.
Seasonal effect of land use management on gill histopathology of Barbel and Douro Nase in
a Portuguese watershed. Sci. Total Environ. 764, 142869.
doi:10.1016/j.scitotenv.2020.142869.

Sautour M, Mary P, Chihib NE, Hornez JP. 2003. The effects of temperature, water
activity and pH on the growth of Aeromonas hydrophila and on its subsequent survival in
microcosm water. J. Appl. Microbiol. 95(4):807-813. doi:10.1046/j.1365-2672.2003.02048.x.

Scarano C, Piras F, Virdis S, Ziino G, Nuvoloni R, Dalmasso A, De Santis EPL, Spanu
C. 2018. Antibiotic resistance of Aeromonas ssp. strains isolated from Sparus aurata reared
in Italian mariculture farms. Int. J. Food Microbiol. 284, 91-97.
doi:10.1016/j.ijffoodmicro.2018.07.033.

161


http://fisheries.tamu.edu/files/2013/09/SRAC-Publication-No.-4703-Disease-Prevention-on-Fish-Farms.pdf
http://fisheries.tamu.edu/files/2013/09/SRAC-Publication-No.-4703-Disease-Prevention-on-Fish-Farms.pdf

Schénhuth S, Vukié J, Sanda R, Yang L, Mayden RL. 2018. Phylogenetic relationships
and classification of the Holarctic family Leuciscidae (Cypriniformes: Cyprinoidei). Mol.
Phylogenet. Evol. 127, 781-799. doi:10.1016/j.ympev.2018.06.026.

Sechi LA, Deriu A, Falchi MP, Fadda G, Zanetti S. 2002. Distribution of virulence genes
in Aeromonas spp. isolated from Sardinian waters and from patients with diarrhoea. J. Appl.
Microbiol. 92(2):221-227. doi:10.1046/j.1365-2672.2002.01522.x.

Segurado P, Santos JM, Pont D, Melcher AH, Jalon DG, Hughes RM, Ferreira MT.
2011. Estimating species tolerance to human perturbation: Expert judgment versus empirical
approaches. Ecol. Indic. 11, 1623-1635. doi:10.1016/j.ecolind.2011.04.006.

Seidler RJ, Allen DA, Lockman H, Colwell RR, Joseph SW, Daily OP. 1980. Isolation,
enumeration, and characterization of Aeromonas from polluted waters encountered in diving
operations. Appl. Environ. Microbiol. 39(5):1010-1018. d0i:10.1128/aem.39.5.1010-
1018.1980.

Semedo-Lemsaddek T, Tavares M, Sao Braz B, Tavares L, Oliveira M. 2016.
Enterococcal infective endocarditis following periodontal disease in dogs. PLoS ONE.
11(1):e0146860. doi:10.1371/journal.pone.0146860.

Shahi N, Mallik SK, Sarma D. 2014. Leukocyte response and phagocytic activity in
Common Carp, Cyprinus carpio experimentally infected with virulent Aeromonas
allosaccharophila. J. Ecophysiol. Occup. Health. 14, 66-70.

Shao S, Hu Y, Cheng J, Chen Y. 2018. Research progress on distribution, migration,
transformation of antibiotics and antibiotic resistance genes (ARGS) in aquatic environment.
Crit. Rev. Biotechnol. 38(8):1195-1208. doi:10.1080/07388551.2018.1471038.

SIBIC. 2017. Carta Piscicola Espafiola (versién 02/2017). [In Spanish]. [acessed 2021
Jul 24]. http://www.cartapiscicola.es/#/home.

Silva S, Servia MJ, Vieira-Lanero R, Nachén DJ, Cobo F. 2013. Haematophagous
feeding of newly metamorphosed European sea lampreys Petromyzon marinus on strictly
freshwater species. J. Fish Biol. 82(5):1739-1745. doi:10.1111/jfb.12100.

Simon Vicente F, Ramajo Martin V, Encinas Grandes A. 1973. Fauna parasitaria de
peces espafioles de agua dulce; Allocreadium isoporum (Trematoda: Allocreadiidae); Lernaea
exocina, L. cyprinacea y Ergasilus sp. (Crustacea, Copepoda). [In Spanish]. Rev. Ibér. de
Parasitol. 33, 633.

Simon Vicente F, Ramajo Martin V. 1971. Gyrodactylus medius Kathariner, 1893
(Trematoda, Monogenea) en Leuciscus souffia. [In Spanish]. Rev. Ibér. de Parasitol. 31, 81-
87.

Simon Vicente F. 1975. Sobre un Gyrodactilus sp. (Trematoda, Monogenea) del
subgénero Gyrodactilus (Lymnonephrotus) Malmberg, 1964. [In Spanish]. Rev. Ibér. de
Parasitol. 35, 284.

Simpson E. 1949. Measurement of diversity. Nature. 163, 688. doi:10.1038/163688a0.

Singh SK, Ekka R, Mishra M, Mohapatra H. 2017. Association study of multiple
antibiotic resistance and virulence: a strategy to assess the extent of risk posed by bacterial
population in aquatic environment. Environ. Monit. Assess. 189(7):320. doi:10.1007/s10661-
017-6005-4.

Smith CC, Snowberg LK, Gregory Caporaso J, Knight R, Bolnick DI. 2015. Dietary
input of microbes and host genetic variation shape among-population differences in
stickleback gut microbiota. ISME J. 9(11):2515-2526. d0i:10.1038/ismej.2015.64.

162


http://www.cartapiscicola.es/#/home

Smith PA, Ellitott DG, Bruno DW, Smith SA. 2019. Chapter 5 — Skin and Fin Diseases.
In: Smith SA, editor. Fish Diseases and Medicine. Boca Raton: CRC Press; p. 97-133.

SNIRH. 2021. Sistema Nacional de Informacdo de Recursos Hidricos. 2021. [In
Portuguese]. [accessed 2021 Jun 22].
https://snirh.apambiente.pt/index.php?idMain=2eidltem=1.

Solaiman S, Micallef SA. 2021. Aeromonas spp. diversity in U.S. mid-Atlantic surface
and reclaimed water, seasonal dynamics, virulence gene patterns and attachment to lettuce.
Sci. Total Environ. 779, 146472. doi:10.1016/j.scitotenv.2021.146472.

Sostoa A, Vinyoles D, Maceda-Veiga A, Caiola N, Casals F. 2003. Efectes de l'incendi
de 2003 sobre les comunitats de peixos al Parc Natural de Sant Llorenc, del Munt i 'Obac.
[In Catalan]. [accessed 2021 Jul 24]. http://www.diba.es/parcsn/parcs/fitxers/pdf/p04d214.pdf.

Sousa V, Penha F, Collares-Pereira MJ, Chikhi L, Coelho MM. 2008. Genetic structure
and signature of population decrease in the critically endangered freshwater cyprinid
Chondrostoma lusitanicum. Conserv. Gen. 9, 791-805.

Sousa-Santos C, Gante HF, Robalo J, Proenca Cunha P, Martins A, Arruda M, Alves
MJ, Almada V. 2014a. Evolutionary history and population genetics of a cyprinid fish
(Iberochondrostoma olisiponensis) endangered by introgression from a more abundant
relative. Conserv. Genet. 15, 665—677. doi:10.1007/s10592-014-0568-1.

Sousa-Santos C, Gil F, Almada VC. 2014b. Ex situ reproduction of Portuguese
endangered cyprinids in the context of their conservation. Ichthyol. Res. 61, 193-198.
doi:10.1007/s10228-013-0383-6.

Sousa-Santos C, Jesus TF, Fernandes C, Robalo JI, Coelho MM. 2019. Fish
diversification at the pace of geomorphological changes: evolutionary history of western
Iberian Leuciscinae (Teleostei: Leuciscidae) inferred from multilocus sequence data. Mol.
Phylogenet. Evol. 133, 263-285. doi:10.1016/j.ympev.2018.12.020.

Sousa-Santos C, Matono P, Da Silva J, llhéu M. 2018. Evaluation of potential
hybridization between native fishes and the invasive bleak, Alburnus alburnus (Actinopteryagii:
Cypriniformes: Cyprinidae). Acta Ichthyol. Piscat. 48, 109-122.

Sousa-Santos C, Robalo JI, Pereira AM, Branco P, Santos JM, Ferreira MT, Sousa M,
Doadrio I. 2016. Broad-scale sampling of primary freshwater fish populations reveals the role
of intrinsic traits, inter-basin connectivity, drainage area and latitude on shaping contemporary
patterns of genetic diversity. PeerJ. 4, e1694. doi:10.7717/peerj.1694.

Stange C, Tiehm A. 2020. Occurrence of antibiotic resistance genes and microbial
source tracking markers in the water of a karst spring in Germany. Sci. Total Environ. 742,
140529. doi:10.1016/j.scitotenv.2020.140529.

Stepanovi¢ S, Vukovié D, Dakié I, Savié¢ B, Svabié-Viahovi¢ M. 2000. A modified
microtiter-plate test for quantification of staphylococcal biofilm formation. J. Microbiol.
Methods. 40(2):175-179. doi:10.1016/s0167-7012(00)00122-6.

Stepanovi¢ S, Vukovic D, Hola V, Di Bonaventura G, Djuki¢ S, Cirkovi¢ |, Ruzicka F.
2007. Quantification of biofilm in microtiter plates: overview of testing conditions and practical
recommendations for assessment of biofilm production by staphylococci. APMIS. 115(8):
891-899. d0i:10.1111/j.1600-0463.2007.apm_630.x.

Steury RA, Currey MC, Cresko WA, Bohannan BJM. 2019. Population genetic
divergence and environment influence the gut microbiome in Oregon threespine stickleback.
Genes. 10(7):484. doi:10.3390/genes10070484.

163


https://snirh.apambiente.pt/index.php?idMain=2eidItem=1
http://www.diba.es/parcsn/parcs/fitxers/pdf/p04d214.pdf

Stitt T, Mountifield J, Stephen C. 2007. Opportunities and obstacles to collecting wildlife
disease data for public health purposes: results of a pilot study on Vancouver Island, British
Columbia. Can. Vet. J. 48(1):83-87. d0i:10.4141/cjas68-011.

Stoddard RA, Atwill ER, Conrad PA, Byrne BA, Jang S, Lawrence J, McCowan B,
Gulland FM. 2009. The effect of rehabilitation of northern elephant seals (Mirounga
angustirostris) on antimicrobial resistance of commensal Escherichia coli. Vet. Microbiol.
133(3):264-271. doi:10.1016/j.vetmic.2008.07.022.

Stratev D, Vashin I, Rusev V. 2012. Prevalence and survival of Aeromonas spp. in
foods — a review. Rev. Méd. Vét. 163, 486-494.

Su HC, Liu YS, Pan CG, Chen J, He LY, Ying GG. 2018. Persistence of antibiotic
resistance genes and bacterial community changes in drinking water treatment system: From
drinking water source to tap water. Sci. Total Environ. 616-617, 453-461.
doi:10.1016/j.scitotenv.2017.10.318.

Sundgvist M. 2014. Reversibility of antibiotic resistance. Upsala J. Med Sci.
119(2):142-148, doi:10.3109/03009734.2014.903323.

Suns K, Hitchin G. 1990. Interrelationships between mercury levels in yearling yellow
perch, fish condition and water quality. Water Air Soil Pollut. 50, 255-265.
doi:10.1007/BF00280627.

Szczuka E, Kaznowski A. 2004. Typing of clinical and environmental Aeromonas sp.
strains by random amplified polymorphic DNA PCR, repetitive extragenic palindromic PCR,
and enterobacterial repetitive intergenic consensus sequence PCR. J. Clin. Microbiol.
42(1):220-228. doi:10.1128/JCM.42.1.220-228.2004.

Tablado Z, Tella JL, Sanchez-Zapata JA, Hiraldo F. 2010. The paradox of the long-
term positive effects of a North American crayfish on a European community of predators.
Conserv. Biol. 24(5):1230-1238. doi:10.1111/j.1523-1739.2010.01483.x.

Tacdo M, Correia A, Henriques IS. 2015. Low prevalence of carbapenem-resistant
bacteria in river water: resistance is mostly related to intrinsic mechanisms. Microb. Drug
Resist. 21(5):497-506. doi:10.1089/mdr.2015.0072.

Talagrand-Reboul E, Colston SM, Graf J, Lamy B, Jumas-Bilak E. 2020. Comparative
and evolutionary genomics of isolates provide insight into the pathoadaptation of Aeromonas.
Genome Biol. Evol. 12(5):535-552. doi:10.1093/gbe/evaa055.

Talon D, Mulin B, Thouverez M. 1998. Clonal identification of Aeromonas hydrophila
strains using randomly amplified polymorphic DNA analysis. Eur. J. Epidemiol. 14(3):305-310.
doi:10.1023/a:1007441019821.

Taylor NG, Verner-Jeffreys DW, Baker-Austin C. 2011. Aquatic systems: maintaining,
mixing and mobilising antimicrobial resistance? Trends Ecol. Evol. 26(6):278-284.
doi:10.1016/).tree.2011.03.004.

Teixeira A, Dias AR, Miranda F, Lopes-Lima M, Varandas S, Froufe, E, Filipe AF, Beja
P, Sousa R. 2018. Can invasive alien fish species act as effective hosts of native freshwater
mussels (Unionidae) in Iberia? [abstract]. In VII Iberian Congress of Ichthyology SIBIC; 12"-
15" June; Faro, Portugal. p. 171.

Thomas LV, Wimpenny JW. 1996. Competition between Salmonella and
Pseudomonas species growing in and on agar, as affected by pH, sodium chloride
concentration and temperature. Int. J. Food Microbiol. 29(2-3):361-370. doi:10.1016/0168-
1605(95)00077-1.

Tomas JM. 2012. The main Aeromonas pathogenic factors. ISRN Microbiol. 2012,
256261. doi:10.5402/2012/256261.

164



Toranzo AE, Barja AM, Romalde JL, Hetrick FM. 1989. Association of Aeromonas
sobria with mortalities of adult gizzard shad, Dorosoma cepedianum Lesuer. J. Fish Dis. 12,
439-448. doi:10.1111/j.1365-2761.1989.tb00555.x.

Toyofuku M, Inaba T, Kiyokawa T, Obana N, Yawata Y, Nomura N. 2016.
Environmental factors that shape biofilm formation. Biosci. Biotechnol. Biochem. 80(1):7-12.
doi:10.1080/09168451.2015.1058701.

Trevelline BK, Fontaine SS, Hartup BK, Kohl KD. 2019. Conservation biology needs a
microbial renaissance: a call for the consideration of host-associated microbiota in wildlife
management practices. Proc. Biol. Sci. 286(1895):20182448. doi:10.1098/rspb.2018.2448.

Udomkusonsri P, Noga EJ. 2005. The acute ulceration response (AUR): A potentially
widespread and serious cause of skin infection in fish. Aquacult. 246(1-4):63-77.
doi:10.1016/j.aquaculture.2005.01.003.

Usui M, Tagaki C, Fukuda A, Okubo T, Boonla C, Suzuki S, Seki K, Takada H, Tamura
Y. 2016. Use of Aeromonas spp. as general indicators of antimicrobial susceptibility among
bacteria in aquatic environments in Thailand. Front. Microbiol. 7, 710.
doi:10.3389/fmicb.2016.00710.

Van Vliet MT, Franssen WH, Yearsley JR, Ludwig F, Haddeland |, Lettenmaier DP,
Kabat P. 2013. Global river discharge and water temperature under climate change. Glob.
Environ. Chang. 23(2):450-464. doi:10.1016/j.gloenvcha.2012.11.002.

Van Vliet MTH, Ludwig F, Zwolsman JJG, Weedon GP, Kabat P. 2011. Global river
temperatures and sensitivity to atmospheric warming and changes in river flow. Water Resour.
Res. 47, W02544. doi:10.1029/2010WR009198.

Vardakas L, Kalogianni E, Economou NA, Koutsikos N, Skoulikidis NT. 2017. Mass
mortalities and population recovery of an endemic fish assemblage in an intermittent river
reach during drying and rewetting. Fundam. Appl. Limnol. 190(4):331-347.
doi:10.1127/fal/2017/1056.

Varela AR, Nunes OC, Manaia CM. 2016. Quinolone resistant Aeromonas spp. as
carriers and potential tracers of acquired antibiotic resistance in hospital and municipal
wastewater. Sci. Total Environ. 542(Pt A):665-671. doi:10.1016/j.scitotenv.2015.10.124.

Vedia |, Almeida D, Rodeles AA, Leunda PM, Baquero E, Galicia D, Oscoz J,
Elustondo D, Santamaria JM, Miranda R. 2019. Behavioral interactions and trophic overlap
between invasive signal crayfish Pacifastacus leniusculus (Decapoda, Astacidae) and native
fishes in Iberian rivers. Water. 11(3):459. doi:10.3390/w11030459.

Venables WN, Ripley BD. 2002. Modern Applied Statistics with S, 4™ ed. New York
(NY): Springer.

Ventura MT, Grizzle JM. 1987. Evaluation of portals of entry of Aeromonas hydrophila
in channel catfish. Aquacult. 65(3-4):205-214. doi:10.1016/0044-8486(87)90232-8.

Vittecog M, Godreuil S, Prugnolle F, Durand P, Brazier L, Renaud N, Arnal A, Aberkane
S, Jean-Pierre H, Gauthier-Clerc M, et al. 2016. Antimicrobial resistance in wildlife. J. Appl.
Ecol. 53, 519-529. d0i:10.1111/1365-2664.12596.

Vivekanandhan G, Savithamani K, Lakshmanaperumalsamy P. 2003. Influence of pH,
salt concentration and temperature on the growth of Aeromonas hydrophila. J. Environ. Biol.
24(4):373-379.

Wang Y, Gu JD. 2005. Influence of temperature, salinity and pH on the growth of
environmental Aeromonas and Vibrio species isolated from Mai Po and the Inner Deep Bay
Nature Reserve Ramsar Site of Hong Kong. J. Basic Microbiol. 45(1):83-93.
doi:10.1002/jobm.200410446.

165



Wang Z, Zhang S, Wang G. 2008. Response of complement expression to challenge
with lipopolysaccharide in embryos/larvae of zebrafish Danio rerio: acquisition of
immunocompetent complement. Fish Shellfish Immunol. 25(3):264-270.
doi:10.1016/j.fsi.2008.05.010.

Wasimuddin, Menke S, Melzheimer J, Thalwitzer S, Heinrich S, Wachter B, Sommer
S. 2017. Gut microbiomes of free-ranging and captive Namibian cheetahs: Diversity, putative
functions and occurrence of potential pathogens. Mol. Ecol. 26(20):5515-5527.
doi:10.1111/mec.14278.

Whitney JE, Al-Chokhachy R, Bunnell DB, Caldwell CA, Cooke SJ, Eliason EJ, Rogers
M, Lynch AJ, Paukert CP. 2016. Physiological basis of climate change impacts on North
American inland fishes. Fisheries. 41, 332—345. d0i:10.1080/03632415.2016.1186656.

WHO. 2015. Global antimicrobial resistance surveillance system: manual for early
implementation. [accessed 2019 Mar 4].
https://apps.who.int/iris/bitstream/handle/10665/188783/9789241549400 eng.pdf?sequence
=1.

Wickramanayake MVKS, Dahanayake PS, Hossain S, Heo GJ. 2020. Antimicrobial
resistance of pathogenic Aeromonas spp. isolated from marketed Pacific abalone (Haliotis
discus hannai) in Korea. J. Appl. Microbiol. 128(2):606-617. doi:10.1111/jam.14485.

Wildt D, Miller P, Koepfli KP, Pukazhenthi B, Palfrey K, Livingston G, Beetem D,
Shurter S, Gregory J, Takacs M, et al. 2019. Breeding centers, private ranches, and genomics
for creating sustainable  wildlife  populations. Bioscience. 69(11):928-943.
doi:10.1093/biosci/biz091.

Woods R, Reiss A, Cox-Witton K, Grillo T, Peters A. 2019. The importance of wildlife
disease monitoring as part of global surveillance for zoonotic diseases: the role of Australia.
Trop Med Infect Dis. 4(1):29. doi:10.3390/tropicalmed4010029.

Wu CJ, Ko WC, Lee NY, Su SL, Li CW, Li MC, Chen YW, Su YC, Shu CY, Lin YT, et
al. 2019. Aeromonas isolates from fish and patients in Tainan City, Taiwan: Genotypic and
phenotypic characteristics. Appl. Environ. Microbiol. 85(21):e01360-01369.
doi:10.1128/AEM.01360-19.

Wu R, Shen J, Tian D, Yu J, He T, Yi J, Li Y. 2020. A potential alternative to traditional
antibiotics in aquaculture: Yeast glycoprotein exhibits antimicrobial effect in vivo and in vitro
on Aeromonas caviae isolated from Carassius auratus gibelio. Vet. Med. Sci. 6(3):639-648.
doi:10.1002/vms3.253.

Yang Y, Li S, Gao Y, Chen Y, Zhan A. 2019. Environment-driven geographical
distribution of bacterial communities and identification of indicator taxa in Songhua River. Ecol.
Indic. 101, 62—70. doi:10.1016/j.ecolind.2018.12.047.

Yano Y, Hamano K, Tsutsui |, Aue-Umneoy D, Ban M, Satomi M. 2015. Occurrence,
molecular characterization, and antimicrobial susceptibility of Aeromonas spp. in marine
species of shrimps cultured at inland low salinity ponds. Food Microbiol. 47, 21-27.
doi:10.1016/).fm.2014.11.003.

Yuan S, Meng F. 2020. Ecological insights into the underlying evolutionary patterns of
biofilm formation from biological wastewater treatment systems: Red or Black Queen
Hypothesis? Biotechnol. Bioeng. 117(5):1270-1280. doi:10.1002/bit.27289.

Zhang D, Xu D, Shoemaker CA, Beck BH. 2020. The severity of motile Aeromonas
septicemia caused by virulent Aeromonas hydrophila in channel catfish is influenced by
nutrients and microbes in water. Aquacult. 519, 734898.
doi:10.1016/j.aquaculture.2019.734898.

166


https://apps.who.int/iris/bitstream/handle/10665/188783/9789241549400_eng.pdf?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/188783/9789241549400_eng.pdf?sequence=1

Zhang QG, Buckling A. 2012. Phages limit the evolution of bacterial antibiotic
resistance in experimental microcosms. Evol. Appl. 5(6):575-582. do0i:10.1111/j.1752-
4571.2011.00236.x.

Zhong C, Han M, Yang P, Chen C, Yu H, Wang L, Ning K. 2019. Comprehensive
analysis reveals the evolution and pathogenicity of Aeromonas, viewed from both single
isolated  species and  microbial communities.  mSystems. = 4(5):e00252-19.
doi:10.1128/mSystems.00252-19.

Zhou F, Zhan Q, Ding Z, Su L, Fan J, Cui L, Chen N, Wang W, Liu H. 2017. A NLRC3-
like gene from blunt snout bream (Megalobrama amblycephala): Molecular characterization,
expression and association with resistance to Aeromonas hydrophila infection. Fish Shellfish
Immunol. 63, 213-219. doi:10.1016/j.fsi.2017.02.018.

Zhou Y, Yu L, Nan Z, Zhang P, Kan B, Yan D, Su J. 2019. Taxonomy, virulence genes
and antimicrobial resistance of Aeromonas isolated from extra-intestinal and intestinal
infections. BMC Infect. Dis. 19(1):158. doi:10.1186/s12879-019-3766-0.

167



Annexes



Annex |

Supplementary Table S1. Parasitic and fungal agents’ prevalence studies in threatened Iberian

leuciscids.

Agent

Anodonta anatine

Unio sp.

Unio delphinus

Unio tumidiformis

Potomida littoralis

Ergasilus sieboldi

Lernaea cyprinacea

Allocreadium isosporum

Asymphylodora tincae

Dactylogyrus sp.

Dactylogyrus polylepidis

Dactylogyrus elegantis

Dactylogyrus ergensi

Gyrodactylus sp.

Host
Mussels
Squalius alburnoides
Pseudochondrostoma duriense
Squalius alburnoides
Achondrostoma arcasii
Pseudochondrostoma duriense
Pseudochondrostoma duriense
Squalius alburnoides
Squalius pyrenaicus
Pseudochondrostoma duriense
Squalius alburnoides
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Reference

Teixeira et al. 2018; Dias et al. 2020

lllan 2012

Teixeira et al. 2018

Reis et al. 2014

Teixeira et al. 2018

lllan 2012

Perez-Bote 2000; Illan 2012; Sanchez-

Hernandez 2017

Simon Vicente et al. 1973

Bueno 1980

Illan 2012; Benovics et al. 2020

Benovics et al. 2020

Simon Vicente et al. 1973

Alvarez-Pellitero et al. 1981

Simon Vicente, 1975; lllan, 2012
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Gyrodactylus medius

Hysteromorpha triloba

Paradiplozoon sp.

Paradiplozoon homoion

Paradiplozoon ibericus

Archigetes sp.
Caryophyllaeus laticeps
Ligula intestinalis
Khawia sp.

Cystidicoloides tenuissima
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Myxobolus sp.

Myxobolus arcasii
Myxobolus duriensis
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Petromyzon marinus

Saprolegnia parasitica
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Parachondrostoma arrigonis
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Parachondrostoma turiensis
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Cestodes
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Nematodes
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Achondrostoma arcasii
Pseudochondrostoma duriense
Achondrostoma arcasii
Pseudochondrostoma duriense
Achondrostoma arcasii
Achondrostoma arcasii
Achondrostoma arcasii
Pseudochondrostoma duriense
Ciliates
Achondrostoma arcasii
Pseudochondrostoma duriense
Fishes
Pseudochondrostoma duriense
Oomycetes

Pseudochondrostoma duriense

Simon Vicente and Ramajo Martin 1971

lllan et al. 2013

Cermakova et al. 2018

Cermakova et al. 2018; Benovics et al. 2021

Benovics et al. 2021

Bueno 1980
Bueno 1980
Martinez Gomes 1970

Bueno 1980

Bueno 1980

Bueno 1980

lllan 2012

Rocha et al. 2019

Rocha et al. 2019
Gonzalez-Lanza and Alvarez-Pellitero 1985
Gonzalez-Lanza and Alvarez-Pellitero 1985
Gonzalez-Lanza and Alvarez-Pellitero 1985;

Rocha et al. 2019

lllan 2012

Silva et al. 2013

Aller-Gancedo et al. 2016
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Annex Il
Supplementary Figure S1. Dendrogram of the entire bacterial collection based on the composite

analysis of RAPD fingerprints with primers Ap3 and Ap5 (Pearson correlation coefficient and
UPGMA clustering). Blue line represents reproducibility level (87.6%). Isolates displaying higher
similarity levels were considered identical. Red dash line represents cluster level (66.98%). Red lines
easy the visualization of the defined clusters. Cophenetic correlation coefficient was 0.87. First column
represents Aeromonas species, second column the location from where the strain was isolated and

third column the isolate’s code.
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Annex lll

Supplementary Figure S2. Dendrogram of A. caviae isolates based on the composite analysis

of RAPD fingerprints with primers Ap3 and Ap5 (Pearson correlation coefficient and UPGMA

clustering). Blue line represents reproducibility level (87.6%). Isolates displaying higher similarity levels

were considered identical. Cophenetic correlation coefficient was 0.89. First column represents

sampling season, second column the location from where the strain was isolated and third column the

isolate’s code.
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Annex IV
Supplementary Figure S3. Dendrogram of A. hydrophila isolates based on the composite

analysis of RAPD finger-prints with primers Ap3 and Ap5 (Pearson correlation coefficient and
UPGMA clustering). Blue line represents reproducibility level (87.6%). Isolates displaying higher
similarity levels were considered identical. Cophenetic correlation coefficient was 0.77. First column

represents sampling season, second column the location from where the strain was isolated and third
column the isolate’s code.
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Annex V

Supplementary Figure S4. Dendrogram of A. media isolates based on the composite analysis
of RAPD fingerprints with primers Ap3 and Ap5 (Pearson correlation coefficient and UPGMA
clustering). Blue line represents reproducibility level (87.6%). Isolates displaying higher similarity
levels were considered identical. Cophenetic correlation coefficient was 0.86. First column represents
sampling season, second column the location from where the strain was isolated and third column the
isolate’s code.
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Annex VI

Supplementary Figure S5. Dendrogram of A. veronii isolates based on the composite analysis
of RAPD finger-prints with primers Ap3 and Ap5 (Pearson correlation coefficient and UPGMA
clustering). Blue line represents reproducibility level (87.6%). Isolates displaying higher similarity levels
were considered identical. Cophenetic correlation coefficient was 0.82. First column represents

sampling season, second column the location from where the strain was isolated and third column the

isolate’s code.
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Annex VII

Supplementary Figure S6. Dendrogram of the isolates collected in animals sampled in the dry
season based on the composite analysis of RAPD finger-prints with primers Ap3 and Ap5
(Pearson correlation coefficient and UPGMA clustering). Blue line represents reproducibility level
(87.6%). Isolates displaying higher similarity levels were considered identical. Red dash line
represents cluster level (60.46%). Red lines easy the visualization of the defined clusters. Cophenetic
correlation coefficient was 0.83. First column represents sampling location, second column the
Aeromonas species and third column the isolate’s code.
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Annex VI
Supplementary Figure S7. Dendrogram of the isolates collected in animals sampled in the wet

season based on the composite analysis of RAPD finger-prints with primers Ap3 and Ap5
(Pearson correlation coefficient and UPGMA clustering). Blue line represents reproducibility level
(87.6%). Isolates displaying higher similarity levels were considered identical. Red dash line represents
cluster level (60.46%). Red lines easy the visualization of the defined clusters. Cophenetic correlation
coefficient was 0.79. First column represents sampling location, second column the Aeromonas species

and third column the isolate’s code.
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Annex IX

Supplementary Figure S8. Dendrogram of isolates collected from animals from Jamor river

during the dry season based on the composite analysis of RAPD finger-prints with primers Ap3

and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents

reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red

dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.

Cophenetic correlation coefficient was 0.87. First column represents Aeromonas species and second

column the isolate’s code.
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Annex X

Supplementary Figure S9. Dendrogram of isolates collected from animals from Jamor river
during the wet season based on the composite analysis of RAPD finger-prints with primers Ap3
and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.

Cophenetic correlation coefficient was 0.85. First column represents Aeromonas species and second

column the isolate’s code.
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Annex Xl

Supplementary Figure S10. Dendrogram of isolates collected from animals from Laje river
during the dry season based on the composite analysis of RAPD finger-prints with primers Ap3
and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.

Cophenetic correlation coefficient was 0.91. First column represents Aeromonas species and second

column the isolate’s code.
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Annex XIlI
Supplementary Figure S11. Dendrogram of isolates collected from animals from Laje river

during the wet season based on the composite analysis of RAPD finger-prints with primers Ap3
and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.
Cophenetic correlation coefficient was 0.92. First column represents Aeromonas species and second

column the isolate’s code.
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Annex XllI

Supplementary Figure S12. Dendrogram of isolates collected from animals from Lizandro river

during the dry season based on the composite analysis of RAPD finger-prints with primers Ap3

and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents

reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red

dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.

Cophenetic correlation coefficient was 0.93. First column represents Aeromonas species and second

column the isolate’s code.
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Annex XIV
Supplementary Figure S13. Dendrogram of isolates collected from animals from Lizandro river

during the wet season based on the composite analysis of RAPD finger-prints with primers Ap3
and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.
Cophenetic correlation coefficient was 0.85. First column represents Aeromonas species and second

column the isolate’s code.
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Annex XV

Supplementary Figure S14. Dendrogram of isolates collected from animals from Samarra river
during the dry season based on the composite analysis of RAPD finger-prints with primers Ap3
and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.

Cophenetic correlation coefficient was 0.92. First column represents Aeromonas species and second

column the isolate’s code.
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Annex XVI
Supplementary Figure S15. Dendrogram of isolates collected from animals from Samarra river

during the wet season based on the composite analysis of RAPD finger-prints with primers Ap3
and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (87.6%). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cluster level (60.46%). Red lines easy the visualization of the defined clusters.
Cophenetic correlation coefficient was 0.87. First column represents Aeromonas species and second

column the isolate’s code.
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Annex XVII
Supplementary Figure S16. Dendrogram based on the composite analysis of RAPD fingerprints

with primers Ap3 and Ap5 (Pearson correlation coefficient and UPGMA clustering) of the entire
bacterial collection. Blue line represents reproducibility level (91.88 %). Isolates displaying higher
similarity levels were considered identical. Red dash line represents cut off level (62.93 %). Red lines
represent cluster division. Cophenetic correlation coefficient was 0.75. First column represents the tank,
second column the Aeromonas species, third column the sampling week and the fourth column the

isolate’s code. Controlo — Control, Teste — Test, Alimento — Food, Cuidador — Aquarist.
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Annex XVIII

Supplementary Figure S17. Dendrograms of the bacterial collection from the control tank
based on the composite analysis of RAPD fingerprints with primers Ap3 and Ap5 (Pearson
correlation coefficient and UPGMA clustering). Blue line represents reproducibility level (91.88 %).
Isolates displaying higher similarity levels were considered identical. Red dash line represents cut off
level (62.93 %). Red lines represent cluster division. Cophenetic correlation coefficient was 0.78 for
the control tank and 0.85 for the test tank. First column represents the Aeromonas species, second
column the sampling week and the third column the isolate’s code. Alimento — Food, Cuidador —
Aquarist.
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Annex XIX

Supplementary Figure S18. Dendrograms of the bacterial collection from the test tank based on
the composite analysis of RAPD fingerprints with primers Ap3 and Ap5 (Pearson correlation
coefficient and UPGMA clustering). Blue line represents reproducibility level (91.88 %). Isolates
displaying higher similarity levels were considered identical. Red dash line represents cut off level
(62.93 %). Red lines represent cluster division. Cophenetic correlation coefficient was 0.78 for the

control tank and 0.85 for the test tank. First column represents the Aeromonas species, second column

the sampling week and the third column the isolate’s code.
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Annex XX
Supplementary Figure S19. Dendrograms of the bacterial collection from the control and test

tank in each sampling week based on the composite analysis of RAPD fingerprints with primers
Ap3 and Ap5 (Pearson correlation coefficient and UPGMA clustering). Blue line represents
reproducibility level (91.88 %). Isolates displaying higher similarity levels were considered identical. Red
dash line represents cut off level (62.93 %). Red lines represent cluster division. Cophenetic correlation
coefficient was: 1) control tank: 1st week — 0.86, 2nd week — 0.87, 3rd week — 0.93, 4th week — 0.93,
5th week — 0.89; 2) test tank: 1st week — 0.79, 2nd week — 0.87, 3rd week — 0.87, 4th week — 0.89, 5th
week — 0.90. First column represents the Aeromonas species and second column the isolate’s code.
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. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila

3A3C.2
3A6C.1
3A2C.2
3A3C.1
3A5C.1
3A5C3
3A5C.4
3A6C.3
3A3C3
3A6C.4
3A6C.2
3A9C.3
3A10C.1

. hydrophila
. hydrophila
. hydrophila

3A9C .4
3A10C.2
3A9C.2

. hydrophila
. hydrophila
. hydrophila

3A10C.3
3A10C.4
3A2C3

. hydrophila
. hydrophila

3A3C.4
3A5C.2

. hydrophila
. hydrophila

3A2C.1
3A2C.4

. hydrophila
. hydrophila

3A8C.3
3A9C.1

. hydrophila

3A8C.4

. hydrophila

3A11C3

. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila

3A11C.2
3A11C.4
3A11CA1
3A8C.1
3A8C.2

. hydrophila
. hydrophila
. hydrophila

3ACuidador.1
3ACuidador.2
3ACuidador.3

. hydrophila

3ACuidador.4



Control Tank 4" Week

Ap3+Ap5

[20
[30
40
50
60
70
80
| —

:

:

. hydrophila
. hydrophila

4A1C 4
4A5C .2

. hydrophila
. hydrophila

4A4C3
4A5C.3

. hydrophila

4A3C.3

. hydrophila

4A3C.2

. hydrophila
. hydrophila

4ACuidador.2
4ACuidador.3

vil
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. hydrophila

4ACuidador.4

. hydrophila

4ACuidador.1

. hydrophila
. hydrophila
. hydrophila

4A7C3
4A11C 4
4A4C2

. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila

4A1C A1
4A1C.2
4A3C.1
4A3C 4
4A5C 1
4A4C 1

. hydrophila

4A1C3

. hydrophila
. hydrophila

4A4C 4
4A5C 4

. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila
. hydrophila

4A7C A
4A8C.1
4A7C .2
4A10C 1
4A10C.2
4A10C.3
4A10C .4
4A8C .2
4A8C.3
4A9C 1
4A8C 4
4A9C 2
4A9C.3
4A9C 4

. hydrophila

4A11C.3

. hydrophila

4A6C .2



Control Tank 5" Week

Ap3+Ap5 Ap3 Ap5

F1o
F20
Fao
Fa0
Fs0
F60
(20— —
F8o

2
“100

. A. veronii 5ACuidador.2
A veroni 5ACuidador.4
. A. veronii 5ACuidador.3

. A. veronii 5ACuidador.1

[l A hydrophila  5A3C.2

. A. hydrophila 5A7C.3
. A. hydrophila 5A7C.4

[l A hydrophila  5A7C.1
. hydrophila  5A7C.2

[l A hydrophila  5A1C.2

=
>

. A. hydrophila 5A3C.3

[l A hydrophila  5A3C.4

[l A hydrophila  5A5C.4
. A. hydrophila 5A8C.1
. A. hydrophila 5A8C.4
. A. hydrophila 5A10C.2
[ A hydrophila  5A2C.2
[ A hydrophila  5A5C.2

L—“
RN

[ A hydrophila  5A1C.3

[l A hydrophila  5A1C.1
_hydrophila  5A2C.3
_hydrophila  5A4C.4

|
S
’_E‘
| ]
oL

[l A hydrophila  5A6C.3

[l A hydrophila  5A4C.2

I

: WA media 5A10C.1
| \ { WA media 5A11C.1
| | A media 5A10C.4
" : ' W A media 5A11C.4
[ A hydrophila  5A10C 3

[l A hydrophila  5A5C.3
I ) A media 5A11C3

i | B [l A hydrophila  5A4C 1

Vil | E— s [ A hydrophila  5A5C.1

[l A hydrophila  5A8C.2

208



Test Tank 15t Week

Ap3+Ap5S

20
30

4
[s0
Fso
7o

Ap3 Ap5

|

209

- A. veronii 1A8T .1
B A. veronii 1A8T 2
- A. veronii 1A8T 3
[l A hydrophila 1AT1T.2

[l A hydrophila  1A11T 4
B A veronii 1A10T 2
- A. veronii 1A10T.3
. A. veronii 1A7T .2
. A. veronii 1A7T.3
I A veronii 1A7T A
. A. veronii 1AQT 1
B A veronii 1A9T 3
[l A nydrophila  1A9T 2
[l A hydrophila 1A6T 2
[l A hydrophila 1A7T 4
. A. veronii 1A1T .2
. A. veronii 1A10T 4
[l A hydrophila AT 1
[l A hydrophila  1A11T3
[l A hydrophila 1A6T 3
B A veronii 1A4T 1
. A. veronii 1A4T 3
B A veronii 1A4T 4
. A. veronii 1A4T 2
. A. veronii 1A5T 1
I A veronii 1A5T 2
I A veroni 1A5T 4
I A veronii 1A5T 3
B A veronii 1A2T 3
. A. veronii 1A2T 4
. A. veronii 1A2T 1
. A. veronii 1A2T 2
I A veronii 1A3T 3
I A veronii 1A3T 4
I A veronii 1A3T 1
- A. veronii 1A3T 2

"W A veoni  1ATTA
. A. veronii 1A1T.3
- A. veronii 1A1T 4



Test Tank 2" Week

Ap3+Ap5

10

20

30

40

50

60

70

=100

Ap3

Ap5

| . Aeromonas ... 2A7T.4
I A veronii 2A8T .3
. A. media 2A10T.2
B A. veroni 2A10T 4

| . A. veronii 2A11T 1
[l A hydrophila  2A1T.1
. A. hydrophila 2A5T.2
[l A hydrophila  2A4T 2
[l A hydrophila  2A3T.1
I A veronii 2A4T 3
I A veronii 2A5T.3
. A. veronii 2A3T.3
. A. veronii 2A4T 4
I A. veronii 2A5T 1
B A. veronii 2A7T A
. A. veronii 2ATT.3
B A. veroni 2ATT 2
I A veronii 2A9T 1
I A veronii 2A8T 4
I A veronii 2A9T 2
- A. media 2A3T.2
[l A hydrophila  2A1T 3
. A. hydrophila 2A2T 4
[l A hydrophila  2A2T 1
[l A hydrophila  2A2T 2
A veroni 2A6T 1
[l A hydrophila  2A1T 2
I A veronii 2A6T.2
B A veronii 2A3T 4

" . A. hydrophila 2A10T.1
. A. veronii 2A11T .3
. A. caviae 2A1T 4
A veroni 2A6T 4
[l A hydrophila  2A9T 4
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Test Tank 3 Week

Ap3+Ap5

20

40

50

60
70

60
90
~100

— 30

Ap3

. A. veronii

3A9T 4

[l A. hydrophila

4

3A10T .4

[ A hydrophila
. A. hydrophila
- A. hydrophila

3A10T 1
3A10T.2
3A10T.3

. A. hydrophila

3A5T.3

. A. hydrophila

- | e [ | o - ——

3A3T.2

. A. hydrophila
. A. hydrophila

3A8T.1
3A9T.3

[ A. hydrophila

3A9T 2

. A. hydrophila
. A. hydrophila
. A. hydrophila

3A11T A
3A11T.3
3A11T.2

A. hydrophila

[

3A11T 4

. A. hydrophila
. A. hydrophila
WA veroni
. A. veronii
W A veroni
WA veroni
. A. veronii
WA veroni
WA veroni
WA veroni

;_

3A8T.3
3A8T .4
3A2T 1
3A5T.1
3A6T.1
3A6T .4
3A6T.2
3A6T.3
3A9T .1
3A2T.2

. A. hydrophila
. A. hydrophila

3A5T.2
3A5T 4

[l A hydrophila

3A3T.3

[l A. hydrophila

3A3T .4

. A. hydrophila

211
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Test Tank 4t Week

Ap3+Ap5

o
I

Lan
—100

o Q o =} o
T P T i

70
80

[l A hydrophila  4A2T 3
E ] [ A hydrophila  4A2T 4
I [l A hydrophila  4A2T 2
_hydrophila  4A2T.1
[l A hydrophila  4A1T 4

.|.____
s

[ A hydrophila  4A6T.1
[l A hydrophila  4A6T 2
A. hydrophila  4A6T.3

M1

_hydrophila  4A5T.3
_hydrophila  4A5T 4
[l A hydrophila  4A5T 1
[l A hydrophila  4A7T 3

M
[ ] ]
> >

— [ A hydrophila  4A1T3
_— [l A hydrophila  4A4T 2
A [l A hydrophila  4A4T 3
_E [ A hydrophila  4A5T.2
[l A hydrophila  4A4T 1
_— ‘ [ A hydrophila  4A1T 2
[ A hydrophila  4A6T 4
[l A hydrophila  4A7T.4
[l A hydrophila  4A8T 1
[l A hydrophila  4A10T 4
[l A hydrophila  4A8T.2
[l A hydrophila  4A11T.4
[l A hydrophila  4A10T .2
[ A hydrophila  4A11T 2
— § ! ] [ A hydrophila  4A11T.3

[ . BI [ A hydrophila  4A9T 2
_|_ [ A hydrophila  4A10T .3

[[ [l A hydrophila  4A8T 4
L

[l A hydrophila  4A9T 3
[l A hydrophila  4AST 3

[ A hydrophila  4A9T 1

[l A hydrophila  4A10T.1

. Aeromonas ... 4A11T 1

[ A hydrophila  4ATT 1

[ A nydrophila  4A9T.4
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Test Tank 5" Week

Ap3+Ap5 Ap3 Ap5

. A. hydrophila 5A8T.2
[l A hydrophila  5A8T.4
[l A hydrophila  5A8T.1

[ A hydrophila  5A8T.3

[l A hydrophila  5A4T 3
[l A hydrophila  5A9T.1
WA veroni 5A4T 2

WA veroni 5A4T 4
W A veroni 5A6T 2
WA veroni 5A6T .1
. A. veronii 5A6T.3
. A. veronii 5A6T .4

[ A hydrophila  5A10T.3
[l A hydrophila  5A10T 4

[ A hydrophila  5A9T 3
[l A hydrophila  5A9T 4
[l A hydrophila  5A9T 2
[l A hydrophila  5A10T.1
[l A hydrophila  5A10T 2

W A veroni 5A4T 1

213



