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Abstract. One of the main causes considered responsible for amphibian populations™ decline worldwide is the chytrid fungus
Batrachochytrium dendrobatidis (Bd). In this study, we submitted anurans collected between 2015-2017 and preserved in the Didactic
Collection of Zoology at the Garanhuns Campus for histological preparation for the detection of fungi by morphological analysis.
We analyzed 98 samples from thirteen species (twelve genera and six families). After these analyses, we found fungus prevalence in
the specimens reached alarming levels: 98% of those from Atlantic Forest and 90% from Caatinga tested positive for Bd.
Additionally, the distribution of Bd was expanded for the first time to the semi-arid region of Pernambuco State. We also recorded
infections by this fungus for the first time in the anurans Scinax pachycrus and Scinax x-signatus, increasing the number of anurans
with a positive incidence of Bd in the Caatinga from seven to nine species. Our study helps to understand the distribution of Bd, as
well as its environmental plasticity and tolerance to the climatic adversities of the semi-arid climate. This is especially true in
Caatinga's highly disturbed ecosystems because the species are already coping with climatic adversities and anthropic disturbances
such as habitat loss, climate change, and noise pollution. Therefore, the consequences of Bd for anuran conservation in the Brazilian
semi-arid region are poorly understood and demand further studies.
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Introduction

Amphibians are considered the most endangered vertebrates
on the planet (Gonzalez-del-Pliego et al. 2019, Monzon et al.
2020, Scheele et al. 2023). Chytridiomycosis is an emerging
infectious disease that is the main cause of the sharp declines
in multiple populations (Skerratt et al. 2007, Scheele et al.
2019, Wu 2023). Two species of chytrid fungi cause this
disease: Batrachochytrium salamandrivorans (Bsal), found only
in the clade Urodela, and Batrachochytrium dendrobatidis (Bd)
that targets the clades Anura, Gymnophiona and Urodela
(Longcore et al. 1999, Berger et al. 1998, Gower et al. 2013,
Scheele et al. 2019, Wu 2023).

Bd infects the keratinized epithelial regions of adults and
the keratinized oral region of larvae (Berger et al. 1998),
which can lead to hyperkeratosis and hyperplasia, causing
an osmoregulatory disorder and consequently leading to
cardiac arrest (Voyles et al. 2009). However, the association
of bacterial communities in the skin of some species may
render them resistant to the fungus, inhibit the infection, or
reduce the pathological effects (Bates et al. 2018, 2023,
Woodhams et al. 2023).

The life cycle of Bd is biphasic: 1) a mobile, uniflagellate,
and aquatic zoospore, and 2) a sessile zoosporangium state,
producing zoospores (Piotrowski et al. 2004). Zoospore
dispersion water, trade,
amphibians by humans and migratory birds (Johnson &
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Speare 2003). However, there is evidence of passive
transport of Bd live zoospores by the fog (see Prado et al.
2023). All those factors partially explain the easy dispersion
and wide global distribution of Bd (Olson et al. 2013, Scheele
et al. 2019, Monzon et al. 2020, Prado et al. 2023).
Worldwide, Bd was detected in 71 amphibian families and
86 countries, with prevalence reaching up to 50% of all
tested species (Monzon et al. 2020). Consequently, over 1000
confirmed host amphibians and 501 species have shown
population declines, and an estimated ninety species have
gone extinct (Scheele et al. 2019, Monzon et al. 2020).

In Brazil, the first occurrence of Bd was recorded for
Hylodes magalhaesi in the Atlantic Forest of Minas Gerais
State in 2004 (Carnaval et al. 2005, Toledo et al. 2006a). Later,
it was detected in anurans in Rio de Janeiro, Sdo Paulo,
Minas Gerais, Pernambuco (Carnaval et al. 2006), Santa
Catarina, and Rio Grande do Sul States (in tadpoles, Toledo
et al. 2006b), all these from Atlantic Forest. In 2012, the first
record of Bd in Parana State was registered (Vieira et al.
2012), and in 2013, the second occurrence in northeastern
Brazil was recorded in Alagoas State (Lisboa et al. 2013);
both were from the Atlantic Forest. Subsequently, through
histological analyses of tadpoles, the first case of
chytridiomycosis in Cerrado anurans reported,
considerably expanding its occurrence in Brazil (Ramalho et
al. 2013).

Analyses of Bd physiology indicate that the ideal
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temperature range for its development is 16 to 26 °C
(Piotrowski et al. 2004, Griindler et al. 2012), with reduced
development when exposed to temperatures above 30 °C
(Piotrowski et al. 2004). This could explain why this fungus
can spread in humid environments such as tropical forests
(Lisboa et al. 2013), as well as its greater prevalence in the
southern and southeastern regions of Brazil and the Amazon
rainforest (Becker et al. 2016).

The Atlantic Forest has 625 anurans species, with an
endemism rate ranging from 65 to 87% (Haddad et al. 2013,
Rossa-Feres et al. 2017), thus making anuran population
declines in this biome noteworthy. Due to the climatic
characteristics that favor the development of Bd, most
studies have been carried out in the Atlantic Forest
(Carnaval et al. 2006, Rodriguez et al. 2014, James et al. 2015,
Preuss et al. 2016, Lambertini et al. 2021), showing a high
proportion of infected species (Carvalho et al. 2017). Studies
about Bd in anurans from semi-arid ecosystems, such as the
Caatinga, have only recently been published (e.g., Carvalho
et al. 2017, Amorim et al. 2019, Benicio et al. 2019, Turner et
al. 2022). Acknowledged as the most biodiverse semi-arid
ecosystem in the Americas (Silva et al. 2017), studies on the
distribution of Bd in anurans from the Caatinga are highly
necessary, as it is home to around 100 anuran species, of
which 20% are endemics (Garda et al. 2018).

The Caatinga is a seasonally dry tropical forest exclusive
to Brazil that is located predominantly in the northeast
region and comprises 912.000km? (nearly 11% of the national
territory, Silva et al. 2017). Theoretically, the semi-arid
climate would hinder Bd in this biome since the high
temperatures (>25 °C) would increase the rate of anuran
epidermal renewal and could lead to loss or reduction of
infection (Benicio et al. 2019). Thus, high temperatures can
modify the physiology of anurans and consequently affect
the reproductive success of Bd (Piotrowski et al. 2004).

However, Bd can survive on certain anuran species in
unfavorable environmental conditions (James et al. 2015,
Valenzuela-Sénchez et al. 2017, Turner et al. 2022); a high
prevalence of Bd has been found in Caatinga anurans (2 to
20% of the species) (Carvalho et al. 2017, Benicio et al. 2019).
Therefore, species with longer epidermal renewal cycles
between seven and twenty days (e.g., genus Rhinella; Ohmer
et al. 2019, Bosch et al. 2023) could provide enough time for
the fungus to complete its life cycle, even during the dry
season (Berger et al. 2005). Thus, these species could be
acting as reservoirs of the pathogen and could help explain
its controversial occurrence in semi-arid ecosystems (James
et al. 2015, Valenzuela-Sanchez et al. 2017, Benicio et al. 2019,
Turner et al. 2022). However, other factors such as urban
centers, water pollution, and anthropogenically highly
disturbed ecosystems have also been suggested as
determinants of Bd prevalence and infection loads
(Alvarado-Rybak et al. 2021, Ienes-Lima et al. 2023, Jacinto-
Maldonado et al. 2023).

Although most studies have focused on areas with high
infection rates, as seen in the Brazilian Atlantic Forest,
sampling in semi-arid environments that present climate
conditions outside of the optimal for Bd survival and
reproduction, like the Caatinga, could help clarify which
factors limit the distribution of this pathogen (James et al.
2015). Thus, here we report the occurrence and prevalence of
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the Bd in anurans from the Atlantic Forest and Caatinga in
Pernambuco State, northeastern Brazil.

Material and methods

We analyzed 98 post-metamorphic fixed in 10%
formaldehyde and preserved in 70% alcohol from the Didactic
Collection of Zoology at the Garanhuns Campus of the University of
Pernambuco. Half originated from the Atlantic Forest area (Jurema
Municipality), and half from the Caatinga area (Paranatama
Municipality), in Pernambuco State, Brazil. Both municipalities'
vegetation is heavily fragmented and characterized by human-made
formations. Animals were collected between November 2015 and
October 2017.

We submitted the anurans to histological preparation for
detecting fungi by morphological analysis, adapted from Lambertini
et al. (2013). We took sections from the interdigital regions of the
anurans and transferred the material to a buffer solution (sodium
phosphate 0.1 M; pH 7.4), where it remained for 24 hours. Then, we
dehydrated the tissues with consecutive baths of 80%, 90%, and
100% ethanol, diaphants in xylol, and incorporated in paraffin. We
made 5 pm cuts in a rotating microtome and placed them on glass
slides (26x76 mm). After microtomy, we deparaffinized the tissues in
xylol, rehydrated them in 100%, 90%, 80%, and 70% ethanol, and
stained them with Hematoxylin and Eosin (H.E). For this, we
washed the material for 5 minutes in running water, dipped it in

anurans

hematoxylin solution for 20 seconds, and washed it under running
water for 5 minutes. Then, we incubated the slides in eosin solution
for 3 minutes and washed them under running water for 5 minutes.
Soon after staining, we dehydrated the samples in gradual solutions
of 70%, 80%, 90%, and 100% ethanol and two consecutive xylol
baths. For visualization under an optical microscope, we mounted
the slides using a water-free quick mounting medium and glass
coverslip (22 x 22 mm; thickness 0.13 mm), and then we dried them
in an oven at 37 °C. We calculated the infection prevalence as the
fraction between the number of analyzed animals and the number of
infected animals expressed as a percentage (Bush et al. 1997). Finally,
we gathered records of the occurrence of Bd infection in the Caatinga
based on the literature (Carvalho et al. 2017, Amorim et al. 2019,
Benicio et al. 2019, present study).

Results

We analyzed individual samples from 98 specimens
comprising thirteen species, distributed in twelve genera
and six families, of which 92 specimens tested positive for
Bd (93.88%) (Table 1).
numerous empty zoosporangia of Bd and zoosporangia with
discharge papillae (Fig. 1). Forty-eight specimens from the
Atlantic Forest (97.95%), and 44 specimens from the
Caatinga were positive for Bd (89.8%) (Table 1). We report
the first records of Bd infection in Scinax pachycrus and

Scinax x-signatus (Fig. 2).

Histological sections showed

Discussion

This study presents new occurrences of chytrid Bd for
Pernambuco State, northeastern Brazil, highlighting the
alarming levels of infection prevalence in the analyzed
specimens and expanding its area of occurrence in the
Caatinga and Atlantic Rainforest biomes. High prevalence of
infection reported here is similar to those found by Lane et
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al. (2003) in South Africa, Lips et al. (2003) in Costa Rica,
Carnaval et al. (2006), and Amorim et al. (2019) in Bahia,
Brazil. Furthermore, detecting Bd in the Atlantic Forest area
in Jurema is not surprising because this municipality is close
to Jaqueira municipality (37 km), where anurans have

D.P. Dos Santos et al.

already been reported with Bd infections (Carnaval et al.
2006). In addition, we can also mention records in another
Atlantic Forest area in the municipality of Murici, Alagoas
State, and away 111 km from the study area (Lisboa et al.
2013).

Table 1. Species collected between November 2015 and October 2017 in Caatinga area in Paranatama municipality and an
Atlantic Forest remaining area in Jurema municipality, both in Pernambuco State, Brazil. Highlighted species (bold)
represent the first records of Bd infection in anurans of the Caatinga.

Families / Species Analyzed /infected  Prevalence (%) Municipality / Biome
Bufonidae

Rhinella crucifer (Wied-Neuwied, 1821) 3/3 100% Paranatama / Caatinga

Rhinella diptycha (Cope, 1862) 17/17 100% Paranatama / Caatinga
Hylidae

Scinax pachycrus (Miranda-Ribeiro, 1937) 1/2 50% Jurema / Atlantic Forest

Scinax x-signatus (Spix, 1824) 1/1 100% Jurema / Atlantic Forest
Leptodactylidae

Leptodactylus troglodytes Lutz, 1926 8/8 100% Paranatama / Caatinga

Leptodactylus macrosternum Miranda-Ribeiro, 1926 3/3 100% Jurema / Atlantic Forest

Physalaemus albifrons Spix, 1824 13/14 92.9% Jurema / Atlantic Forest

Physalaemus cuvieri Fitzinger, 1826 9/10 90% Paranatama / Caatinga

Pleurodema diplolister (Peters, 1870) 26/29 89.7% Jurema / Atlantic Forest
Odontophrynidae

Odontrophynus carvalhoi Savage & Cei, 1965 3/3 100% Paranatama / Caatinga

Proceratophrys cristiceps (Miiller, 1883) 6/6 100% Paranatama / Caatinga
Microhylidae

Dermatonotus muelleri (Boettger, 1885) 1/1 100% Paranatama / Caatinga
Pipidae

Pipa carvalhoi (Miranda-Ribeiro, 1937) 1/1 100% Paranatama / Caatinga

Figure 1. Histological section of the skin of Pleurodema diplolister stained with hematoxylin and eosin. There are
numerous empty zoosporangia of Batrachochytrium dendrobatidis (black arrow) and zoosporangia with
discharge papillae (white arrow).
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Figure 2. New records of Batrachochytrium dendrobatidis infection in the Caatinga (dark grey), highlighting the expansion of
Chytridiomycosis to the east and north of the biome, as well as a new record of Bd infection in the Atlantic Forest (green). Red star
denotes Paranatama and the blue star denotes Jurema. Previous Bd records in Caatinga are presented with numbers denoting
municipalities: Maracés (1), Leng6is (2), Gentio do Ouro (3), Barra (4), Ibiraba [Barra] (5), in Bahia State. Brejo do Piaui (6) and
Picos (7), in Piaui State. Brazilian States acronyms = AL: Alagoas, BA: Bahia, CE: Ceara, MA: Maranhdo, MG: Minas Gerais, PB:
Paraiba, PE: Pernambuco, PI: Piaui, RN: Rio Grande do Norte and SE: Sergipe.

Jurema has an average temperature of 20.9 °C (Climate
Data 2020); such a location would favor Bd. This applies to
other areas with similar climates within the northeastern
Atlantic Forest, as seen in Murici Municipality, Alagoas State
(Lisboa et al. 2013) or in the Camacari, Mata de Sao Joao,
Camamu, Ibirapitanga, Igrapitina municipalities, Bahia State
(Amorim et al. 2019). Increased sampling in other areas of
the northeastern Atlantic Forest tends to reveal the broad
occurrence of the fungus in this biome (e.g., present study).
Therefore, the presence of Bd needs to be considered when
developing conservation plans.

Herein, the area of occurrence of Bd in the Caatinga has
been expanded, with the first record from this biome in
Pernambuco State. Thus, its occurrence in the Caatinga has
expanded by 567 km to the east (Picos Municipality, Piaui
State, Benicio et al. 2019) and by 650 km to the north
(Maracas Municipality, Bahia State, Carvalho et al. 2017)
(Fig. 2). Although it is inserted in the Caatinga, the
municipality of Paranatama has an average temperature of
20.7 °C and average annual rainfall of 839 mm (Climate Data
2020), therefore making it viable for the spread of Bd
(Piotrowski et al. 2004, Griindler et al. 2012). In addition,
Paranatama is located at 842 meters of altitude (range 525-
1079 m), which could also explain the occurrence of Bd, once
altitudes around 1000 m may favor its development (Lips et

al. 2003). Besides temperature and altitude, other factors
influence the prevalence and intensity of Bd, including
species richness, precipitation, altitude, host reproductive
biology, habitat type, salinity, pH, and the intrinsic
characteristics of the biome itself (Olson et al. 2013,
Alvarado-Rybak et al. 2021, Lambertini et al. 2021, Turner et
al. 2022).

In addition, the period of epidermal renewal of anurans
is an important factor that varies according to phylogenetic
groups, with the longest time intervals in the family
Bufonidae (especially the genus Rhinella; see Ohmer et al.
2019, Bosch et al. 2023). Although samples of Rhinella species
from Paranatama have not been analyzed, it is known that R.
granulosa and R. diptycha are widely distributed in northeast
Brazil (Frost 2022) and have recently been found in Caetés
municipality, about 15 km from Paranatama (Oliveira et al.
2023). These two species may act as reservoirs of Bd during
the dry season and spread it during the rainy season (James
et al. 2015, Valenzuela-Sanchez et al. 2017, Benicio et al.
2019). This hypothesis could help explain the high infection
rates in Caatinga anurans, which were even higher than
those reported for the Atlantic Forest (Carvalho et al. 2017).
Bd was registered in Caatinga areas in the
municipalities of Lengéis and Maracds, Bahia State
(Carvalho et al. 2017), Rio de Contas, Piata, Serra do

also
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Ramalho, Barra, and Gentio do Ouro, Bahia State (Amorim
et al. 2019) and in Brejo do Piaui in Piaui State (Carvalho et
al. 2017), as well as in Barreiras, which is a Cerrado area also
located in Bahia (Amorim et al. 2019). However, the high
prevalence of infection in the specimens analyzed herein
(90%) stands out when compared to those estimated for
Caatinga anurans - between 2% (Carvalho et al. 2017) and
20% of the species (Benicio et al. 2019) (Table 1).

Considering that the Caatinga is a seasonally dry tropical
forest, water becomes the main means of contamination in
anurans, where swimming zoospores can remain active for
several weeks in search of hosts (Johnson & Speare 2003,
James et al. 2015). Reproduction and larval stages of anurans
tested occur within temporary ponds, which, consequently,
help to spread the fungus (Amorim et al. 2019). Even with
the high prevalence of Bd infection reported here from both
biomes (Caatinga and Atlantic Forest), there are no records
of population declines in the species studied (Carvalho et al.
2017, Benicio et al. 2019, Scheele et al. 2019).

High prevalence and new records of infections in
anurans from the Caatinga presented here help us
understand the distribution of Bd, as its
environmental plasticity and tolerance to the climatic
adversities of the semi-arid climate (Amorim et al. 2019,
Benicio et al. 2019, Turner et al. 2022). These results are
fundamental for understanding the causes of anuran
population declines, identifying environmental refuges of
this pathogen, and guiding management to reduce disease
impact (Turner et al. 2022). Therefore, monitoring infected
communities identifying recovery methods
measures to control the advancement of the Bd becomes
essential (Monzon et al. 2020, Wu 2023, Scheele et al. 2023).
This is especially true in the Caatinga highly disturbed
ecosystems because species are already coping with climatic
adversities and other disturbances such as habitat loss,
climate change, and noise pollution from the wind farms
(which are proliferating rapidly in this biome; see Oliveira et
al. 2023). Thus, these disturbances can raise environmental
stress and reduce the antimicrobial resistance of the species,
compromising anurans conservation in the Caatinga and
other semi-arid ecosystems (lenes-Lima et al. 2023,
Woodhams et al. 2023).
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