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resumo 
 
 

Tem-se observado um declínio populacional dos anfíbios a nível mundial, 
devido a fatores como as mudanças climáticas, as doenças infeciosas 
emergentes e a destruição de habitats. A pele dos anfíbios alberga uma larga 
comunidade bacteriana, designado por microbioma da pele, que desempenha 
um papel essencial no sistema imunitário e é moldado pelas interações entre o 
hospedeiro e o seu ambiente. Os anfíbios são particularmente sensíveis às 
mudanças no seu ambiente devido aos seus traços fisiológicos e mobilidade 
reduzida. Os incêndios florestais são especialmente ameaçadores para os 
anfíbios, uma vez que estes são altamente dependentes de cursos de água, os 
quais são frequentemente afetados pelos contaminantes associados às cinzas 
transportados pela escorrência superficial após os incêndios. Ainda assim, o 
estudo dos efeitos destas substâncias contaminantes no microbioma da pele 
dos anfíbios tem sido descurado. Considerando isto, e tendo também em conta 
a aceleração das mudanças climáticas e a previsão de aumento do número e 
da intensidade dos incêndios florestais, torna-se ecologicamente relevante 
avaliar os efeitos que estes podem ter na comunidade bacteriana da pele dos 
anfíbios. Assim, o principal objetivo deste estudo foi avaliar o efeito de cinzas 
de incêndios florestais nas bactérias do microbioma da pele dos anfíbios da 
espécie Rana iberica, considerando cinzas de eucalipto (Eucalyptus globulus) 
provenientes de incêndios com diferente severidade (alta e moderada). Num 
primeiro passo foram isoladas as bactérias cultiváveis presentes na pele de 
indivíduos adultos e identificadas aquelas com atividade antimicrobiana face 
ao agente Aeromonas salmonicida, tendo-se observado que a maior parte das 
bactérias pertence ao género Pseudomonas. Num segundo passo, as 
bactérias com atividade antimicrobiana foram expostas a uma série de 
diluições de extratos aquosos de cinzas (EACs) de eucalipto, provenientes de 
incêndios de severidade média e alta. Os resultados demonstram que as 
cinzas podem ter efeito inibidor, estimulante ou nulo no crescimento das 
bactérias da pele de R. iberica, tendo-se observado que um aumento da 
concentração de EACs se traduz num aumento do número de bactérias cujo 
crescimento é inibido. Quando expostas a diluições ≥50% de ambos os tipos 
de extratos de cinza, mais de metade das bactérias isoladas demonstrou uma 
inibição significativa no crescimento. Além disso, as cinzas do incêndio de alta 
severidade apresentaram uma maior toxicidade do que as de severidade 
moderada. Este estudo realça que os incêndios florestais podem afetar a 
comunidade bacteriana do microbioma da pele de R. Iberica e, 
consequentemente, contribuir para o declínio da população desta espécie, e 
provavelmente, de outras espécies de anfíbios. 
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abstract 
 

Amphibian populations have been declining worldwide due to factors such as 
climate change, emerging infectious diseases and habitat destruction. The skin 
of amphibians harbors a large bacterial community, called the skin microbiome, 
which plays an essential role in the immune system and is shaped by 
interactions between the host and its environment. Amphibians are particularly 
sensitive to changes in their environment because of their physiological traits 
and reduced mobility. Forest fires are especially threatening to amphibians, as 
they are highly dependent on streams, which are often affected by ash- 
associated contaminants transported by surface runoff after fires. Still, studies 
evaluating the effects of these contaminants on the amphibian skin microbiome 
are inexistent. Considering the most recent scenarios of climate changes and 
the foreseen increase in the number and intensity of forest fires, it becomes 
ecologically relevant to evaluate the effects of ash-contaminants on the 
bacterial community of the amphibians’ skin. Thus, the main objective of this 
study was to evaluate the effects of eucalyptus (Eucalyptus globulus) ashes 
from wildfires of different severity (moderate and high) on the bacteria of the 
skin microbiome of the species Rana iberica. To achieve this goal, cultivable 
bacteria from the skin of adult individuals of R. iberica were isolated and those 
with antimicrobial activity against the agent Aeromonas salmonicida were 
identified. The bacteria with antimicrobial activity were then, exposed to a 
series of dilutions of eucalyptus aqueous ash extracts (AAEs) from moderate 
and high severity wildfires. The results showed that most of the bacteria with 
antimicrobial activity in the skin microbiome of R. iberica belong to the 
Pseudomonas genus. Exposure to AAEs had inhibitory, stimulatory or no effect 
on the growth of bacteria on R. iberica skin. An increase in the concentration of 
AAEs translates into an increase in the number of bacteria whose growth is 
inhibited. When exposed to AAEs at a concentration ≥50%, more than half of 
the isolated bacteria demonstrated significant growth inhibition for both AAEs of 
Eucalyptus high and moderate severity fires. Ashes from the high severity fires 
showed higher toxicity than those of moderate severity. This study revealed 
that wildfires may affect the bacterial community of the skin microbiome of R. 
iberica, which might contribute to the decline of this species, and likely to other 
amphibian species. 
 

 



 
 

 

“Those who live without passion, stagnate…” 
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I-1 Amphibians 

I-1.1 Amphibian’s traits 
Amphibians are a very diverse group of tetrapod vertebrates, with more than 8,000 species currently 

known and more being discovered every year (AmphibiaWeb, 2021). The word “Amphibian” comes from 

the Greek words “Amphi” and “Bios”, meaning “double life”, referring to their two life stages, an aquatic 

stage (larvae or tadpole) that suffers metamorphosis into a terrestrial adult (Vitt & Caldwell, 2014). The 

class Amphibia is divided into three orders: Anura, Caudata or Urodela, and Gymnophiona or Apoda ( 

Figure II-1). These three orders differ greatly in morphology and species numbers (AmphibiaWeb, 2021). 

The Anura is the most diverse order and includes toads and frogs, which are recognized for having no tail in 

the adult phase and enlarged hindlimbs. The Caudata order includes newts and salamanders, which have 

elongated bodies and always have a tail in the adult phase. The Apoda order is less diverse, and it is known 

for limbless and tailless animals resembling earthworms, such as the caecilians (Crump, 2009; Vitt & 

Caldwell, 2014). 

 

Amphibians evolved, diversified, and spread nearly all over the world. They can inhabit a variety of habitats, 

ranging from deserts to artic tundras, however, they are more diverse in tropical regions (Vitt & Caldwell, 

2014; Wells, 2007). As referred above, generally they have a biphasic life cycle, but not all amphibians obey 

this profile (Crump, 2009; Schoch, 2014; Wells, 2007). Some are fully aquatic or fully terrestrial, but they 

can also be fossorial, arboreal, or a combination of the two (Crump, 2009). Although they cannot live in 

strictly aquatic environments, they do need a humid habitat, especially to reproduce, making this water-

dependence the amphibians’ main ecological restriction (Crump, 2009; Wells, 2007). Regarding their 

feeding habits, amphibians are essentially carnivores, consuming a wide variety of animals, including 

invertebrates (e.g. insects and their larvae), small vertebrates, and some can even practice cannibalism. 

Nonetheless, some anuran larvae are herbivores, detritivores and necrophages (Almeida et al., 2001). In 

terms of reproduction, they are one of the groups with the most diverse reproductive strategies and 

parental care. Usually, they present a clear sexual dimorphism and are oviparous. Depending on the 

Figure I-1: Representatives of the three orders of amphibians. (a) Anura: Rana palmipes, from Ecuador, (b) Urodela: 
Phaeognathus hubrichti, from Alabama, USA, (c) Gymnophiona: Hypogeophis rostratus, Seychelles. (Crump, 2009) 
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species, they can also be viviparous or ovoviviparous, and have external or internal fertilization (Vitt & 

Caldwell, 2014; Wells, 2007). In the oviparous reproduction, the eggs are generally covered by a jelly coat 

that provides protection from predators and pathogens, as well as from mechanical and chemical 

aggressions. As for the viviparous and ovoviviparous species, the embryo develops inside the progenitor, 

allowing a higher protection from predators and more efficient colonization of habitats with less water 

availability (Almeida et al., 2001). The amphibians’ predisposition to reproduce is influenced by external 

factors such as water and habitat availability, air and water temperatures as well as photoperiod 

(Maravalhas & Soares, 2017). Despite these differences, all amphibians share some biological characteristics 

that make them a distinctive vertebrate class. For instance, they are ectothermic animals (i.e., unable to 

produce and maintain a constant body temperature), so their behaviour is strongly influenced by the 

environment. Some species, to endure adverse conditions, are able to hibernate during colder periods or 

estivate during warmer periods, and some are even freeze-tolerant and can hibernate underneath an ice 

layer by producing anti-freezing substances (Vitt & Caldwell, 2014; Wells, 2007). Amphibians have low 

metabolic rates; hence they require low energy lifestyles compared to other vertebrates (Wells, 2007). 

Another unique feature is their naked and permeable skin, devoid of scales, feathers or fur, that is highly 

permeable to water, ions, dissolved gases and other substances (Crump, 2009; Wells, 2007). Respiration 

occurs through the skin, but this organ is also responsible for water balance as well as physical and chemical 

protection, making it one of the most important organs of the amphibians, with implications in their 

ecological and behavioural traits (Wells, 2007). Furthermore, the skin contains pigment cells, that are 

responsible for their colours, as well as glands (Almeida et al., 2001). Amphibians have two major types of 

glands in the dermis: mucous glands, which are the most abundant; and granular glands, also called poison 

or serous glands. Depending on the species’, mucous glands are distributed all over the skin and secrete a 

clear slimy substance that keeps the skin moist, facilitating cutaneous respiration and preventing 

desiccation. Granular glands can also be founded all over the skin, with the largest ones behind the eyes 

and in the dorsolateral skin. These glands produce, among others, toxic secretions and bioactive peptides, 

including antimicrobial peptides, protecting them against predators as well as pathogens and diseases 

(Colombo et al., 2015; Rollins-smith & Woodhams, 2012; Vitt & Caldwell, 2014; Wells, 2007). Amphibians 

are a unique product of evolution, and it is imperative to ensure their preservation and conservation since 

they play a key role in nutrient cycling and energy flows, as they can be both prey and predator (Wells, 

2007). The amphibians’ characteristics, such as their small size, water-dependence on aquatic or moist 

habitats, ectothermic physiology, and their highly permeable skin makes them very susceptible to 

perturbations in the environment, either aquatic or terrestrial. For this reason, amphibians are often 

considered sentinels or bio-indicators of the status of an ecosystem (Almeida et al., 2001; Blaustein & 

Wake, 1995; Colllins & Crump, 2009; Crump, 2009; Wells, 2007). 
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I-1.2 Amphibians’ Decline 
Worldwide, amphibians are declining and are by far the most threatened group of vertebrates (Wells, 2007; 

Stuart et al., 2004). This global loss of amphibian populations was first recognized at the first World 

Congress of Herpetology in 1989 (Wake, 1991). Since then, scientists have been continuously trying to 

determine the extent of the decline and identify its causes (Crump, 2009). According to the Red List of 

Threatened Species of the International Union for the Conservation of Nature (IUCN, 2021), 41% of the 

world’s amphibians are known to be threatened with extinction. Within the causes of amphibians’ loss are 

multiple interacting biotic and abiotic factors (Beebee & Griffiths, 2005; Blaustein et al., 2011; Colllins & 

Crump, 2009; Hof et al., 2011; Stuart et al., 2004; Vitt & Caldwell, 2014), that may act synergistically 

(Blaustein & Kiesecker, 2002). These factors include climate change, contaminants, emergent infectious 

diseases, exploitation, habitat destruction, invasive species (Beebee & Griffiths, 2005; Colllins & Crump, 

2009; Hof et al., 2011; Rollins-smith & Woodhams, 2012; Vitt & Caldwell, 2014). However, differences in 

susceptibility to those factors are context-dependent, i.e. vary according to life stage, species, population, 

water chemistry, history of exposure to particular stressors, among many other factors (Blaustein & 

Kiesecker, 2002). Events such as habitat alteration, contamination and climate change appear to affect 

biotic interaction. 

Human actions are, directly or indirectly, a major reason for amphibians’ loss. The growing of human 

population and, consequent, increase of urban areas, as well as land use changes, resulting in habitat 

degradation (e.g. replacement of forest by agricultural fields), destruction (e.g. clearcutting of forests and 

draining wetlands), fragmentation and/or isolation (e.g. building and roads construction), have been 

reported to negatively impacts amphibians’ abundance and species richness as well their ability to disperse, 

particularly the specialist species (Beebee & Griffiths, 2005; Blaustein & Kiesecker, 2002; Hamer & 

McDonnell, 2008). Moreover, humans may, deliberately or not, introduce exotic species that can eliminate 

native amphibians by predation, competition or, through disease transmission (Beebee & Griffiths, 2005; 

Blaustein & Kiesecker, 2002; Colllins & Crump, 2009). Amphibians are also overexploited by humans for 

food, pet trading, or medicine markets (Beebee & Griffiths, 2005; Colllins & Crump, 2009; Gratwicke et al., 

2009). Another major cause of recent amphibians’ decline is emerging infectious diseases. Numerous 

pathogen agents can affect amphibians, causing mortality, severe developmental or physiological 

deformities. Infectious diseases can be viral (e.g. ranavirus), bacterial (e.g. chlamydiosis), and fungal (e.g. 

chytridiomycosis). Chytridiomycosis, in particular, is caused by the fungus Batrachochytrium dendrobatidis 

(Bd) and is strongly linked to the amphibians decline and mass mortality worldwide, since it disrupts skin 

integrity and cutaneous function, leading to the consequent loss of homeostasis (Beebee & Griffiths, 2005; 

Rosa et al., 2013; Voyles et al., 2009). Climate changes, namely, rising temperatures, fluctuations in 

precipitation, increasing UV-B radiation, and water acidification also contribute to the amphibians’ decline 

(Blaustein et al., 2003; Blaustein & Kiesecker, 2002; Hamer & McDonnell, 2008; Hof et al., 2011; Miller et 

al., 2018; Polo-Cavia et al., 2017; Rohr & Raffel, 2010). These factors, aside from altering their habitats, 
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influence the amphibians’ growth, breeding behaviour (which in turn, affects their reproductive success), 

and immunity, thus exacerbating the impact of infectious diseases and contaminants (Beebee & Griffiths, 

2005; Blaustein et al., 2003; Blaustein & Kiesecker, 2002; Bosch et al., 2007; Clare et al., 2016; Rollins-Smith, 

2016; Rollins-smith & Woodhams, 2012). A study by Polo-Cavia et al. (2016) revealed that the larval activity 

of R. iberica larvae increased when exposed to temperatures increasing from 15 to 25℃, which might 

negatively affect survival by favouring prey detectability by predators. The highly permeable skin of the 

amphibians makes them susceptible to contaminants, pesticides, metals and polycyclic aromatic 

hydrocarbons (PAHs) (Egea-Serrano et al., 2012; Hopkins & Rowe, 2010; Sparling, 2010). PAHs have been 

reported to cause a variety of ecotoxicological effects in many species, negatively impacting their survival 

(acute toxicity), growth, metabolic activity and development (chronic toxicity). Furthermore, PAHS can act 

as endocrine disruptors and enhance DNA mutation and cancer formation (Delistraty, 1997; Hellou, 1996; 

Hellou et al., 2006). Metals are known to increase the production of reactive oxygen species (ROS) (Galaris 

& Evangelou, 2002), causing damage in lipids, proteins and DNA, and ultimately cell death (Marques et al., 

2013b). Contaminants can have lethal or sub-lethal effects, affecting amphibians’ growth, behaviour and 

endocrine and immune systems (Blaustein et al., 2003; Blaustein & Kiesecker, 2002; Colllins & Crump, 2009; 

Rollins-smith & Woodhams, 2012). In addition, the deleterious effects of contaminants may be further 

potentiated by climate change (Broomhall, 2004) and may also interact with biotic interactions such as 

predation (Relyea, 2004; Relyea & Hoverman, 2008), diseases (Linzey et al., 2003), and interspecific 

competition (Jones et al., 2011). For instance, Releya, (2004) found that the pesticide malathion was 

moderately toxic to six species of tadpoles and in one of the six species, malathion became twice as lethal 

when combined with predation. Results of Linzey et al. (2003) study, suggested that amphibians present in 

metal contaminated sites suffered immunosuppression, and increased susceptibility to infections. 

According to Jones et al. (2011), increased competition not only caused decrease in tadpole growth, but 

also made the herbicide glyphosate, significantly more lethal to Bullfrog tadpoles. A previous study by 

Marquis et al. (2006) reported by that, the embryonic mortality rate of common frog (Rana temporaria), 

significantly increased when exposed to a mixture of three PAHs (naphthalene, phenanthrene, and pyrene). 

The presence of UV radiation can also increase the toxicity of PAHs (Monson et al., 1999), so the effects of 

wildfires on amphibians are expected to be worst during summer. Indeed, in a laboratory experiment, the 

anuran Xenopus laevis, exhibited higher number of deformities when exposed to a combination of UV and 

fluoranthene (Hatch & Burton, 1998). Another study by Djomo et al. (1995), with Pleurodeles waltl larvae, 

found a dose-response relationship (i.e. higher toxicity at the highest concentrations) in larvae treated with 

naphthalene. Most metals found in ashes induce oxidative stress and can cause toxicity to several 

organisms (Carvalho et al., 2019; Rust et al., 2018). Metals, particularly heavy metals resulting from coal 

combustion, can be lethal or induce sublethal effects on amphibians, such as altering their behaviour and 

slowing growth and development (Lefcort et al., 1998). For instance, several authors (Rowe et al., 1996; 

Rowe, Kinney & Congdon, 1998; Rowe et al., 1998) found that amphibian larvae exposed to coal ash 
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presented a higher incidence of oral deformities, lower survival, and higher metabolic rates. Furthermore, 

since amphibians can act both as prey and predators, they may be a key element in the accumulation and 

transfer of toxic substances (Blaustein et al., 2011; Wells, 2007) along the trophic web. Due to the 

awareness of amphibians’ decline, standardized protocols, as AMPHITOX (Herkovits & Pérez-Coll, 1999), 

FETAX (ASTM, 1998) and AMA (OECD, 2009), have been developed for evaluating the toxicity of 

environmental contaminants on amphibians, by considering several endpoints such as mortality, growth, 

malformations and endocrine disruption (Linder et al., 2010).  

 

I-1.3 Amphibian’s skin microbiome 
Despite suffering many threats and populations decline, the amphibians have mechanisms that provide 

them protection. For instance, their skin constitutes a unique immune system and is a primary line of 

defence, since it is able to protect amphibians from pathogens invasions and harmful pollutants. Aside from 

mechanic protection, the amphibians’ skin provides biochemical and biological protection. The 

antimicrobial peptides produced by the granular glands as well as the diverse symbiotic microbial 

community that inhabit the amphibian’s skin, the so-called skin microbiome, strongly contribute to their 

immunity (Assis, 2012; Kueneman et al., 2013; Rollins-smith & Woodhams, 2012). 

Amphibians’ skin has adaptations to harbour and enhance symbiotic microbes, such as specialized 

epidermal structures, a mucosal environment rich in glycoproteins, and antimicrobial peptides that 

selectively reduce pathogens or stimulate symbiotic microbiota (Bletz et al., 2017; Kueneman et al., 2013; 

Rollins-smith & Woodhams, 2012). Amphibian’s skin microbiome may help to maintain the individuals’ 

health by preventing other bacteria from multiplying and causing disease. The skin microbiome can limit the 

disease risk through the production of antimicrobial metabolites or by creating biofilms associated with the 

mucus layer, forming a barrier to pathogens. It also can exclude pathogens through competition for space 

or resources, thereby interfering with pathogen adherence or fitness. Ultimately, as the skin microbiome 

stimulates host immunity, it can improve the organism’s tolerance to infection and prevent the 

development of diseases (Rollins-smith & Woodhams, 2012). Alterations in the composition of the skin 

microbiome (also called dysbiosis) can disrupt its functional capabilities, affecting host health (Jiménez & 

Sommer, 2017). Evidence shows that differences in the susceptibility and resistance among individuals, 

species and populations to the infectious skin disease chytridiomycosis (one of the major causes of 

amphibians decline and mortality) is related to the composition of their skin microbiome (Bletz et al., 2017; 

Colombo et al., 2015; Harrison et al., 2019; Jiménez & Sommer, 2017; Prest et al., 2018; Woodhams et al., 

2016). In fact, certain bacteria isolated from the amphibians’ skin are known to produce compounds that 

inhibit Bd growth (Woodhams et al., 2016). Furthermore, Harrison et al. (2019) experimental results 

revealed that individuals with less diverse microbiomes exhibited higher mortality following exposure to 

ranavirus compared to individuals with a more diverse microbiome. The interest in the amphibians’ 

symbiotic microbial communities is growing, because of the recognized role they play in the health and 
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development of their hosts. For that reason, an increasing number of microbiomes are becoming 

sequenced and examples of beneficial bacterial symbionts in various taxa are growing. 

The dominant bacterial phylotypes on amphibians’ skin include taxa from Bacteroidetes, 

Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, Sphingobacteria, and Firmicutes (Mckenzie et 

al., 2012; Kueneman et al., 2013). The assembly of these bacterial communities is potentially derived by 

vertical transmission (from parent to offspring) in amphibians with parental care (Hughey et al., 2017) or 

horizontal (between individuals) and environmental transmission (Bletz et al., 2017; Colombo et al., 2015; 

Hughey et al., 2017; Jiménez & Sommer, 2017).  

Amphibians’ skin microbiome is shaped by the interactions between the host and the environment, so both 

intrinsic and extrinsic factors are extremely relevant (Jiménez & Sommer, 2017; Kueneman et al., 2013). 

Intrinsic factors include species identity, sex, life-history phase and behavioural traits. Extrinsic factors 

comprise biotic or abiotic factors, such as coexistent species, diet, habitat, and bioclimatic variables (Assis, 

2012; Colombo et al., 2015; Harrison et al., 2019; Jani, 2019; Jiménez & Sommer, 2017; Kueneman et al., 

2013; Prest et al., 2018). In general, host species identity is recognized as the strongest predictor of the 

amphibians’ skin microbiome (McKenzie et al., 2012), whereas developmental life stage and the 

environment explain the remaining variability (Kueneman et al., 2013). The skin microbiome varies between 

amphibian species and populations, even when living in the same habitat or experiencing the same 

environmental conditions. In fact, significant differences were found in the skin bacterial communities 

among cohabiting amphibian species (Bletz et al., 2017; Colombo et al., 2015; Jiménez & Sommer, 2017; 

Kueneman et al., 2013). The skin microbiome can also vary according to the host’s developmental stage and 

change over its life. For instance, a development shift in the skin microbiome of amphibians occurs 

following hatching and metamorphosis (Colombo et al., 2015; Kueneman et al., 2013; McKenzie et al., 2012; 

Prest et al., 2018) but, on the other hand, some bacteria persist through life-history transitions from aquatic 

larvae to terrestrial adults (Woodhams et al., 2016). The environment and amphibians’ habitat also 

influence the composition of the skin microbiome, so that any variation will strongly affect the skin bacterial 

communities (Assis, 2012; Colombo et al., 2015; Ficetola et al., 2019; Jani & Briggs, 2018; Kueneman et al., 

2013, 2019; Prest et al., 2018). These communities are directly influenced by the reservoir of bacterial 

species in the environment (Harrison et al., 2019; Jiménez & Sommer, 2017). For example, common 

microbial symbionts, such as Aeromonas hydrophila, can be transmitted through the aquatic environment 

(Rollins-smith & Woodhams, 2012). Jani & Briggs, (2018) concluded that water to which Rana sierrae frogs 

were exposed affected the skin microbiome. Amphibians in habitats with higher environmental bacterial 

richness may have greater skin bacterial diversity, therefore, offering increased protection (Harrison et al., 

2019). Pathogens present in the environment can modify the skin microbes of amphibians, not only 

because they compete with the bacteria for space and/or resources, but also through the release of 

compounds that affect each another. Moreover, some pathogens can control the host immune response to 

facilitate their own growth, thereby disrupting the normal skin microbiome (Jiménez & Sommer, 2017). 

Abiotic variables such as temperature, humidity, pH, salinity, conductivity, nutrients, contaminants, among 
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others, are known to be responsible for the changes in the amphibians’ skin microbiome (Assis, 2012; Jani, 

2019; Jiménez & Sommer, 2017; Kueneman et al., 2013, 2019). The authors Jani, (2019) and Kueneman et 

al. (2013, 2019) suggested that lower temperatures are associated with a greater bacteria diversity in the 

amphibians’ skin. These temperatures could favour dormancy and promote higher diversity by allowing 

bacteria to take advantage of continual microbial turnover. Whereas in warmer and more stable thermal 

environments bacteria are able to out-grow and potentially exclude other bacteria. Also Rohr & Raffel 

(2010) reported that temperature might be important in Bd outbreaks, as colder temperatures might 

benefit this cold-tolerant pathogen and thought to stimulate the release of Bd zoospores. 

Environmental contaminants can also affect the skin microbiome, with possible cascading effects on 

amphibian’s immunity (Ficetola et al., 2019). For example, pesticides could alter not only the microbes on 

the amphibians’ skin but also increase infectious diseases like chytridiomycosis (McCoy & Peralta, 2018). A 

study by Costa et al. (2016) found differences in the composition of the skin microbiome of Pelophylax 

perezi frogs inhabiting a metal contaminated site when compared to those living at the reference sites. In 

the same study, the authors reported lower number and diversity of cultivable bacteria at the 

contaminated sites as well as a higher frequency of bacterial strains tolerant to the acidic-metal rich 

effluent, thereby, suggesting that, contaminants may modify the microbial composition and structure of 

frog’s skin microbiome and, that bacteria historically exposed to contaminants may be less sensitive to 

them.  Hughey et al. (2016) reported that short-term fly ash, a by-product of coal combustion, had little 

impact on the skin microbiome of adult Spring peepers (Pseudacris crucifer), suggesting that the skin 

microbiome of adults may be relatively resistant to brief contaminant exposure.  

In the last decade, studies about amphibians’ skin microbiome have increased, but mostly regarding to role 

of the skin microbiome against the lethal skin pathogen Bd (Bletz et al., 2013). Given the fact that the skin 

microbiome provides various important fitness-relevant benefits to amphibians, and that changes in its 

composition might affect host health, studies on the amphibians’ skin microbiome should not only include 

the host-microbial abundance, diversity, and ecology, but also address what causes these changes and what 

are the implications for dysbiosis. This last topic is particularly important, since the influence of 

unfavourable abiotic environmental factors on host skin-associated microbial communities is still largely 

unexplored and should become increasingly relevant within the context of amphibians decline and global 

climate changes (Jiménez & Sommer, 2017; Kueneman et al., 2013, 2019). These studies are also important 

to predict which amphibian species or populations could be more vulnerable in the future (Costa et al., 

2016). 
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I-2 Wildfires Impacts on Amphibians 
Climate change and land-use changes (e.g. deforestation) have increased the frequency, extent and severity 

of forest wildfires in many regions of the world (Bowman et al., 2009; Jolly et al., 2015). Wildfires constitute 

a major environmental problem as they have multiple adverse impacts on the atmospheric, terrestrial, and 

aquatic compartments (e.g. Campos et al., 2016; Hohner et al., 2019; Liu et al., 2014). The magnitude of 

wildfire impacts on the environment depends on a multitude of factors, including climate, topography, and 

vegetation characteristics (Flannigan et al., 2009). Wildfire severity is typically divided into three classes: 

low, moderate and high severity. A low severity fire usually consumes the litter layer but leaves the organic 

soil layer as well as the understory vegetation and tree canopy intact. In a moderate severity, both the soil 

organic layer and the litter layer as well as the understory vegetation are consumed, while the tree canopy 

is only partially burnt; whereas in a high severity fire soils and all vegetation strata are consumed (Keeley, 

2009). The colour of the ash on the ground is also a good indicator of the fire severity. In general, the lighter 

the ash (light grey and white) the more complete is the combustion, which may be related to the 

temperatures reached during the fire and the oxygen availability (Bodí et al., 2014). Hence, black ash is 

typically indicative of a low severity fire whereas white ash indicates a high severity fire (Bodí et al., 2014; 

Parsons et al., 2010). The burning of the vegetation and the changes induced by fires on the soil physical, 

chemical and biological properties (Campos et al., 2015; Zhang et al., 2021), can enhance surface runoff and 

promote soil erosion (Paige & Zygmunt, 2013). After heavy rainfall events, post-fire runoff will transport 

wood debris, sediments, ash, as well as the associated nutrients and contaminants to the downstream 

aquatic ecosystems (Pinto et al., 2004). Hazardous substances associated to wildfires ashes, include metals 

and polycyclic aromatic hydrocarbons (PAHs) (Campos et al., 2015, 2019). These inorganic and organic 

compounds are contaminants of major biological concern, because of their high toxicity (carcinogenic and 

mutagenic), environmental persistence, and tendency to bioaccumulate (ATDSR, 2002; Nordberg et al., 

2007). Hence, their export by post-fire runoff into aquatic systems can affect water quality (water turbidity, 

organic matter, alkalinity, pH, conductivity and dissolved oxygen) (Smith et al., 2011) as well as the aquatic 

biota (Earl & Blinn, 2003). 

The impacts of wildfires on the aquatic biota depend on several factors, namely forest type, runoff amounts 

and exposure time, since they influence the chemical composition of water (Carvalho et al., 2019). These 

impacts can be short-lived but can also persist for many years (Martens et al., 2019; Rust et al., 2018). Toxic 

effects have been reported for various organisms, exposed to wildfire ash and post-fire runoff, including the 

luminescent bacteria Aliivibrio fischeri, the microalgae Radiophicelis subcapitata, the macrophyte Lemna 

minor, the clam Corbicula fluminea, the crustacean Daphnia magna (Campos et al., 2012; Silva et al., 2015, 

2016), the fish Gambusia holbrooki (Nunes et al., 2017), as well as for amphibians (Pilliod et al., 2003). The 

studies of Campos et al. (2012) and Silva et al. (2015) reported that post-fire runoff inhibited the 

luminescence of the bacteria A. fischeri and induced a significant decrease in the growth of primary 

producers (P. subcapitata and L. minor), but no significant effects were found on the planktonic crustacean 
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D. magna. Nunes et al. (2017) study results revealed that pro-oxidative modifications were the most 

relevant toxic effects observed. 

Amphibians are especially vulnerable to fires due to their life cycle, ectothermic physiology, permeable skin, 

water-dependence, low mobility and dispersion ability (Almeida et al., 2001). The effects of wildfire on 

amphibians depend upon burn extent and severity (Hossack et al., 2013). Pilliod et al. (2003) also suggested 

that amphibian responses to fire are expected to vary among species and geographic regions. Besides direct 

mortality, amphibians in fire-impacted ecosystems can be affected by the loss of suitable habitats, loss of 

food resources, desiccation, exposure to contaminants, and changes in the prey-predator dynamics (Pilliod 

et al., 2003; Rochester et al., 2010; Rosenberger et al., 2011; Verkaik et al., 2013). Rochester et al. (2010) 

reported a postfire decline in vegetation cover, accompanied by a significant decrease in amphibian species 

diversity and community composition. Furthermore, fires indirectly increase stream water temperature, by 

burning the riparian vegetation that provides shade, which negatively impact ectothermic animals like the 

amphibians (Bury et al., 2002; Dunham et al., 2007). Despite the negative effects, in a review Hossack & 

Pilliod, (2011) reported that wildfires can also have positive impacts on the amphibians, namely in terms of 

distribution patterns. Muñoz et al. (2019) concluded that the amphibian communities can be resistant to 

the fire but, a significant reduction of breeding grounds within the burnt area, might also occur, leading to 

negative impacts on the amphibians’ reproduction. Although there are a few studies that have assessed the 

response of amphibians to wildfires, most of them focused on the fire effects on amphibians’ abundance 

and diversity, as well as impacts at population level (Bury et al., 2002; Hossack et al., 2013; Hossack et al., 

2013; Hossack & Pilliod, 2011; Means et al., 2004; Rochester et al., 2010). Thus, there is a limited 

understanding of the effects of fire-related contaminants not only on the individuals but also on their skin 

microbiome, so, further research is needed on this field. 
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I-3 The Species Rana iberica 
The Iberian or brown frog (Rana iberica) was selected as a model species for this study. This is a species of 

frog belonging to the Ranidae family, of the Anuran order. This frog is an endemic species of the Iberian 

Peninsula. In Portugal, this species is well distributed in the northwest part of the country, but there is also 

an isolated population in the São Mamede Mountains, in the south of Portugal (Almeida et al., 2001; 

Maravalhas & Soares, 2017). This species is found at any altitude and is usually found near cold well-

oxygenated waterbodies, with abundant riparian vegetation. The Iberian frog is active throughout the year, 

although it can be inactive on the coldest winter days and during the hot summer months. The adults are 

mainly nocturnal, but they have some diurnal activity. This species is characterized by having long hindlimbs 

with webbed feet and smooth skin with some granulation on the dorsal region (Figure I-2). Moreover, this 

anuran has a small or undeveloped eardrum and large prominent eyes, with a horizontal pupil. They 

present two parallel dorsolateral folders, which extend from the eye to the posterior part of the body. Their 

dorsal main coloration is brown and sometimes varies between orange or reddish tons, often with dark or 

light marks. Furthermore, a distinctive dark mark is present from the nostril to the end of the jaw, and 

under that, a light line extends from the interior part of the eye along the upper lip. Ventrally the coloration 

varies between red and white. Males develop nuptial pads on their thumbs during the mating period and 

are smaller than females. The adult’s length ranges from 3 to 7 cm (Maravalhas & Soares, 201). According 

to the Red List of Threatened Species of the International Union for the Conservation of Nature (IUCN, 

2020), R. iberica is considered a vulnerable species in terms of conservation, and currently, there is a trend 

for population decline. The main reasons for selecting this species to carry out this study included: i) its 

distribution, ii) the fact of being an endemic species, iii) ease of sampling (abundance, collection and 

handling), and iv) the lack of information about the skin microbiome of R. iberica. 
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 Figure I-2: Adults of Iberian frog (R.iberica). 
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I-4 Objectives 
The main goal of the present study was to assess the effects of wildfire ashes on bacteria from the skin 

microbiome of R. iberica, an Iberian endemic species. In this particular study, the focus was on the 

cultivable bacteria of the skin microbiome, to facilitate the laboratorial work. To achieve our goal, specific 

objectives were defined:  

1. To isolate cultivable bacterial communities, present in the skin of Rana iberica individuals and 

identify those with antimicrobial activity. 

2. To assess the effects of wildfires ashes, namely of ash-related toxicants on the bacterial isolates 

with antimicrobial potential, comparing the effects of ashes from a moderate and a high severity 

wildfire. 
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Abstract 
The microbial community that inhabits the skin of amphibians is essential to their immune system and 

health. Amphibians can be particularly vulnerable to wildfires, as they affect both terrestrial and aquatic 

systems. However, the effects of fire-related contaminants on the skin microbiome composition of 

amphibians have been overlooked. The main goal of the present study was to assess the effects of wildfire 

ashes in the skin microbiome of the amphibian Rana iberica, considering ashes from wildfires of moderate 

and high severity. In order to achieve this goal, bacterial communities from the skin of R. iberica individuals 

were sampled in an uncontaminated site. The cultivable bacterial isolates (128 in total) were then, tested 

against the pathogenic agent Aeromonas salmonicida, with 53% presenting antimicrobial activity. From the 

bacteria with antimicrobial activity, the dominant genera belong to the genus Pseudomonas, 

Chryseobacterium and Stenotrophomonas. These bacteria were then, exposed to a series of dilutions (0, 

6.25, 12.5, 25, 50, 75, and 100%) of Eucalyptus aqueous ash extracts (AAEs) prepared with ashes from a 

high and a moderate severity wildfire, to evaluate the effects of the ash-contaminants on their growth. The 

results showed that wildfires ashes could inhibit, stimulate or have no effect on growth of bacteria from the 

skin microbiome of R. iberica. Growth inhibition was observed for AAEs concentrations ≥ 12.5% and 25% 

respectively for, moderate and high severity wildfire ashes. Increasing AAEs concentrations lead to 

increased growth inhibition, for 54% and 94% of the bacteria exposed to respectively, moderate and high 

severity wildfire ashes. Ashes from the high severity fires showed greater toxicity than those of moderate 

severity fires, possibly due to higher metal concentrations. This study revealed that the growth of the 

bacteria with antimicrobial potential against pathogenic agents that live in Iberian frogs’ skin could be 

impaired by ash-associated contaminants, affecting the amphibians’ skin microbiome, which ultimately may 

lead to a weakened immune system and a higher vulnerability to infections and diseases. This study 

advances the knowledge on the R. iberica’s skin microbiome, providing useful information that might help 

explain the amphibians’ decline in fire-prone regions. Given the foreseen increase in wildfires frequency 

and severity under climate change scenarios, wildfires can constitute an additional stress factor for the 

amphibian communities.  
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II-1 Introduction 
Amphibians’ global decline is considered a part of an overall biodiversity crisis, with many species 

threatened with extinction (Colllins & Crump, 2009; Stuart et al., 2004). According to the Red List of 

Threatened Species of the International Union for the Conservation of Nature (IUCN, 2021), 41% of the 

world’s amphibians are known to be threatened with extinction. Numerous biotic and abiotic factors have 

been pointed out as causes of the amphibians’ decline (Blaustein et al., 2011; Fasola et al., 2015; Walker et 

al., 2010), some of them acting synergistically (Blaustein & Kiesecker, 2002). Among these factors are 

climate change, contaminants and emergent infectious diseases (Beebee & Griffiths, 2005; Blaustein et al., 

2003; Colllins & Crump, 2009; Hof et al., 2011). Amphibians are especially sensitive to environmental 

changes, either in terrestrial and aquatic and ecosystems, due to their ecological (biphasic life cycle, low 

mobility and dispersion ability, water-dependence) and physiological (permeable skin) traits (Wells, 2007). 

Their particular life cycle puts them at risk due to the “double threat” of occupying two distinct 

compartments (terrestrial and aquatic) under influence of multiple sources of chemical stressors (Collins & 

Crump, 2009). For these reasons, amphibians are good indicators of environmental health (Blaustein & 

Wake, 1995; Crump, 2009) and have been the object of various ecotoxicological studies with different 

contaminants, like metals (Lefcort et al., 1998; Marques et al., 2011, 2013b, 2013a), pesticides (Lawrence & 

Isioma, 2010), and polycyclic aromatic hydrocarbons (PAHs) (Hatch & Burton, 1998; Marquis et al., 2006). 

These contaminants can affect amphibians in different ways, causing both lethal and sub-lethal effects 

(Blaustein et al., 2011; Blaustein & Kiesecker, 2002; Egea-Serrano et al., 2012; Hopkins & Rowe, 2010; D. 

Sparling, 2010). Nonetheless, a few cases of amphibians’ tolerance to contaminants have been reported 

(Marques et al., 2009), being typically species and contaminant dependent (Bridges et al., 2002). 

Amphibians’ health is strongly related to their skin microbiome, which is constituted by a diverse symbiotic 

bacterial community residing in their skin. The skin symbiotic microbiota may limit disease risk through the 

productions of antimicrobial metabolites, competition or exclusion of exogenous pathogens, or 

enhancement host immunity (Rollins-smith & Woodhams, 2012). Alterations in the composition of the skin 

microbiome (also called dysbiosis) can disrupt its functional capabilities, affecting the host’s health (Jiménez 

& Sommer, 2017). Research on the amphibians’ microbiome has had a great development in recent years, 

owing a lot to the studies on the skin disease chytridiomycosis, caused by the fungus Batrachochytrium 

dendrobatidis (Bd) (Bataille et al., 2016; Becker & Harris, 2010; Jani & Briggs, 2014, 2018; Kueneman et al., 

2017; Piovia-Scott et al., 2017), which is one of the main causes of amphibians’ massive mortality (Fisher et 

al., 2009; Skerratt et al., 2007). These studies attributed the amphibians’ resistance to chytridiomycosis to 

differences in the skin microbiome, highlighting its role on the health of the individuals. In agreement, a 

study amphibians exposed to ranavirus by Harrison et al. (2019) found that individuals with a less diverse 

skin microbial communities exhibited higher mortality than those with a more diverse microbiome. 

The amphibians’ skin microbiome can be strongly affected by environmental contamination, with possible 

cascading effects on hosts’ immunity (Ficetola et al., 2019). For instance, the skin microbiome of Pelophylax 



26 
 

perezi frogs inhabiting a metal-rich contaminated site showed lower abundance and diversity in cultivable 

skin bacteria than those inhabiting uncontaminated sites, as well as a higher frequency of bacterial strains 

tolerant to the acidic-metal rich effluent (Costa et al., 2016). The presence of contaminants can also alter 

the composition of the environmental microbial communities (Cardenas et al., 2008), therefore impacting 

the reservoir of microbes in those habitats (Trevelline et al., 2019).  

Wildfires can impact both terrestrial and aquatic systems (Campos et al., 2016; Hohner et al., 2019), thus 

posing a “double threat” to amphibians. Aside from causing amphibians’ mortality (Pilliod et al., 2003), 

wildfires can impact their habitat, which in turn may affect the amphibians’ skin microbiome. Wildfire ash is 

a source of contaminants to soils as wells as to the downstream waterbodies, as it typically contains 

hazardous substances like metals and PAHs (Campos et al., 2015, 2016, 2019), which are contaminants of 

major biologic concern because of their high toxicity (carcinogenic and mutagenic), environmental 

persistence, and tendency to bioaccumulate (ATDSR, 2002; Nordberg et al., 2007). Ash composition is 

strongly related to fire severity (Bodí et al., 2014). For instance, previous studies, have found that PAHs 

concentrations are typically higher in the ashes of moderate severity fires compared to those of high 

severity fires (Campos et al., 2015, 2016; Chen et al., 2018; Harper et al., 2019; Rey-Salgueiro et al., 2018). 

Such chemical differences determine the ash toxicity for both soil (Zhang et al., 2021) and aquatic 

organisms (Carvalho et al., 2019; Harper et al., 2019) 

Although some studies have assessed the response of amphibians to wildfires, most of them focused on the 

effects on abundance and species diversity, as well as on the impacts at the population level (Bury et al., 

2002; Hossack, Lowe, & Corn, 2013; Hossack, Lowe, Honeycutt, et al., 2013; Hossack & Pilliod, 2011; Means 

et al., 2004; Rochester et al., 2010). Therefore, there is a limited understanding of the ecotoxicological 

effects of ash-related contaminants on amphibians’ and on their skin microbiome. A previous study by 

Hughey et al. (2016) reported that short-term fly ash (a by-product of coal combustion) had little impact on 

the skin microbiome of adult Spring peepers (Pseudacris crucifer), suggesting that they might be relatively 

resistant to brief contaminant exposure. However, the effects on other amphibian species are poorly know. 

As wildfires have been reported to affect soil (Zhang et al., 2021) and aquatic (Campos et al., 2012; Silva et 

al., 2015) bacterial communities, it is likely that they impact the amphibians’ skin microbiome, as it is 

shaped by the environment (Harrison et al., 2019; Jani & Briggs, 2018; Jiménez & Sommer, 2017). 

Bearing this in mind, and within the context of global climate changes and amphibians decline, it is 

important to understand the effects of wildfires on the amphibians’ skin microbiome, and consequently on 

amphibians’ health. In Portugal, forest fires are becoming increasingly more frequent and severe, not just 

due to climate changes (IPCC, 2013), but also due to land abandonment and afforestation with fire-prone 

species (Carmo et al., 2011; Moreira et al., 2009, 2011), such as Eucalyptus globulus (Moreira et al., 2013), 

which is the most widespread (occupying 26% of the forest areas) tree species in Portugal mainland (ICNF, 

2015). As there are a considerable number (6) of threatened or nearly threatened amphibian species in the 

country and, at least, nineteen native species, including nine Iberian endemic or nearly endemic 

(Maravalhas & Soares, 2017), studying the wildfires impacts on amphibians’ skin microbiome highly is 
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relevant for the protection and conservation of these animals. Thus, the main aim of the present study was 

to assess the effects of the contaminants associated to ashes from moderate and high severity wildfires, on 

the skin microbiome of an amphibian endemic species, R. iberica. Aside from being endemic of the Iberian 

Peninsula, which is a region highly affected by wildfires (Pausas, 2004; Pausas & Fernández-Muñoz, 2012), 

R. iberica was also selected for being reasonably abundant in northern Portugal (Almeida et al., 2001; 

Maravalhas & Soares, 2017) and due to the lack of information about their skin microbiome. To achieve our 

objective, cultivable bacterial communities were first isolated from the skin of R. iberica individuals to 

assess their antimicrobial activity against a known pathogen (Aeromonas salmonicida) (Daly et al., 1996; 

Garduno et al., 2000). Then, the bacterial isolates with antimicrobial activity were exposed to Eucalyptus 

ashes from moderate and high severity wildfires, to assess the effects of ash-contaminants on the bacterial 

growth. 
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II-2 Material & Methods 
 

II-2.1 Microbiome Sampling 
Microbiome sampling was carried out in a small stream near the parish of São Marcos, Albergaria-a-Velha 

municipality, Aveiro district, North-Central Portugal (40°40'40.5"N; 8°30'43.1"W), which is a tributary of the 

Vouga River basin. The sampling site (Figure II-1) was located near a 19th century inactive mill and is 

surrounded by vegetation, mainly Pine (Pinus pinaster) and Eucalyptus (Eucalyptus globulus) trees. This site 

was selected because it was out of the influence of evident pollution sources and of recent wildfires. The 

physico-chemical properties of the stream water at the sampling site, were measured by a Aquaread AP 

2000 multiparameter probe, and are presented in Table II-1. 

 
Figure II-1: Location of the sampling site (São Marcos, Albergaria-a-Velha, Portugal). 

 

Table II-1: Physicochemical properties of the stream water at the sampling site. 

 

 

 

 

 

 

 

Parameter Value 

Temperature (°C) 13.9 

pH 6.77 

Conductivity (μS/cm) 171 

Dissolved oxygen (%) 93.9 

Dissolved oxygen (mg/L) 9.38 

Total dissolved solids (mg/L) 111 

Salinity (psu) 0.05 
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A total of six adult Iberian frogs (3.7±0.25 cm; mean size ± standard deviation) were captured in November 

2019 with a hand net previously disinfected with alcohol at 70% (v/v) and rinsed with sterilized distilled 

water. Skin microbiome sampling (Attachement A) was performed immediately after the capture of the 

individuals. Prior to microbiome sampling, each individual was rinsed abundantly on both sides (dorsal and 

ventral) of the body with sterilized distilled water to remove transient bacteria, i.e. bacteria present in the 

environment but not associated with the amphibians’ skin (Culp et al., 2007 and Lauer et al., 2007, as cited 

by Kueneman et al., 2013). Samples of Iberian frogs’ skin microbiome were collected using sterilized swabs. 

Each sampling was made in triplicate consisting each of three swab strokes along the ventral, dorsal and 

lateral regions to ensure a more representative sample of the animal’s skin microbiome. During the 

sampling, the swab was rotated between different regions of the body, to ensure that saturation of the 

swab didn’t occur with only one region of the body, presenting an increased representation of the bacteria 

in the skin. Nitrile gloves were used and changed between individuals, to avoid cross-contamination. Each 

swab was immediately inoculated in a plate with Reasoner’s 2A Agar (R2A) (Attachment B) culture medium. 

As a control for potential environmental contamination, a swab was left exposed to air for thirty seconds 

and then inoculated in an R2A medium plate. After sampling the skin microbiome, all individuals were 

released back into their natural habitat. 

II-2.2 Bacteria Isolation and Preservation  
 

Immediately after arriving to the laboratory, the R2A medium plates inoculated in the field were incubated 

for 24 to 48 hours at 23±2 °C. Bacterial colonies were then selected and isolated into Tryptic Soy Agar (TSA) 

medium plates. Selection was based on observable morphological traits, such as color, texture, border, size, 

and brightness. After incubation for 24 to 48 hours at 23±2 °C, the bacterial isolates in TSA medium plates 

were checked for correct isolation and, if needed, reisolated until complete isolation was achieved. Then, 

bacterial isolates were preserved at -20 °C in a sterilized Eppendorf containing 1 mL of Tryptic Soy Broth 

(TSB) medium and 20% (v/v) glycerol solution, until further use. Bacterial isolates unable to grow under the 

laboratorial conditions (medium, temperature, photoperiod) were not considered in further assays. All the 

procedures were carried out under aseptic conditions with sterilized material in a laminar flow chamber. 

 

II-2.3 Antimicrobial Activity Assays 
The antimicrobial potential of the sampled bacteria was evaluated by an adaptation of the cross streak 

assay method (Lalitha, 2004; Lertcanawanichakul & Sawangnop, 2008; Maciejewska et al., 2016), using 

Aeromonas salmonicida. After 24 hours of bacterial growth in TSA medium plates at 23±2°C, 0.5 to 1 μL of 

each bacterial isolate, as well as the pathogen, were suspended in a sterilized tube containing 5 mL of 

0.85% (m/v) NaCl sterilized solution. The suspensions’ absorbances were adjusted to 0.08 to 1 nm using a 

0.5 Macfarland standard solution (Lalitha, 2004), considered to contain approximately 108 CFUs/ml, of 
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Escherichia coli (beta-lactamase negative). Optical densities were determined spectrophotometrically at 

625 nm (SPECTRONIC® 20 GENESYSTM). Mueller-Hinton Agar (MHA) medium square plates, previously 

prepared, were inoculated after adjusting the concentrations of the bacterial and the pathogen 

suspensions. For each MHA medium plate (Figure II 4), ten bacterial isolates were tested against the 

pathogen A. salmonicida. Inoculation was performed with sterilized swabs, soaked in the bacterial 

suspensions. The pathogen was inoculated twice, in the middle of the plates with a minimum distance of 

0.3 cm between them and between them and the bacterial isolates. The bacterial isolates were inoculated 

on the sides of the plates, at a 90° angle to pathogen and with a minimum distance of 2 cm between them. 

The MHA medium plates were incubated for 24 to 48 hours at 25±2 °C. After incubation, plates were 

examined to check for inhibition growth zones (Attachment C). The bacterial isolates presenting 

antimicrobial activity were then identified and used in the ecotoxicological assays.  

 

II-2.4 Identification of the bacterial isolates 

II-2.4.1 DNA Extraction 

Bacterial DNA of each bacterial isolate was extracted according to the Boiling Method (Barbosa et al., 2016). 

Briefly, in this method, after incubation in TSA medium plates, 1 μL of each bacterial isolates was suspended 

in a sterilized Eppendorf containing a lysis buffer solution (Tris-EDTA with 1% (v/v) TritonTM X-100) with pH 

8, previously sterilized by filtration trough a 0.22 μm pore filter (CA Syringe Filter, NEOREAX). Afterwards, 

the Eppendorf’s were centrifuged, and then heated in a heat block for 10 minutes at 100 °C, for cell lysis 

and DNA release. Immediately after, the samples were briefly cooled on ice and a new centrifugation was 

performed at 15000 RCF for 1 minute, in order to sediment cell debris. The supernatant was afterwards 

used as DNA template in the Polymerase Chain Reaction (PCR) mixture solution (Barbosa et al., 2016), for 

DNA amplification. This last step and the DNA extraction procedure were carried out under aseptic 

conditions with sterilized material in a laminar flow chamber. 

 

II-2.4.2 DNA Amplification and Sequencing 

The bacterial isolates were identified following the amplification of the 16S rRNA1 gene by PCR. The PCR 

reactions were performed 30 μL reactions containing 0.2 μM of each primer (27F and 149R) 1x PCR buffer, 

0.2 mM of each dNTP2, 0.2 mM of MgCl2, 1U3 of Taq polymerase and 2 μL of cell lysate as template DNA. 

The PCR reaction (Thermal Cycler (iQTM5, BIO-RAD)) was programmed as follows: an initial denaturation 

phase at 94°C for 5 minutes, followed 94°C for 1 minute, 1 minute in the annealing phase at 57°C, and 1 
                                                                 
1 ribosomal RNA 
2 mixture of four nucleotides: dATP, dCATP, dGTP, dTTP 
3 required amount of enzyme for the PCR reaction to occur 
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minute the extension phase at 72°C. This was repeated for 32x. Following, a final extension phase at 72°C 

for 10 minutes and then finished at 4°C. All PCR products were immediately processed or stored at 4°C for a 

shortest period as possible (maximum 24 hours). The PCR products were analysed by electrophoresis on an 

agarose gel 1% (m/v) stained with green safe (Green Safe Premium, NZYTech). 

The electrophoresis running conditions were 50 minutes at 75 V and 400 mA. At the end, the gels were 

exposed to a UV illumination on a transilluminator to confirm if the length of the DNA amplification 

fragments was approximately 1000 bp (Attachment D). The samples were stored at -20°C and then sent to a 

certified laboratory for sequencing. Finally, the sequences were then compared with databases using the 

BLASTn (NCBI, 2021) for identification of the bacterial isolates. 

 

II-2.5 Ecotoxicological Assays 
Ecotoxicological assays were performed to assess the effects of wildfire ashes on the bacterial isolates from 

the skin microbiome of R. iberica. Bacterial isolates with antimicrobial activity were exposed to a series of 

dilutions of two types of Eucalyptus (Eucalyptus globulus) aqueous ash extracts (AAEs). The broth 

microdilution method (Eslamiyan et al., 2015; Gabriel et al., 2018) was adapted to evaluate the effects of 

wildfire ashes on the R. iberica skin microbiome, and to further determine the Minimum Effect 

Concentration (MEC), i.e. the lowest tested concentration that can affect bacterial growth. 

 

II-2.5.1 Preparation of Aqueous Ash Extracts 

Two Eucalyptus ashes were tested from wildfires of different severity: moderate severity (black ashes) and 

moderate to high severity (grey-white ashes), but for the sake of simplicity, hereafter referred as high 

severity. Both ashes were collected shortly after a wildfire in Albergaria-a-Velha (Aveiro District, North-

Central Portugal, 40º39’27.81’’N 8º29’0.39’’W) in September 2019. Ashes were transported to the 

laboratory under cool and dark conditions, sieved through a 2 mm mesh sieve, and carefully mixed to 

produce a homogeneous composite sample. Then, ash samples were stored at -20°C under dark conditions 

to reduce microbial activity and prevent photolysis of PAHs. Prior to the preparation of the AAEs, ash 

samples were dried at 30±2°C for 24 hours, to eliminate humidity. AAEs were prepared according to Ré et 

al. (2020) and Silva et al. (2015, 2016), adjusting the culture medium. Ashes were mixed with the Mueller-

Hinton Broth (MHB) culture medium at a 1:4 (v/v) ratio. The suspensions were transferred into glass 

Erlenmeyer flasks wrapped in aluminium foil and placed on an orbital shaker at 200 rpm for 2 hours. Then, 

samples were decanted into 50 mL falcon tubes and centrifuged at 5000 rpm for 15 minutes, to separate 

the aqueous fraction. The resulting supernatants, the AAEs (Attachment E), were then sterilized by filtration 

through a 0.22 μm pore filter (CA Syringe Filter, NEOREAX) and stored at 4°C for a maximum period of 24 

hours before the ecotoxicological assays. This procedure was carried out under aseptic conditions with 

sterilized material in a laminar flow chamber.   
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II-2.5.2 Experimental Conditions 

Bacterial isolates that exhibited antimicrobial activity against A. salmonicida were exposed to both types of 

filtered AAEs. In these assays, microplates of 96 wells were used, with a maximum of 12 bacterial isolates by 

microplate (Figure II-2). A series of dilutions of each AAE (0; 6.25; 12.5; 25; 50; 75 and 100%; Attachment F) 

prepared using the MHB medium. The addition of the bacterial isolate (10 μL) prevents reaching a 100% 

concentration. Thus, the highest concentration obtained corresponds to 96.7% but, for ease of 

nomenclature, this will be referred as 100% concentration. Prior to the ecotoxicological assays, the bacterial 

isolates were inoculated in TSA medium plates. After 24 to 48 hours of bacterial growth, 0.5 to 1 μL of each 

bacterial isolate were suspended in5 mL of 0.85% (m/v) NaCl sterilized solution. To uniformize the bacterial 

density before exposure, the optical densities were adjusted to absorbance values of 0.08 to 0.1, as 

described above (Lalitha, 2004). The adjusted suspensions were used to start the ecotoxicological assays. All 

assays were carried out in 96-wells microplates, with a maximum of 12 bacterial isolates in each microplate 

(Figure II-2; Attachment G). Assays were carried out in triplicate and under aseptic conditions. Blanks 

(containing the prepared AAE in the respective concentration, without bacteria) were also included. The 

microplates were incubated at 25±2°C for 18 hours. Optical densities were determined 

spectrophotometrically at 625 nm (Synergy H1, BioTek), before and after incubation. The respective blank 

absorbances were subtracted from the measured absorbance. To convert the absorbances to the number 

of Colony Forming Units (CFUs), a relationship between the absorbance at 625 nm and the number of CFUs 

was estimated for each bacterial isolate. For this purpose, a series of dilutions with MHB medium was 

carried out for each bacterial isolate, followed by the determination of their absorbance and the 

corresponding CFUs. For determination of the number of CFUs the samples were further diluted and then 

inoculated in MHA medium plates, incubated for 24-48 hours at 23±2°C, and the CFUs were counted. The 

resulting linear relationships between the absorbance values and the corresponding CFUs had a r2 ≥ 0.99. 

Using this relationship, the absorbance values obtained in the ecotoxicological assays were converted to 

CFUs, which were further logarithimized (log10). 

Figure II-2:  Scheme of a 96 wells microplate: M- MHB medium; B- Blank (MHB medium + AAE 
concentrations (6.25 to 100%); E- Empty wells; C- Control (MHB medium + Bacterial isolates (column 1 to 

12)); Mba- MHB medium + Bacterial isolates + AAE concentrations (row C to H). 
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II-2.6 Chemical Analysis of the Aqueous Ash Extracts 
Additional, both unfiltered and filtered AAE samples were analysed for metals and PAHs by a certified 

external laboratory. The following metals were quantified: iron (Fe), arsenic (As), cadmium (Cd), chromium 

(Cr), cobalt (Co), copper (Cu), manganese (Mn), nickel (Ni), lead (Pb), vanadium (V) and zinc (Zn). AAE 

samples for metals determination underwent an oxidative digestion - HNO3/H2O2, before being analysed by 

inductively coupled plasma-mass spectroscopy (ICP-MS) (DIN EN ISO 17294-2 E29). Regarding PAHs, the 

analyses were restricted to the 16 priority PAHs defined by the Environmental Protection Agency (USEPA): 

acenaphtene (ACE), acenaphtylene (ACY), anthracene (ANT), benzo(a)anthracene (BaA), benzo(a)pyrene 

(BaP), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(g,h,i)perylene (BGP), chrysene (CHR), 

dibenz(a,h)anthracene (DBA), fluoranthene (FLT), fluorene (FLU), indeno(1,2,3-cd)pyrene (IPYR). PAHs were 

determined by gas chromatography coupled to mass spectrometry (GC-MS), according to the DIN 38407-39 

(F39). 

 

II-2.7 Statistical Analysis 
Differences on the log10 CFUs of bacterial isolates exposed to the different concentrations of each type of 

AAE (6.25, 12.5, 25, 50, 75 and 100%) were evaluated by a one-way ANOVA, after checking for data 

normality (Shapiro-Wilk test) and homogeneity of variances (Brown-Forsythe test). If the data did not meet 

the ANOVA assumptions, the non-parametric Kruskal-Wallis test was applied. When significant differences 

among the AAE concentrations were found, a post-hoc test (Dunnett’s or Dunn’s test, respectively after a 

parametric or non-parametric test) was carried out for multi-comparisons relative to the control. The 

minimum effect concentration (MEC) was defined as the lowest concentration for which statistically 

significant differences (inhibitory effect) were found. All statistical analyses were performed with the 

statistical software SigmaPlot 14.0 (Systat Software Inc., Germany), using a significance level of 0.05 for 

rejecting the null hypothesis. 
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II-3 Results 

 II-3.1 Antimicrobial Activity and Bacteria Identification 
Overall, from the six individuals sampled, a total of 169 bacterial isolates (Attachment H) were obtained. As 

some bacteria isolates could not be maintained under laboratorial conditions, only 128 were tested for 

antimicrobial activity against the pathogenic agent A. salmonicida. From these bacteria, 68 in total showed 

antimicrobial activity, which corresponds to 53% the tested bacterial isolates (Table II-2). Among the 68 

bacterial isolates showing antimicrobial activity, a total of 23 were identified (Table II-3). These isolates 

belong to 10 different families: Pseudomonadaceae, Staphylococcaceae, Microbacteriaceae, 

Moraxellaceae, Flavobacteriaceae, Oxalobacteraceae, Weeksellaceae, Xanthomonadaceae, 

Sphingobacteriaceae and Erwiniaceae, encompassing 12 different genera (Table II-3). The most common 

genera were Pseudomonas (identified in individuals 1, 2, 3, and 6), Chryseobacterium (identified in 

individuals 2, 3, and 4) and Stenotrophomonas (identified in individuals 3 and 6). Some genera, however, 

were only isolated in one individual, e.g. Staphylococcus and Plantibacter ((individual 1); Acinetobacter, 

Flavobacterium, Janthinobacterium and Curtobacterium (individual 2); Xanthomonas (individual 3); 

Pedobacter (individual 4) and Pantoea (individual 5). 

 

 

 

4

5

68

Tested With antimicrobial activity

30 15 (=50%)

23

22

19

19

15

13 (=57%)

13 (=59%)

15 (79%)

7 (=37%)

5 (=33%)

128

6

Total 

Individual

No.Isolates

1

2

3

Table II-2: Number of bacterial isolates from R. iberica skin microbiome, and the corresponding 
microbial activity. 
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Table II-3: Identification of the bacteria isolates with antimicrobial activity (E- value or Expect value represents the 
number of different alignments with scores equivalent to or better than S that is expected to occur in a database search 

by chance, and the lower the E value, the more significant the score and the alignment, this value was 0.00, for all the 
identified bacteria; Percentage identity or identity is the extent to which two (nucleotide or amino acid) sequences have 

the same residues at the same positions in an alignment; Query cover or cover is the input sequence (or other type of 
search term) to which all of the entries in a database are to be compared).  

Ind. Bacteria % Identity Cover Phylum Genus 

 

1 

Pseudomonas argentinensis 98.67% 100% Proteobacteria Pseudomonas  

Staphylococcus equorum 99.23% 99% Firmicutes Staphylococcus  

Pseudomonas allii 99.90% 100% Proteobacteria Pseudomonas  

Plantibacter flavus 100.00% 99% Actinobacteria Plantibacter  

Pseudomonas donghuensis 100.00% 99% Proteobacteria Pseudomonas  

2 

Acinetobacter johnsonii 99.90% 99% Proteobacteria Acinetobacter  

Flavobacterium johnsoniae 99.82% 98% Bacteroidetes Flavobacterium  

Janthinobacterium lividum 99.91% 100% Proteobacteria Janthinobacterium  

Pseudomonas rhizosphaerae 99.41% 96% Proteobacteria Pseudomonas  

Curtobacterium flaccumfaciens pv. flaccumfaciens 99.62% 100% Actinobacteria Curtobacterium  

Chryseobacterium sp. BBCT17 96.59% 100% Bacteroidetes Chryseobacterium  

3 

Chryseobacterium sp. 99.17% 100% Bacteroidetes Chryseobacterium  

Stenotrophomonas rhizophila 99.90% 100% Proteobacteria Stenotrophomonas  

Xanthomonas campestris pv. campestris 99.83% 99% Proteobacteria Xanthomonas  

Pseudomonas rhizosphaerae 99.81% 100% Proteobacteria Pseudomonas  

Pseudomonas coleopterorum 99.89% 100% Proteobacteria Pseudomonas  

4 

Pedobacter agri 99.81% 99% Bacteroidetes Pedobacter  

Chryseobacterium sp. JM1 99.81% 100% Bacteroidetes Chryseobacterium  

Chryseobacterium halperniae 100.00% 99% Bacteroidetes Chryseobacterium  

5 Pantoea agglomerans 99.86% 100% Proteobacteria Pantoea  

6 Stenotrophomonas sp. 169 100.00% 100% Proteobacteria Stenotrophomonas  
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II-3.2 Ecotoxicological Assays 
 

Among the 68 bacterial isolates with antimicrobial activity, only 31 were able to grow after the preservation 

conditions at -20℃. Moreover, some bacteria had be excluded due to insufficient growth during the 

ecotoxicological assays. Thus, only the results of 26 bacterial isolates for the moderate severity AAE and for 

31 bacterial isolates for the high severity AAE, are presented herein.  

Bacterial isolates exposed to Eucalyptus AAEs from moderate and high severity wildfires showed growth 

stimulation, inhibition, or no effects in growth (Figure II-3). Growth inhibition was observed at AAE 

concentrations ≥ 12.5% for moderate severity wildfire ashes and ≥ 25% for high severity wildfire ashes, 

being more pronounced in the assays with the high severity ashes. Indeed, at the highest AAE concentration 

(100%), ashes from the high severity wildfire inhibited the growth of 94% of the bacterial isolates, whereas 

those from the moderate severity wildfire inhibited the growth of 54% of the bacterial isolates. On the 

other hand, bacterial growth stimulation was also observed, mostly in the assays with moderate severity 

ashes. Noteworthy is the fact that growth stimulation was observed at AAEs concentrations up to 100% for 

ashes from the moderate severity wildfire, but only up to 50% for ashes from the high severity fire. The 

number of bacterial isolates with no significant effects on bacterial growth decreased with increasing AAEs 

concentrations, especially in the high severity AAEs. Moreover, some bacteria exhibited growth stimulation 

at low AAEs concentrations, but growth inhibition at high AAEs concentrations, for both types of ash 

(Attachment I). 

  

 

 

 

Figure II-3: Effects of Eucalyptus AAEs from moderate and high severities wildfires on the growth of bacterial isolates from R. 
iberica skin microbiome. 
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Regarding the lowest tested concentration that can inhibit bacterial growth (MEC; Figure II.4), most of the 

bacteria showed significant effects at AAEs concentrations ≥ 50%. For the majority of the bacterial isolates, 

the MEC in high severity AAEs was 50%, whereas for moderate severity AAEs, it was 100%. 

 

 

 

 
 

 

 

Figure II-4: Lowest tested concentration that can affect bacterial growth (MEC) for the bacteria exposed to 
Eucalyptus AAEs from moderate and high severity fires. 
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II-3.3 Chemical Analysis of the Aqueous Ash Extracts 
Metal and PAHs concentrations in Eucalyptus AAEs from moderate and high severity wildfires are 

summarized in Table II-4. Metals and PAHs concentrations were higher in unfiltered than in filtered AAEs. 

Metal concentrations were higher in the high severity AAE than in the moderate severity AAE, except for 

vanadium. In high severity AAEs, copper, manganese and zinc were the elements presenting the highest 

concentrations, whereas in moderate severity AAEs, the most common elements were manganese and zinc. 

In both AAEs, arsenic, lead and cadmium were below quantification limits. Likewise, regarding PAHs, only 

naphthalene was above quantification limits, being only found in the high severity AAE. 

Unfiltered Filtered Unfiltered Filtered 

LoQ
Arsenic 0.05 0.14 < 0.05 0.38 < 0.05

Lead 0.005 0.2 < 0.005 0.46 < 0.005

Cadmium 0.001 0.008 < 0.001 0.007 < 0.001

Chromium 0.005 0.24 0.006 0.54 0.008

Iron 0.02 105 0.28 396 0.48

Cobalt 0.005 0.091 0.018 0.3 0.028

Copper 0.005 1.2 0.27 5.5 1.2

Manganese 0.01 37 2.3 500 3.6

Nickel 0.005 0.48 0.088 1.9 0.36

Vanadium 0.01 0.44 0.09 1 0.05

Zinc 0.01 4.3 1.2 11 1.4

Naphtalene 0.05 < 0.05 < 0.05 0.45 0.24

Acenaphthylene 0.05 < 0.05 < 0.05 < 0.05 < 0.05

Acenaphthene 0.05 < 0.05 < 0.05 < 0.05 < 0.05

Fluorene 0.05 < 0.05 < 0.05 < 0.05 < 0.05

Phenanthrene 0.05 < 0.05 < 0.05 < 0.05 < 0.05

Anthracene 0.01 0.02 < 0.01 < 0.01 < 0.01

Fluoranthene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Pyrene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Benz(a)anthracene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Chrysene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Benzo(b)fluoranthene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Benzo(k)fluoranthene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Benzo(a)pyrene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Indeno(1.2.3-cd)pyrene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Dibenz(a.h)anthracene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Benzo(g.h.i)perylene 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Total PAHs (15). without Naphthalene 0.02 (n. c.*) (n. c.*) (n. c.*)

Total PAHs (EPA) 0.02 (n. c.*) 0.45 0.24

Moderate Severity High Severity

Eucalyptus AAEs

Metals (mg/l)

PAHS (µg/l )

Table II-4: Metals and PAHs concentrations in the moderate and high severity AAEs. LoQ – limit of 
quantification. 
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II-4 Discussion 
To our knowledge, the present study is the first addressing the effects of wildfire ash-contaminants on the 

Iberian frog, R. iberica, skin microbiome. The bacterial isolates from the Iberian frogs’ skin were found to 

differ among individuals, which might suggest that the environment is not the only factor shaping the 

amphibians’ skin microbiome. Seven of the bacteria species presenting antimicrobial activity against the 

pathogen A. salmonicida belong to the Pseudomonas genus. These findings are in agreement with those of 

Magalhães, (2016), which found that only one bacteria species (Pseudomonas fluorescens) from the skin 

microbiome of the frog P. perezi showed antimicrobial activity against A. salmonicida, however this species 

was not found in the present work. 

The dominant phyla found in this study were Proteobacteria and Bacteriodetes which is in agreement with 

what has been reported in previous studies studying the amphibians’ skin microbiome (Kueneman et al., 

2013; Mckenzie et al., 2012). In general, bacterial communities from amphibians’ skin are related to those 

found in the environment (Harrison et al., 2019; Jani & Briggs, 2018; Jiménez & Sommer, 2017). Although 

each individual was rinsed with sterilized distilled water prior to microbiome sampling, to remove transient 

bacteria (Culp et al., 2007 and Lauer et al., 2007), it is possible that not all of the bacterial isolates are actual 

symbionts of the amphibians’ skin, as referred by Kueneman et al. (2013). Nonetheless, since we found that 

individuals inhabiting the same watercourse harboured distinct bacterial communities, it is likely that most 

of the bacterial isolates obtained were host-associated and not transient bacteria from the environment. 

Results from the ecotoxicological assays demonstrated that bacterial growth was significantly affected, 

when exposed to Eucalyptus AAEs from moderate and high severity wildfires. Bacterial growth inhibition 

was more pronounced in the high severity AAEs than in the moderate severity AAEs, which suggests that 

high severity wildfire ashes may have higher toxicity to the amphibians’ skin bacterial communities than 

those of moderate severity wildfire ashes.  Although no studies have ever evaluated the effects of ash-

contaminants on the skin microbiome of amphibians, they are expected to occur, since former studies 

(Carvalho et al., 2019) referred that post-fire runoff from high severity wildfires in Eucalypt areas reduced 

leaf decomposition rate by microbes (due to changes in the microbial community composition), particularly 

at high post-fire runoff concentrations. Effects of wildfire ashes on soil bacteria have also been reported 

(e.g. Zhang et al., 2021). According to the latter authors, bacterial diversity decreased in soils exposed to 

moderate and high severity fire ashes, compared with the original soil samples. Moreover, stronger effects 

on the soil bacterial community composition were observed at high ash application rates compared to 

lower application rates, for both moderate and high severity ashes. As amphibians have a dual life, living 

both in terrestrial and aquatic ecosystems, the effects on the soil bacterial community may translate into 

effects on the skin microbiome of amphibians, since a close relation has been found between the bacteria 

present in the environment and those present in the amphibians’ skin (Harrison et al., 2019; Jani & Briggs, 

2018; Jiménez & Sommer, 2017). The fact that the growth of some bacteria was unaffected by the AAEs, 

principally when exposed to moderate severity AAEs, suggests tolerance to ash-contaminants. Similarly, a 
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study by Hughey et al. (2016) reported that short-term fly ash, a by-product of coal combustion, had little 

impact on the skin microbiome of adult Spring peepers (Pseudacris crucifer), suggesting that the skin 

microbiome of adults may be relatively resistant to brief contaminant exposure. 

For some bacterial isolates exposed to both AAE types, growth was stimulated at lower concentrations, but 

inhibited at higher concentrations, suggesting a hormesis effect (Calabrese & Baldwin, 2003). This was to be 

expected, since hormesis has been reported for different bacteria exposed to several metals, either for 

aquatic bacteria such as the Aliivibrio fischer (Zou et al., 2017) or soil bacteria (Fan et al., 2021). 

The differences in toxicity observed between the moderate and high severity Eucalyptus AAEs is likely 

related to the higher concentrations of metals and PAHs found in the high severity AAEs. These findings are 

in agreement with those of a previous study that reported higher metal concentrations in ashes from higher 

severity wildfires (Santín et al., 2015). Likewise, other authors (Chen et al., 2019), found lower PAHs 

concentrations in ashes from lower severity wildfires than those from high severity wildfires.   

Although metals seem to be the contaminants playing the key role in ash toxicity, since all PAHs except for 

naphthalene were below quantification limits, it is difficult to identify the elements causing toxicity due to 

the potential interactive effects between chemicals, which are known to influence the bacteria response 

(Venturino et al., 2005). Indeed, Wyszkowska et al. (2008) reported that bacteria responded differently to 

metals, depending on their concentration and on the combination of metals. Moreover, the later authors 

found that Pseudomonas (P. paucimobilis, P. aeruginosa, P. cepacian), were among the dominant bacterial 

strains tolerant to heavy metals, which could explain the bacterial isolates tolerance (mostly Pseudomonas) 

when exposed to both types of AAEs. 

The results of the present study, specifically those on skin bacteria with antimicrobial potential, might be 

the basis for future studies aiming to develop probiotic agents for improving the amphibians’ immune 

system. Indeed, tadpoles of P. perezi exposed to probiotic agents, i.e. bacterial isolates with antimicrobial 

activity against the pathogen A. salmonicida, showed lower mortality and less peroxidative damage.  

This study revealed that wildfires ashes can affect the symbiotic communities from the skin of R. iberica, 

since growth inhibition was observed for moderate and high severity AAEs at concentrations ≥ 12.5%. The 

toxic effects of ashes are expected to be exacerbated under natural environmental conditions, as organisms 

were exposed to the filtrated AAEs and not to the whole AAEs, which present higher concentrations of both 

metals and PAHs. As wildfires severity is foreseen to increase due to climate changes, the higher toxicity 

found for high severity AAEs raises concern about the future of amphibians in fire-prone regions (Fried et 

al., 2004; Pausas, 2004). Given that dysbiosis can affect the amphibians’ immune system and health, future 

studies on the amphibians’ skin microbiome in fire-affected areas should not only include the host-

microbial abundance, diversity, and ecology, but also address the causes and implications of dysbiosis for 

the amphibians’ communities. Identifying the causes of dysbiosis is particularly important, since the 

influence of unfavourable abiotic environmental factors on host skin-associated microbial communities 

should become increasingly relevant within the context of global climate changes (Jiménez & Sommer, 
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2017; Kueneman et al., 2013, 2019). These studies are also important to predict which amphibian species or 

populations could be more vulnerable in the future (Costa et al., 2016).  

In sum, understanding how the bacterial communities in the amphibians’ skin respond to environmental 

stressors, is crucial for disease management and therefore for the conservations of amphibians (Jiménez & 

Sommer, 2017). Furthermore, since amphibians can act both as prey and predators, they may be a key 

element in the accumulation and transfer of toxic substances (Blaustein et al., 2011; Wells, 2007) along the 

trophic web, being good bioindicators of ecosystem health.  
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II-5 Conclusions 
The results of the present study showed that the amphibians’ skin microbiome is shaped by extrinsic 

factors, since exposure to different ash extracts was found to inhibit, stimulate or have no effect on the 

growth of bacteria from the skin microbiome of R. iberica.  The fact that growth inhibition was found for 

both moderate and high severity AAEs highlight that microbial communities resident on the amphibians’ 

skin, can be strongly affected by environmental contamination, with possible cascading effects to 

amphibians’ health. Given that those communities are directly influenced by the reservoir of bacterial 

species in the environment, the presence of contaminants, like metals and PAHs can alter, the composition 

not only of the environmental microbial communities (soil and water bacteria), but also of the amphibians’ 

skin microbiome. This means that wildfires can pose a double threat to amphibians. 

Overall, this study is extremely important for the preservation and conservation of amphibian species in 

fire-prone regions, especially since an increase in the frequency and intensity of wildfires is foreseen under 

climate changes. Moreover, it could be the basis for future probiotic studies with this species to increase 

the amphibians’ immune response to different chemical as well as biotic stressors. 
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III- Final Remarks 
This chapter aims to provide a general perspective of the present study and suggest research lines to be 

followed in future studies addressing amphibians’ skin microbiome. This work focused on studying 

cultivable bacteria from Rana iberica skin microbiome from an uncontaminated site, their potential to 

hosts’ protection against a pathogen and the effects of ash related contaminants. We evaluated the 

antimicrobial activity of the bacterial isolates against the pathogen Aeromonas salmonicida and observed 

that more than half presented antimicrobial activity against the pathogen. We also found that the wildfire 

severity was an important factor on the growth responses of the tested bacteria, with ashes from a high 

severity wildfire being more toxic than those from a moderate severity wildfire. Being the first study on the 

effects of ashes-associated contaminants to the skin microbiome of R. iberica, there are numerous 

questions still to be answered.  For instance, it would be interesting to extend these studies to ashes of 

other tree species, such as Pine trees. Together with the Eucalyptus, Pine trees represent an important 

forest cover in our country and other Mediterranean countries. Also, this study should be extended to other 

amphibian species, in particular those that are most endangered. Indeed, knowing which bacteria 

constitute their skin microbiome allows the use of those bacteria as probiotic agents. This idea was studied 

in a previous study (Magalhães, 2016), where the Pelophylax perezi tadpoles exposed to the bacteria 

Bacillus mycoides, along with the pathogen A. salmonicida, revealed a decrease in the tadpoles’ mortality, 

as well as a decrease in the peroxidative damage, when compared to the values obtained from only the 

pathogen exposure. Also, further research should assess the antimicrobial activity of the bacterial 

communities of amphibians’ skin against other pathogen agents – this would allow to know which bacteria 

are effective against a wider number of pathogenic agents. Moreover, in the present study the 

ecotoxicological assays were performed only with the bacterial isolates with antimicrobial activity. Thus, 

future studies may include all the cultivable bacteria isolated from amphibians’ skin microbiome (with and 

without antimicrobial activity). In addition, future ecotoxicological assays should address the effects of both 

filtered and unfiltered AAEs. Indeed, the chemical composition of both filtered and unfiltered AAEs was 

different – in general, unfiltered AAEs showed higher metal concentrations (Table II-4), which suggests that 

under natural conditions the ashes effects might be more pronounced than those here described. 

Considering that amphibians are declining globally (Stuart et al., 2004; Wells, 2007), that their skin 

microbiome strongly contributes to their immune system and health (Assis, 2012; Kueneman et al., 2013; 

Rollins-smith & Woodhams, 2012) and that their skin microbiome is influenced by the environment and 

amphibians’ habitat (Harrison et al., 2019; Jani & Briggs, 2018; Jiménez & Sommer, 2017), it is it is 

ecologically relevant to pursuing research studies to assess the influence of environmental factors on 

amphibians’ skin microbiome,  since this topic is still largely unexplored and should become increasingly 

relevant within the global climate changes (Jiménez & Sommer, 2017; Kueneman et al., 2013, 2019). 
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Attachments 
Attachment A 

 Sampling procedure for collecting the skin microbiome of R. iberica: (a) capture, (b) washing, (c) swabing, 

(d) inoculation. 
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Attachment B 

Photo of a Reasoner’s 2A Agar (R2A) medium field plate. 

. 
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Attachment C 

Scheme of a Mueller-Hinton Agar (MHA) medium plate with the bacterial isolates and the pathogen 

Aeoromonas salmonicida, used in the antimicrobial activity assays. 
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Attachment D 

Electrophoresis gels exposed in a UV illumination on a transilluminator. 
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Attachment E 

Sterilization of the aqueous ash extracts (AAEs) by filtration. 
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Attachment F 

Volumes of aqueous ash extracts (AAEs), Mueller-Hinton Broth (MHB) medium, NaCl solution and bacteria 

used for the dilution series used in the ecotoxicological assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Microplate 

wells 

AAE  

(%) 

AAE  

(μL) 

MHB 

(μL) 

NaCl 

solution 

(μL) 

Bacterial 

isolates in 

NaCl 

solution 

(μL) 

Total 

(μL) 

A1 to A3 0 0 300 0 0 300 

A4 6.25 18.75 271.25 10 0 300 

A5 12.5 37.5 252.5 10 0 300 

A6 25 75 215 10 0 300 

A7 50 150 140 10 0 300 

A8 75 225 65 10 0 300 

A9 100 290 0 10 0 300 

A10 to A12 0 0 0 0 0 0 

B1 to B12 0 0 290 0 10 0 

C1 to C12 6.25 18.17 271.25 0 10 300 

D1 to D12 12.5 37.5 252.5 0 10 300 

E1 to E12 25 75 215 0 10 300 

F1 to F12 50 150 140 0 10 300 

G1 to G12 75 225 65 0 10 300 

H1 to H12 100 290 0 0 10 300 
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Attachment G 

Replicates of the 96-well microplates for moderate and high severity Eucalyptus AAEs, used for the 

ecotoxicological assays, after incubation. 
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Attachment H 

Bacterial colonies isolated on Tryptic Soy Agar (TSA) medium plates. 
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Attachment I 

CFUs relationship with AAEs concentrations for the different types of ash, for each bacterial isolate. 
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