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RESUMO GERAL

Anfibios anuros enfrentam um drastico declinio populacional em nivel mundial, devido
as mudangas ambientais, perda de habitat e doengas infeciosas emergentes. Essas ameacas
representam estressores capazes de gerar respostas cronicas com consequéncias letais aos anuros.
As respostas fisiolégicas a estressores podem gerar efeitos imunomodulatérios complexos, que
dependem da duragdo e da intensidade do aumento da concentracdo plasmdtica de
glicocorticoides (GCs) em sua decorréncia. Os efeitos tendem a ser imunoestimulatérios em
resposta a estressores agudos € imunossupressores em resposta a estressores cronicos. O objetivo
dessa tese foi compreender o impacto do aumento experimental da concentragdo plasmética de
GCs e do cativeiro como estressor, sobre a resposta imune inata e microbiota da pele dos anfibios
anuros. No primeiro capitulo da tese, foi investigado se & possivel emular experimentalmente
niveis cronicos de corticosterona (CORT) para avaliar seus efeitos sobre a imunidade inata em
individuos de Rhinella ornata, espécie de sapo associada a regides florestadas do Brasil. Para
tanto, sapos foram implantados subcutaneamente com tubos sildsticos contendo CORT (grupo
experimental) e tubos sildsticos vazios (grupo controle). Amostras de plasma foram obtidas a cada
5 dias ap6s o implante, durante 15 dias, para estimar a concentragdo de CORT e a capacidade
bactericida plasmaética (CBP) contra Aeromonas hydrophila. O tratamento aplicado aumentou a
concentracdo plasmética de CORT ao longo do periodo experimental e resultou em aumento do
CBP do dia 1 ao dia 10 pds-implante, € uma reducdo da CBP no dia 15 pés-implante. Esses
resultados evidenciaram que os implantes de CORT elevaram a concentra¢do de CORT no plasma
de maneira cronica, levando a imunomudulac¢do complexa ao longo do tempo experimental. No
segundo capitulo da tese, foi investigado se a manutencdo em cativeiro de individuos da perereca
das folhas (Phyllomedusa distincta) resultou em estresse, gerando impactos sobre a imunidade
inata e a composicao de bactérias da pele. Brevemente, individuos de P. distincta foram mantidos
em cativeiro por 28 dias e amostrados a cada 7 dias. Foram coletadas amostras de sangue,

secregdes cutineas, e microbiota da pele. A manutencio em cativeiro nfo alterou a concentragio



plasmética de CORT, mas reduziu a CBP, incrementou a riqueza de sinais i0nicas nas secre¢oes
cutineas e alterou a estrutura do bacterioma da pele, diminuindo a diversidade e abundancia
gerais. As bactérias potencialmente benéficas contra A. hydrophila e B. dendrobatidis
aumentaram em cativeiro. O bacterioma das amostras do campo foi mais parecido com o do
dltimo dia em cativeiro, evidenciando uma tendéncia a resiliéncia das comunidades. Apds a
submissdo experimental aos estressores (tubos sildsticos e cativeiro), as duas espécies mostraram
diminui¢do da CBP, mas s6 os sapos implantados mostraram aumento da CORT. Esses
resultados indicam que o uso de implantes de CORT € um estressor para os sapos, sendo
capaz de ativar o eixo HHI, aumentando a secrecdo de CORT e estimulando a funcdo
imunitéria no inicio e diminuindo ela com o tempo. Adicionalmente, as pererecas de folha
apresentam uma fun¢@o imune inata plasmatica menor se comparada a dos sapos, e elevada
ao nivel cutdneo o que poderia aumentar seu valor adaptativo no seu ambiente nativo e
favorecer o sucesso frente a patégenos emergentes.

Palavras chave: Anuros, Corticosterona, Cativeiro, Microbiota cutanea, Secrecdes Cutaneas.



GENERAL ABSTRACT

Amphibians anuran face a dramatic population decline worldwide, because of
environmental changes, loss of habitat, and emerging infectious diseases. These threats
represent stressors capable of producing chronic responses with lethal consequences to
frogs. The physiological responses to stressors can generate complex immunomodulatory
effects, which depend on the duration and intensity of the increase in the plasma
concentration of glucocorticoids (GCs). The effects lean to be immunostimulatory in
response to acute stressors and immunosuppressive in response to chronic stressors. The
aim of this thesis was to understand the impact of the experimental increase in the plasma
concentration of GCs and captivity as stressors, on the innate immune response and skin
microbiota of anuran amphibians. In the first chapter of this thesis, we investigated
whether it is possible to emulate experimentally chronic levels of corticosterone (CORT)
to evaluate its effects on innate immunity in individuals of Rhinella ornata, a species of
toad associated with forested regions of Brazil. For this purpose, we implanted the toads
subcutaneously with silastic tubes containing CORT (experimental group) and empty
silastic tubes (control group). We got plasma samples every 5 days after implantation, for
15 days, to estimate CORT concentration and plasma bactericidal capacity (BKA) against
Aeromonas hydrophila. The applied treatment increased the plasma CORT concentration
throughout the experimental period and resulted in an increase in BKA from day 1 to day
10 post-implantation, and a reduction in BKA on day 15 post-implantation. These results
showed that the CORT implants chronically increased the concentration of CORT in the
plasma, leading to complex immunomodulation over the experimental time. The second
chapter of the thesis investigated whether the maintenance in captivity of individuals of
the leaf frog (Phyllomedusa distincta) resulted in stress, generating impacts on the innate

immunity and the composition of skin bacteria. Briefly, individuals of P. distincta were



kept in captivity for 28 days and sampled every 7 days. Blood samples, skin secretions,
and skin microbiota were collected. Maintenance in captivity did not alter the plasma
concentration of CORT, but reduced BKA, increased the richness of signals in skin
secretions, and altered the structure of the skin bacteriome, decreasing overall diversity
and abundance. The potentially beneficial bacteria against A. hydrophila and
Batrachochytrium dendrobatidis increased in captivity. The bacteriome of the samples
from the field was more similar to that of the last day in captivity, showing a tendency to
resilience in the communities. After experimental submission to stressors (silastic tubes
and captivity), both species showed a decrease in BKA, but only implanted toads showed
an increase in CORT. These results indicate that the use of CORT implants is a stressor
for anurans, being able to activate the HPA/I axis, increasing the secretion of CORT and
stimulating immune function in the beginning, and decreasing it through time.
Additionally, leaf frogs have a lower plasma innate immune function compared to that of
toads but elevated at the cutaneous level, which could increase their fitness in their native
environment and facilitate success against emerging pathogens.

Keywords: Anurans, Corticosterone, Captivity, Skin microbiota, Cutaneous Secretions



GENERAL INTRODUCTION

Under stress conditions, the hypothalamus-pituitary-interrenal axis (HPA/I) is
activated in vertebrates, leading to an increase in circulating levels of glucocorticoids
(GCs) (Sapolsky, Romero, and Munck 2000), with corticosterone (CORT) as the main
glucocorticoid present in amphibians (Rollins-Smith 2017). The production of GCs in
response to stressors and their immunological effects vary depending on the duration and
intensity of the stressor event. Short-term stressors activate the HPA/I axis modulating
several physiological functions, and contributing to integrative and adaptive responses.
Acute stress response enhances leukocytes mobilization from lymphoid organs to
circulation; mainly Natural Killers cells and granulocytes (Dhabhar 2009; Viswanathan
and Dhabhar 2005; Dhabhar 2002; Dhabhar and McEwen 1997; Tatiersky et al. 2015),
increases the metabolic rate (DuRant et al. 2008), anti-predator behaviors (Thaker, Lima,
and Hews 2009; Ohmer, Robertson, and Zamudio 2009) and suppress the reproductive
hormones (Davies et al. 2016; Ricciardella et al. 2010; Zamudio et al. 2009) among other
effects. Nevertheless, long-term activation of the HPA/I axis under chronic stress
conditions have harmful effects, including immunosuppression (Dhabhar 2009; McEwen
and Stellar 1993). Also, GCs immunosuppressive effects include inhibition of synthesis,
reallocation and efficiency of various cytokines and other mediators that promote immune
response and inflammatory reactions, and atrophy lymphoid tissues, particularly of the
thymus (Sapolsky, Romero, and Munck 2000; Wiegers and Reul 1998; Simmaco et al.
1998; Garvy et al. 1993). In this way, GCs show complex immunomodulatory effects,
including bimodal effects associated with acute and chronic responses (Dhabhar 20009;
Sapolsky, Romero, and Munck 2000; Munck, Gurye, and Holbrook 1984).

Studies with experimental manipulations of GCs levels in amphibians have

contributed to understanding acute and chronic stress response and its immunological



consequences (Crossin et al. 2016). Many advances in the understanding the relation
between GCs and different with phenotypic traits in wild animal are correlational, but
experimental manipulation of GCs is necessary to stablish causality (van Kesteren et al.
2019). In anurans, transdermal applications have been used to manipulate levels of CORT
and to study immune consequences of acute increased corticosterone plasma levels
(Kaiser et al. 2015; Gardner et al. 2018; Madelaire, Cassettari, and Gomes 2019; Titon et
al. 2019; Assis et al. 2017, 2015). However, daily CORT transdermal application in the
toad Rhinella icterica did not induce chronic CORT plasma levels (Assis et al. 2017).
Experimental treatments capable of maintaining constant dose and release rate of GCs
are necessary to induce chronically high plasma levels of these hormones (Quispe et al.
2015; Crossin et al. 2016). Silastic subcutaneous implants are good alternatives to induce
continuous stimulation of endocrine axis, e. g. hypothalamic-pituitary-gonad (HPG) axis
(Quispe et al. 2015; Koresh, Matas, and Koren 2016; Tamaru et al. 1990), and the HPA/I
axis (Juneau, Gilmour, and Blouin-Demers 2015; Falso et al. 2015; Bonier et al. 2009).
Using endocrine treatments for observing immunomodulatory consequences is an
interesting approach. Previous studies suggested that researches with experimental
manipulation of GCs must have an appropriate theoretical framework through which can
correctly interpret the increased produced by this method (L. Romero 2004; Crossin et al.
2016). Rhinella ornata, is a non-threatened Brazilian toad from the Atlantic forest
(Baldissera 2010), for which it was previously observed a negative association between
plasma bacterial killing ability (BKA) and CORT plasma levels (F. R. Gomes et al. 2012).
It is also known that dehydration triggers a pronounced stress response (Barsotti et al.
2019), exposure to short and mid-term stressors results in immuno-enhancing effects, and

long-term captivity produce immunosuppressive effect (Titon et al. 2019) in R. ornata.



Based in all that information, we chosen this species as the model in our research about
experimental manipulation of CORT levels.

The chronic activation of HPA/I axis and its immune consequences is a topic
particularly relevant for amphibians because of the worldwide declining of their
populations caused by climate change, habitat loss and emerging infectious diseases
(Carey, Cohen, and Rollins-Smith 1999; Daszak et al. 1999; Daszak, Cunningham, and
Hyatt 2003). Diseases like Chytridiomycosis (caused by the fungus Batrachochytrium
dendrobatidis) and red-leg syndrome (bacterial septicemia that include Aeromonas
hydrophila (Pessier 2002)) have decimated and disappeared entire populations and
species (Daszak, Cunningham, and Hyatt 2003; James et al. 2015; Scheele et al. 2019)
forcing to transfer the survivors populations to captivity conditions. Besides being a
source of amphibian declines, these diseases share the skin as the target organ. The skin
is the first physical barrier and protect against predators, injuries and pathogens (Varga,
Bui-Marinos, and Katzenback 2019; Haslam et al. 2014). In amphibian anurans, the skin
produce several substances as antimicrobial peptides (AMPs) (Conlon, Iwamuro, and
King 2009), together with alkaloids (Toledo and Jared 1995; A. A. Gomes et al. 2007),
lipids and polysaccharides (Elkan 1968). AMPs are considered effector molecules of
innate immunity (Varga, Bui-Marinos, and Katzenback 2019). Stress, injury, or infection
can induce the secretion of constitutive AMPs from granular glands in anurans (Heimlich,
Harrison, and Mason 2014; Pask, Woodhams, and Rollins-Smith 2012). Cortisone
treatment blocked de novo synthesis of all AMPs, blocking nuclear factor kappa-beta
(NF-kB) by induction of inhibitor of NF-jB (IkBa) synthesis according to (Boman 2003).
Then, the AMPs can be altered by the activation of the HPA/I axis (Radek et al. 2010)
responding to increased circulating GCs levels (Tatiersky et al. 2015; Simmaco et al.

1997).



Together with the immune system, the skin microbiome can regulate pathogens,
through competition by resources and the producing antimicrobial metabolites (Barnes,
Carter, and Lewis 2020; Byrd, Belkaid, and Segre 2018; Kearns et al. 2017; Colombo et
al. 2015; Myers et al. 2012) conferring it to skin microbial communities a protective role
(Bletz et al. 2013; Jiménez and Sommer 2017; Burkart et al. 2017; Colombo et al. 2015).
Nowadays, the perception of skin as an ecosystem with living biological and physical
components occupying diverse habitats granted the advanced understanding of the
delicate balance between host and microorganism (Grice and Segre 2011). Many studies
with anuran skin microbiome revealed several commensal bacteria produced metabolites
capable to inhibit the growth of known pathogens (Woodhams et al. 2016; Burkart et al.
2017). Researches with skin commensal bacteria in anurans sought antifungal bacteria
and documented them in the Antifungal Isolates Database (Woodhams et al. 2015),
considering that the fungus B. dendrobatidis is the major cause of worldwide anuran
declines (Scheele et al. 2019). The bacterial metabolites can act synergistically with
cutaneous AMPs to inhibit the skin pathogens (Myers et al. 2012). Several morphotypes
of four families of commensal skin bacteria were identified in Phyllomedusa distincta
with activity against bacterial pathogens (Brito de Assis et al. 2016), although the possible
inhibitory effects on the pathogen fungus B. dendrobatidis remain unexplored. Also, this
species of frog have different AMPs against bacteria, such as Phylloseptins and
Dermaseptins (Brito de Assis et al. 2016; C. V. . Batista et al. 2001; Silva et al. 2008;
Roberto et al. 2008). Thus, P. distincta represents an ideal model for investigation of
multifaceted innate immunity approaches, which is critical to explaining the complex
host-pathogen-environment interactions at the skin interface and their part in amphibian
susceptibility to emerging infectious diseases (Varga et al., 2019). The physiological state

of the amphibian host must be considered to understand their ability to deal with emerging



infectious diseases, given that allows to discern the direct consequences of physiological
mediator levels on immunity and therefore on the microbiome of the skin. Also, since
captivity may be a long-term stressor for anurans (Titon et al. 2017), it is important to
understand its immune consequences to guarantee the viability of ex-situ programs and
the eventual success of reintroduction initiatives (Zippel et al. 2011; McMahon et al.
2014; Alford and Richards 1999). Captivity may be a chronic stressor for toads,
decreasing BKA and testosterone levels (Assis et al. 2017). Although, many studies with
amphibians were focused on acute stress responses and its immune consequences
(Narayan, Cockrem, and Hero 2013; Madelaire, Cassettari, and Gomes 2019; Assis et al.
2015; Ricciardella et al. 2010; Homan, Reed, and Romero 2003).

In the first chapter (Emulating chronic stress: A practical approach and its
immunological consequences) we investigated if the use of subcutaneous silastic implants
of CORT allows achieving chronically elevated CORT levels in R. ornata, and if this
endocrine treatment can promote changes on a parameter of the innate immune response,
the BKA. In the second chapter (Consequences of captivity on innate immunity and skin
bacteriome of Sdao Paulo leaf frog) we evaluated how captivity maintenance affects
physiological state, immune function, and the structure of skin bacteriome, focusing

especially on potentially beneficial bacteria against emerging pathogens.



GENERAL CONCLUSIONS

Corticosterone silastic implants produced sustained increased corticosterone
plasma levels of Rhinella ornata, inducing mid-term immunoenhancing and long-term
immunosuppressive effects on the ability of plasma to kill Aeromonas hydrophila, an
anuran opportunistic pathogen. In this way, corticosterone silastic implants provide a
useful experimental tool to study and unravel the underlying immunomodulation
mechanisms of this hormone in anurans.

Even without changing corticosterone plasma levels, the maintenance of
Phyllomedusa distincta in captivity shifted innate immune function. Captivity
maintenance decreased the plasma ability to kill the opportunistic bacteria A. hydrophila,
increased ionic signals on skin secretions, and increased the abundance and prevalence
of Anti-Ah and Anti-Bd bacteria. Then, experimental researches and conservation
programs with anurans must consider time and condition of captivity maintenance
because the consequences observed in the innate immune function and skin bacteriome
can determine the success of future reintroduction programs.

Considering the sharp decline that amphibian populations have been suffering, mainly
due to interacting effects of climate change, emerging infectious diseases and habitat loss,
it is important to assess the effects of these stressors on amphibian innate immune
response and microbiota for the planning and design of conservation strategies. Future
studies, involving exposure to stressors for a longer period, and their immunological

consequences, would be interesting to continue understanding these relationships.
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