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Cutaneous bacterial communities can be crucial in modulating amphibian-pathogen interactions, but are highly sensitive to 
environmental conditions. Many amphibians, in particular salamandrid newts, may inhabit aquatic or terrestrial habitats after 
metamorphosis. These different conditions can alter the cutaneous bacterial communities of animals and so affect both the 
susceptibility of individuals to disease and their potential to transmit pathogens to others. Furthermore, different environments 
may influence the fitness of individuals through impacts on growth rates.  I investigated the impact of aquatic and terrestrial 
environments on the cutaneous bacterial communities and growth rates in the alpine newt (Icthyosaura alpestris). This species 
is invasive in the UK and has been reported as carrier of amphibian pathogenic chytrid fungus. I show that aquatic animals, 
although growing faster, present less diverse communities, lacking in species that inhibit Batrachochytrium dendrobatidis (Bd) 
in vitro.  My data suggest that aquatic and terrestrial phases in amphibians may influence their susceptibility to disease and I 
suggest that this likely impacts the way in which pathogens, especially Bd, spread in the environment.

Keywords: Amphibians; cutaneous bacterial communities; microbiomes; Bd; captivity, Batrachochytrium dendrobatidis, 
mutialistic bacteria, ex situ conservation

Introduction

Amphibians are globally threatened with extinction, 
with more than two-thirds of species in danger 

(Wren et al., 2015). Emerging infectious diseases, 
including chytridiomycoses caused by two different 
Batrachochytrium species (Longcore et al., 1999; Martel 
et al., 2013) have been identified as major and currently 
irreversible threats (Wren et al., 2015). In order to develop 
mitigation measures for these diseases, it is important to 
understand both the biology of the pathogen and that 
of the host. In particular, the importance of the host-
associated skin microbiota is becoming increasingly clear 
(Jervis et al., 2021).  Bacterial communities may inhibit 
pathogenic growth either by competition or through the 
active production of toxic compounds (Belden & Harris, 
2007; Brucker et al., 2008a; b; Becker & Harris, 2010; 
Bates et al., 2018; Kueneman et al., 2019; Jervis et al., 
2021). Therefore, the microbiome plays an important 
part in determining host-pathogen interactions, as well 
as the potential for amphibians to transport pathogens 
between and within habitats (Bletz et al., 2013). 

	Amphibians have complex life cycles often involving 
an aquatic larval phase followed by metamorphosis into 
a terrestrial form, which subsequently matures to breed. 
In salamander species, juveniles (post-metamorphosis) 
of some newt species may mature under aquatic (as 
metamorphs or paedomorphs) or terrestrial conditions. 

The skin microbiome is acquired from the environment to 
which animals are exposed (Fitzpatrick & Allison, 2014), 
as well as from other animals and influenced by abiotic 
factors (Ruthsatz et al., 2020), and even subtle differences 
in environmental parameters can influence the bacterial 
communities associated with amphibians, as well as 
the fitness of animals themselves (Loudon et al., 2013; 
Antwis et al., 2014a; Michaels et al., 2014; Kueneman et 
al., 2019).  Furthermore, microbiome quality is frequently 
associated with amphibian health in the context of 
both disease processes (e.g. Bates et al., 2019; Jervis et 
al., 2021) and environmental impacts in captivity (e.g. 
Antwis et al., 2014a; b; Michaels et al., 2014) and in the 
wild (e.g. Kueneman et al., 2019).  The radically different 
environments to which terrestrial and aquatic animals 
are exposed have the potential to profoundly influence 
cutaneous bacterial communities (Jervis et al., 2021). 

Amphibian conservation is dependent, for many 
species, on ex situ assurance colonies (Wren et al., 2015), 
but it has previously been shown that symbiotic or 
mutualistic relationships between bacteria and the skin 
of amphibians are sensitive to the captive environment 
(Loudon et al., 2013; Antwis et al., 2014; Michaels et al., 
2014; Becker et al., 2014; Passos et al., 2018; Harrison 
et al., 2019; Michaels & Preziosi, 2020). The effects of 
rearing environments and of aquatic and terrestrial 
phases on these communities in salamanders, however, 
are poorly known. 

https://doi.org/10.33256/32.2.5158
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Here, I investigate the effect of different environments 
(aquatic and terrestrial) on animal fitness, measured 
as growth rate (Michaels et al., 2014), and on the skin 
microbiome of captive alpine newts (Icthyosaura alpestris) 
reared in aquatic and terrestrial environments. I also 
use in vitro challenges between isolated bacteria and 
Batrachochytrium dendrobatidis (Bd) to predict effects of 
environment on susceptibility to infection by the fungus. 
This information may be used to guide ex- and in-situ 
management of amphibians and their diseases, as well as 
inform translocations between the two.

Methods

Study animals and experimental conditions
F1 captive-bred Ichthyosaura alpestris apuana were obtained 
as eggs from a private breeder and were the progeny of a co-
housed group of three males and three females laid over a 
period of three days.  All animals used in the study hatched 
within three days of one another and larvae were reared 
to metamorphosis in a growth chamber at air temperature 
of 17 °C (day) and 15 °C (night) under a 12:12 photoperiod. 
Larvae were reared in large, bare-bottom aquaria thickly 
planted with live, growing plants (Egeria densa and 
Fontinalis antipyretica), which were filtered with air-driven 
sponge filters. Hatchling larvae were initially fed on Artemia 
salina nauplii and then on Daphnia spp., bloodworms 
(Chironomidae) and whiteworms (Enchytraeus albidus) until 
metamorphosis.

After metamorphosis, animals were maintained in groups 
of three in plastic vivaria (Faunarium ‘large’, Exo Terra – 370 x 
220 x 250 mm) and were allocated alternately to terrestrial (n 
= 30) or aquatic (n = 30) conditions. Newts were maintained 
in these environments for the duration of the 12 month 
study.  Terraria (housing terrestrial animals) had a substrate 
made from coir coco-fibre (Wiggly Wigglers, UK), peat 
compost (B&Q, UK), rinsed silver sand (B&Q, UK), fine orchid 
bark (Monkfields Nutrition, UK) and crushed beech leaves in 
a 10:10:2:2:1 ratio.  Upturned plastic plant saucers with an 
entrance hole cut in the rim were provided as hides and both 
substrate and hides were covered with a layer of live moss. 
Terraria were planted with Tradescantia sp. Substrate was 
not changed throughout the study as its biological capacity 
to break down waste, along with live plants, preserved 
hygienic conditions. Aquaria had a substrate of organic 
aquatic mulm derived from decomposed plant matter, 
similar to a natural pond, which was present from the start 
of the study, were filtered using an air-driven sponge filter 
and thickly planted with E. densa and F. antipyretica. 10% 
partial water changes were performed weekly to maintain 
water quality. Experimental animals were broadcast fed on 
whiteworms and chopped earthworms.

Individual animals were identified using photographs 
of the markings on the ventro-lateral surface (similar to 
Mettouris et al., 2016, but by eye rather than computer 
matching, which was feasible due to the smaller number of 
individuals to distinguish per tank, i.e. three animals). Two 
animals in aquatic conditions died during the course of the 
study. These animals were replaced with non-experimental 
individuals to maintain equal stocking density.

Morphometrics
Animals were photographed against a scale and SVL (snout-
vent length) and CL (caudal length) were measured in 
millimetres using the freeware ImageJ (NIH; http://imagej.
nih.gov/ij/) at metamorphosis and at subsequent three-
month intervals up to twelve months. Proportional CL was 
calculated as the CL divided by the SVL of newts; this was 
collected in order to look for differences in the size of the 
tail, the primary swimming organ, between terrestrial and 
aquatic newts.

Bacterial communities
Bacterial communities were collected at month ten from 
nine newts per treatment group (n = 9, N = 18) with only one 
newt sampled per tank; all individuals were removed and a 
random one was selected for sampling. Sterile nitrile gloves 
were worn throughout handling and changed between 
newts to minimise cross-contamination. Newts were rinsed 
twice on their dorsal and ventral surfaces using sterile 
bottled water to remove any transient (i.e. non-symbiotic) 
bacteria from their skin (Lauer et al., 2007). Newts were 
then swabbed 20 - 25 times to collect cutaneous bacterial 
communities using sterile Eurotubo swabs (Deltalab, Rubi, 
Spain). The dorsal and ventral regions of the body were 
swabbed separately to maximize coverage and bacterial 
growth. Swabs were placed into 1.5 ml sterile screw-top 
tubes containing 1 ml of 0.8% w/v NaCl2 solution to facilitate 
subsequent culturing methods. Care was taken to ensure 
newts were not harmed during this process, and individuals 
were monitored for two weeks post-swabbing for signs of 
distress or injury in response to the swabbing (skin lesions, 
inappetence or condition loss, excessive skin secretions, or 
other unusual behaviour), of which none was observed.

Tubes containing swabs were vortexed to dissociate 
bacteria from the swab. The swab was removed and serial 
dilutions were constructed up to 10-1 by pipetting 100 ul into 
900 ul of  0.8 % w/v NaCl2, and dilutions of 100 and 10-1 were 
plated out on R2A agar media (Lab M Ltd., United Kingdom) 
and incubated at 15-17 °C (the same temperature at which 
the newts were maintained). Pilot studies showed these 
dilutions gave plates with an intermediate amount of growth 
that was most suitable for assessing the bacterial community 
(R.Antwis, unpublished data). New morphologically distinct 
bacteria colonies (‘morphotypes’) were counted three and 
seven days after plating, after which negligible new colony 
growth was observed. Bacterial counts were summed for 
the two counts (days three and seven), multiplied by the 
dilution factor of 10 where necessary, and counts were then 
averaged across the two dilutions. 

Representative colonies of each morphotype 
were streaked out on R2A agar until a pure culture 
was obtained. Bacterial species were identified using 
16S rDNA sequencing with universal primers 27F 
(5’-GTGCTGCAGAGAGTTTGATCCTGGCTCAG-3’) and 
1492R (5’-CACGGATCCTACGGGTACCTTGTTACGACT-3’) 
(Webster et al., 2003). 16s RNA fragments were obtained 
through colony PCR amplification using the Platinum PCR 
SuperMix (Invitrogen, Life Technologies) according to the 
manufacturer’s instructions. DNA fragments were amplified 
by PCR using the following cycling parameters: 95 °C for 2 
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inhibited the Bd in in vitro challenge assays were analysed 
using t-tests in JMP 10®.

Results

Effects of rearing condition on morphometrics
Neither SVL (t57=0.40, p=0.69), nor proportional CL (t57=1.5, 
p=0.14) differed between treatments at the start of the 
study. There was a significant effect of environment, such 
that aquatic newts grew larger than terrestrial animals (F1, 

17.9 = 15.7, p = 0.001;  Fig. 1). SVL increased [mean(SD)] by 
48(15) % and 35(12) % in aquatic and terrestrial newts, 
respectively, over the course of the study. Aquatic newts 
also had significantly proportionately longer tails than 
terrestrial newts (F1, 18.3 = 128.54, p<0.001); mean (standard 
deviation) CL:TTL ratio at month 12 was 0.47(0.02) and 
0.44(0.02) in aquatic and terrestrial newts, respectively 
(Fig. 1).

Effects of environment on cutaneous bacterial 
communities
A total of 11 different morphotypes (GenBank accession 
numbers KC853151-KC853154 and KF444805- KF444808; 
Table 1) were cultured from newts, with a range of 3 to 
9 morphotypes per individual. All morphotypes were 
isolated from animals in both the terrestrial and aquatic 
environments, although the proportion of individuals 
hosting each morphotype was generally lower for newts in 
the aquatic set-ups (Table 1). Three bacteria could not be 
identified due to poor sequence data.

The results of the Adonis analysis showed there was 
a highly significant difference in the overall bacterial 
community associated with the skin of newts maintained 
in a terrestrial environment compared to those kept in 
an aquatic environment (F3, 32 = 25.695, p = 0.001), but no 
significant effect of surface (dorsum or ventrum; F3, 32 = 
0.827, p = 0.480) or the interaction between surface and 
environment (F3, 32 = 0.744, p = 0.509) were detected. Newts 
kept in a terrestrial environment supported a significantly 
greater bacterial abundance (t17 = 6.119, p < 0.001; Fig. 2) 
and significantly greater species richness (t17 = 3.714, p < 
0.001; Fig. 3).

	Two of the 11 morphotypes successfully inhibited Bd 
in the in vitro challenges;  Arthrobacter sp. (KC853151) 
and Chryseobacterium sp. (KF444806). Both of these 
were isolated from all or nearly all individuals in both 
environmental groups (see Table 1), although the total 
abundance of each bacterium was significantly higher on 
the skin of newts maintained in a terrestrial environment 
(Arthrobacter sp., t1,8 = 3.83, p = 0.003; Chryseobacterium 
sp., t1,8 = 2.13, p = 0.030; Fig. 4).

DISCUSSION

Here I show that newts reared in an aquatic environment 
support a simpler and less abundant bacterial community 
than their terrestrial counterparts. Although bacterial 
communities are acquired through interactions with the 
environment (Belden & Harris, 2007; Banning et al., 2008; 
Walke et al., 2011; Daskin & Alford, 2012), the rinsing 

minutes followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, 
and 72 °C for 90 s, with a final extension step of 5 minutes at 72 
°C. Prior to purification and sequencing, PCR products were 
checked for the correct length with gel electrophoresis. PCR 
products were purified with the GenElute™ PCR Clean-up 
Kit (Sigma-Aldrich®), and sequenced at the DNA Sequencing 
Facility, University of Manchester, UK. A consensus sequence 
was obtained by combining the forward and reverse 
sequences in DNA Dynamo Sequence Analysis Software© 
(BlueTractorSoftware Ltd., UK). Consensus sequences were 
then blasted against the NCBI database (http://blast.ncbi.
nlm.nih.gov/Blast.cgi) to identify each morphotype to 
genus level. 

In vitro Bd challenges
Pure cultures of each bacterial morphotype were used 
to conduct in vitro Bd challenges similar to Harris et al. 
(2006). The Bd strain GPL SFBC 014 (isolated from Epidalea 
(formerly Bufo) calamita, UK by Peter Minting in 2010) 
was grown in TGhL liquid media at 18 °C until maximum 
zoospore production was observed. Approximately 3 
ml of the Bd zoospore culture was then spread across 1 
% tryptone, 1 % agar plates and dried in a sterile hood. 
Bacterial cultures were streaked on either half of the plate 
(two per plate), inverted and incubated at 18 °C. Bacterial 
streaks were then scored for the presence or absence of 
a zone of inhibition, indicated by a markedly reduced or 
absent growth of Bd. 

Statistical analyses
Aquatic and terrestrial newt SVL and proportional CL at day 
0 (i.e. immediately prior to the start of the experiment) was 
compared using two-sample two-tailed T-tests.  Newt SVL 
and proportional CL data were analysed using linear mixed-
effect models in the lme4 and lmertest packages (Bates et 
al., 2015) in R using RStudio (R Core Team, 2021).  Newt 
individual, nested within Tank, was used as a random factor 
to control for the repeated measures and nested elements 
of the design. Time and environment were used as 
explanatory variables.  Prior to analysis, model assumptions 
were confirmed by visually inspecting residuals using the 
ggResidpanel function in R (Goode & Rey, 2019). 

Differences in the overall bacterial community 
composition according to environment (terrestrial 
vs. aquatic), surface (dorsum vs. ventrum) and their 
interaction were analysed using  the Adonis function of 
the vegan package in R using RStudio© (Oksanen et al., 
2020).  This function was used to compute a permutational 
multivariate ANOVA on the overall bacterial community 
structure (subsequently referred to as the Adonis analysis), 
using a Bray-Curtis distance matrix derived from the 
abundance of each morphotype (Antwis et al., 2014a; 
b; Michaels et al., 2014). As surface had no effect on the 
bacterial community (see Results), the data for the dorsum 
and ventrum of each newt were combined for subsequent 
analyses. The effect of environment on species richness 
(the number of different morphotypes on each individual) 
and total abundance (total number of cultured bacteria for 
each individual) were analysed using t tests in JMP 10®. 
Differences in the abundance of two bacterial strains that 
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Table 1. Bacteria morphotypes isolated from skin swabs 
of 18 alpine newts (Ichthyosaura alpestris apuana) and 
their potential anti-Bd activity. Proportion of aquatic 
and terrestrial newts carrying each type of bacterium is 
provided.

Species Anti-Bd 
activity

Proportion 
terrestrial 

newts (n=9)

Proportion 
aquatic 
newts 
(n=9)

Arthrobacter sp. 
(Ia1) Yes 1.0 0.89

Unidentified (Ia2) No 1.0 1.0

Erwinia sp. (Ia3) No 0.78 0.14

Chryseobacterium 
sp. (Ia4) Yes 1.0 1.0

Flavobacterium sp. 
(Ia5) No 0.56 0.14

Lysobacter sp. (Ia6) No 0.78 0.14

Unidentified (Ia7) No 0.89 0.14

Rhizobium sp. (Ia8) No 0.66 0.28

Flavobacterium sp. 
(Ia9) No 0.44 0.33

Unidentified (Ia10) No 0.28 0.89

Shewanella sp. 
(Ia16) No 0.28 0.14

Figure 1. Growth of aquatic (solid line) and terrestrial 
(dashed line) alpine newts over the duration of the study. 
Error bars represent +/- 1SEM.

Figure 2. Total abundance of bacteria isolated from skin 
swabs of 9 terrestrial and 9 aquatic newts. Error bars 
represent +/- 1SEM. 

Figure 3. Mean species richness of skin bacterial 
communities isolated from skin swabs of 9 terrestrial and 9 
aquatic newts. Error bars represent +/-1SEM.

Figure 4. Prevalence of anti-Bd bacteria (Arthrobacter sp. 
and Chryseobacterium sp.) isolated from skin swabs of 
9 terrestrial (left-hand column in each pair) and aquatic 
(right-hand column) newts. Error bars represent +/-1SEM.
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part of the swabbing protocol is designed to remove 
transient environmental bacteria (Lauer et al., 2007). 
Simple differences in the bacterial abundance of aquatic 
and terrestrial environments, if these existed (we did 
not measure this), are therefore unlikely to have directly 
accounted for the difference in cutaneous communities 
detected, unless complex interactions inhibited or 
promoted the growth of certain bacteria. Therefore, the 
difference found in the skin microbiome between newts 
from aquatic and terrestrial environments may reflect 
the more textured and less frequently sloughed skin of 
terrestrial newts (pers. obs.), which may offer more niches 
and less disturbance for bacterial colonisation, as well as 
abiotic impacts of the differing environments on bacterial 
survival and growth. 

More diverse and numerous cutaneous bacterial 
communities may be more robust and offer more protection 
against pathogens (Matos et al., 2005; Belden & Harris, 2007; 
van Elsas et al., 2012; Eisenhauer et al., 2013). I report in this 
study that the dermal bacterial communities harboured by 
newts included two species that inhibited the growth of 
Bd in vitro; Arthrobacter sp. and  Chryseobacterium sp., 
and aquatically reared newts hosted lower abundances of 
these Bd-inhibiting bacteria than terrestrially reared newts. 
Higher density of bacteria on terrestrial newts may facilitate 
anti-pathogenic activity through quorum sensing, or due to 
minimum inhibitory concentrations of peptides required to 
suppress pathogen activity (Miller & Bassler, 2001; Brucker 
et al., 2008a; b).

The dermal bacterial communities harboured by newts 
included two species that inhibited the growth of Bd in vitro; 
Arthrobacter sp. and Chryseobacterium sp., and aquatically 
reared newts hosted lower abundances of these Bd-inhibiting 
bacteria than terrestrially reared newts. Bd is thought to be 
carried between ponds by I.alpestris, particularly where 
it has been introduced in the UK (Fisher & Garner, 2007; 
Duffus & Cunningham, 2010) where the strain of Bd used in 
this study originated. The presence of Bd-inhibiting bacteria 
on both phases of the newts (albeit in varying degrees) 
may help to explain the ability of this species to carry Bd 
infection without succumbing to disease. If aquatic phase 
alpine newts have less complex bacterial communities 
with a reduced capacity to inhibit Bd, this may increase 
the potential for alpine newts to communicate disease to 
other species present at breeding sites, as well as rendering 
them more susceptible to infection by Bd. However, given 
the effects of captivity on natural bacterial communities in 
amphibians in comparison to wild populations (Loudon et 
al. 2013; Antwis et al., 2014; Becker et al., 2014; Michaels & 
Preziosi, 2020), it is unclear whether wild animals will show 
similar differences in the bacterial communities associated 
with aquatic and terrestrial individuals.

In other amphibians, the number of individuals infected 
with Bd increases during breeding assemblages in water 
bodies (Kriger & Hero, 2007; Voordouw et al., 2010; Minting, 
2012), as does the infection load of individual animals 
(Retallick et al., 2004). My data may suggest an additional 
mechanism for this (reduction in Bd-resistant microbiome 
under aquatic conditions),  but this inference cannot be 
robustly made as I did not study animals transitioning 

between environments, either following metamorphosis or 
returning to the water to breed. Moreover, my data does 
not address the speed at which bacterial communities 
adjust in response to the change between aquatic and 
terrestrial habitats and this may be important in inferring 
epidemiological implications. In addition, although it is 
known that moving amphibians from the field to captivity 
influences microbiome (e.g. Becker at al., 2014; Bates 
et al., 2019), further work is required to investigate 
the impact of translocation into the wild on cutaneous 
bacterial communities of amphibians, and whether 
patterns established in captivity are maintained in the 
wild. My data correlates with those presented by Daversa 
et al. (2018), who showed that routine switching of alpine 
newts between terrestrial and aquatic habitats across their 
reproductive cycle reduced Bd growth, and heavily infected 
animals spent more time on land. 

I also found that aquatic juveniles grew larger than 
terrestrial efts over the course of the twelve month 
experiment. This is similar to field observations of another 
newt species, Notophthalmus viridescens (Healy, 1973) and 
may reflect higher metabolic rates in the aquatic phase 
(Kristín & Gvoždík, 2013), coupled with reduced energetic 
cost of aquatic locomotion (Shaffer et al., 1991). This 
hypothesis is supported by the proportionately longer tails 
of aquatic newts, which is likely also an adaptation to aquatic 
locomotion, as seen in adults other newts (Treer & Treer, 
1995). More rapid juvenile growth is linked to increased adult 
size in a number of amphibians (Jørgensen, 1986; Semlitsch 
et al., 1988; Altwegg & Reyer, 2003), which has been shown 
to have important impacts on survivorship (Clarke, 1974; 
Kusano, 1981; Bardsley & Beebee, 1998; Altwegg & Reyer, 
2003) and reproductive success (Jørgensen, 1986; Briggs, 
2013; Yeager & Gibbons, 2013). There is therefore strong 
potential for lifelong effects of juvenile environment on body 
size and therefore on fitness. Captive populations of newts 
are often reared aquatically as efts, where possible, due to 
the ease of feeding (aquatic newts will take defrosted frozen 
foods and pellets; pers. obs.; Pasmans et al. (2014)) and of 
cleaning aquaria. It is therefore important to understand 
the impacts of this practice on the fitness of populations 
that are candidates for translocation. Rearing newts 
aquatically may therefore improve both the efficiency of 
breeding programmes and the potential for reintroduction 
success in terms of survivorship and reproductive output. 
However, according to my data, this may come at the 
cost of reduced disease resistance through a reduction in 
cutaneous bacterial community diversity and abundance. 
This trade-off is in contrast with work in anurans (Ogilvy 
et al., 2012; Antwis et al., 2014, Michaels et al., 2014), 
which has found associations between factors of captive 
husbandry that improve growth rates as well as the diversity 
of cutaneous bacterial communities. This highlights the 
importance of using multiple biological measures to assess 
the effects of different captive environments on fitness 
traits of amphibians.

	In this study I have shown the environment in which 
juvenile newts develop has significant effects on growth 
rates and cutaneous bacterial communities. Although 
bacterial culturing methods are known to underestimate 
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species richness and bacterial abundance (reviewed in 
Amann et al., 1995), genetic methods were outside of 
the feasible scope of this study. Nevertheless, these data 
provide an insight into the effects of environment on dermal 
bacterial communities that are likely to transcend to the 
non-culturable parts of the community. These differences 
may influence survivorship, adult size and reproductive 
fitness, as well as the part played by I. alpestris in disease 
spread, and as such have important implications for both 
ex- and in-situ conservation. 
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Studies in trophic and chemical ecology, in particular in amphibians, have gained increasing attention in recent years, 
given that this is the vertebrate group that has suffered the greatest decline in recent years, caused by the degradation of 
natural ecosystems and emerging diseases. The assessment of food preferences and prey availability between areas and 
seasons provides important parameters for the understanding of the population dynamics of leaf-litter toads. The study 
of the secretions of the parotoid macroglands of these toads also provides insights into the role of these secretions in 
fighting frog pathogens and their potential applications to combat pathogens that are harmful to humans. In the present 
study, we describe the trophic ecology of Rhinella henseli (Lutz, 1934), and the variation in its diet between seasons and 
areas. We also attempt to identify the chemical composition of the secretions of the parotoid macrogland found in the 
parotoid glands and test their potential antimicrobial activity. We sampled two toad populations in the Atlantic Forest of 
southern Brazil. The composition of the diet was analysed by season (warm vs. cool) and study area, with the prey items being 
identified to genus, whenever possible, and classified using the Index of Relative Importance. The parotoid secretions were 
removed manually from the parotoid glands and analysed via HPLC-MS/MS. We ran microdilution and agar plug diffusion 
tests to assess antimicrobial activity. The principal prey of these toads are large ants, primarily Pachycondyla sp., which vary 
in abundance between seasons and, to a lesser extent, between areas. We identified 21 chemical compounds, primarily 
steroidal bufadienolides. One of the populations presented a subset of 14 of these 21 compounds, reflecting the variation in 
their spatial distribution. These compounds presented anti-pathogenic properties against Candida albicans and, to a lesser 
extent, Staphylococcus saprophyticus. Our results indicate that the diet of R. henseli varies significantly between areas and 
seasons, as do the secretions of their parotoid macroglands between areas. The toxins exhibit antimicrobial activity, although 
the compounds must be tested in isolation to confirm this. 

Keywords : Ecochemistry, Niche breadth, Ground-dwelling toads, Ants, Bioprospecting

Introduction

The trophic ecology of a species can provide important 
insights into how its populations fluctuate over 

time and in space (López et al., 2015). Anurans have a 
broad trophic ecology, with opportunistic characteristics 
related to the availability and detectability of prey in 
their immediate environment (Duellman & Trueb, 1986). 
The amphibian diet varies considerably among different 
species, regions, periods of the year, niches, and varying 
prey availability.  Sympatric species, such as Leptodactylus 
luctator, Boana pulchella, Rhinella granulosa and 
Physalaemus gracilis, may vary considerably in their 
principal prey items, which are, in this specific case, 
beetles, flies, ants, and springtails, respectively (Rosa et 

al., 2002). Even sympatric species of the genus Rhinella 
with similar trophic niches may exhibit substantial 
differences in the frequency and abundance of their 
principal prey items (Sabagh & Carvalho-e-Silva, 2008).

Leaf-litter amphibians feed primarily on ants, beetles, 
mites, larvae, cockroaches, and other invertebrates 
found on the forest floor (Isacch & Barg, 2002; Ferreira & 
Teixeira, 2009). Many of these amphibians are toxic and 
obtain their alkaloids mainly from ants and mites (Savitzky 
et al., 2012). The spatial and temporal variation in the 
diets of these species is reflected in significant differences 
in the composition of their chemical secretions, which 
indicates considerable plasticity in these interactions 
(Daly et al., 2007; Saporito et al., 2007). Toads of the 
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5- mL Eppendorf tubes at a temperature of -20 °C.
The samples were analysed chromatographically 

using an HPLC-MS/MS system in SRM (Selected Reaction 
Monitoring) and ESI (Electrospray Ionization) in the positive 
and negative modes. The mobile phase consisted of a 
water:acetonitrile solution (v/v, 9:1) in the isocratic mode 
at a flow rate of 0.3 mL min-1 for 30 min, using an Agilent 
Zorbax GF-250 (250 mm x 4.6 mm, 4 µm) column. The 
injection volume of each sample was 10 µL. The capillary 
voltage was maintained at 2 kV and the temperature of 
the chosen solvent gas was 600 °C. Four spectrometric 
methods were used to analyse the components of the 
chemical secretions: 1 - scanning the precursor ion (100–
1000 m/z) in positive and negative modes; 2 - monitoring 
the most intense ions (Selected Ion Monitoring – SIM) in 
positive and negative modes; 3 - scanning the product ions 
(100 – m/z IonPrec.) in positive and negative modes, and 4 
- monitoring selected reactions (SRM) of the most intense 
products. The data obtained from the spectrometric 
analysis of the crude extract of the secretions of the R. 
henseli parotoid macroglands were compared with the 
findings of previous studies of other species of the family 
Bufonidae (Zhao et al., 2014; Zhang et al., 2016; Schmeda-
Hirschmann et al., 2014; 2016; Petroselli et al., 2018). 

Antimicrobial activity tests
We mixed the chemical secretions obtained from the toads 

B = Levin’s index, and Pij = the proportion of food resource 
j in the diet of species i. This index was standardized as: 
Bsta = B-1/n-1, where B = Levin’s index, and n = the total 
number of food resources used. The values of Bsta vary 
from 0 to 1, depending on the degree of specialisation of 
the species, with values close to zero indicating a specialist 
diet, whereas values close to 1 indicate a generalist diet.

We used a PERMANOVA, based on the Bray-Curtis 
dissimilarity index, to verify the variation in the composition 
of the diet between populations and seasons, according 
to Clarke (1993) and Anderson (2001). We defined the 
climatic seasons as cool (mean temperature = 20.4 ºC) 
and warm (mean temperature = 26.7 °C). Here, we used 
a data matrix in which each individual was a sample, with 
the %IRI of the prey categories being calculated for each 
frog. We compared the frogs from the two areas, using 
data only from the warm season, and then compared the 
two seasons, with data from area A only (Clarke, 1993; 
Anderson, 2001).

The collection and analysis of the secretions of the 
Rhinella henseli parotoid macrogland 
In both areas, chemical secretions were collected during 
the warm season. To collect these secretions, we pressed 
the parotoid glands of the toads manually or with 
tweezers. This produced a whitish, sticky substance, which 
we scraped off using a spatula. This secretion was stored in 

Feeding behaviour  of  the common forest  toad

Figure 1. Location of the R. henseli (Anura: Bufonidae) populations sampled in the Atlantic Forest of southern Brazil and 
Sertão Municipal Natural Parkand Passo Fundo National Forest (FLONA Passo Fundo) in Rio Grande do Sul state, Brazil.
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genus Rhinella feed primarily on formicids, followed by 
coleopterans (Clarke, 1974). Despite this, the principal 
constituents of the chemical secretions of this genus are 
endogenous, and include steroidal bufadienolides and 
indole alkaloids (Gao et al., 2010). 

The study species, R. henseli (Lutz, 1934) (Anura: 
Bufonidae), belongs to the Rhinella crucifer group, 
and is found in the subtropical forests of the southern 
extreme of the Atlantic Forest domain, in southern 
Brazil. This species is generally found in the leaf litter 
of Mixed Ombrophilous Forest or Araucaria pine forest 
(Lutz, 1934). R. henseli is considered to be a specialist 
of forested environments, and is thus vulnerable to the 
many different types of human impact that affect the 
native forests of Brazil.

Determining the variation in chemical and biological 
activity is fundamental to the understanding of 
pathogen-host and prey-predator relationships, as well 
as the prospection of compounds of medical interest 
(Sales et al., 2015). Compounds such as bufadienolides, 
alkaloids, and peptides are known to have potential as 
antimicrobial agents, which may be useful to combat 
drug-resistant pathogens (Cunha et al., 2005, Sales et al., 
2017). Previous research has shown that amphibian skin 
secretions, in addition to halting infections in the animal 
itself, can be used to control bacteria, such as Escherichia 
coli, Pseudomonas aeruginosa and Staphylococcus 
aureus (De Medeiros et al., 2019), fungi, including 
Candida albicans and Candida krusei (Sales et al., 2015), 
protozoa, e.g. Leishmania chagasi, and Trypanosoma 
cruzi (Tempone et al., 2008), viruses (Vigerelli et al., 
2014), and tumor cells (Sciani et al., 2013).

	Given these considerations, we tested two 
hypotheses: (i) R. henseli is specialised in the predation of 
ants, although the composition of its diet varies between 
seasons (and areas) due to fluctuations in the availability 
of prey, which may limit selectivity, and (ii) the secretions 
of the parotoid macrogland of R. henseli have potential 
antimicrobial properties against yeasts and pathogenic 
bacteria. The present study describes the R. henseli diet 
in two areas of subtropical forest during the two local 
climatic seasons. We also investigated which chemical 
compounds were present in the parotoid secretions, in 
particular bufadienolides, and whether the crude extract 
is sufficient to inhibit pathogenic microorganisms.

Methods

Study area 
We sampled two R. henseli populations between April 
and December 2019 in two protected areas of the Atlantic 
Forest domain, in mixed ombrophilous or Araucaria pine 
forest. The local climate is humid subtropical, with a mean 
annual rainfall of 1,700 mm. The rains are well distributed 
throughout the year and the mean annual temperature is 
around 18 °C (Backes, 1999). We sampled the R. henseli 
populations by active nocturnal and diurnal searches, as 
well as pitfall traps.

Population A was sampled in the Passo Fundo National 
Forest (Figure 1) or FLONA-Passo Fundo (28°19’17” S, 

52°11’24” W, 693 m a.s.l.) in the municipality of Mato 
Castelhano, in the state of Rio Grande do Sul, southern 
Brazil. Population B was sampled in the Sertão Municipal 
Natural Park, 34 km northwest of the FLONA-Passo Fundo 
in the municipality of Sertão, Rio Grande do Sul (28°02’31” 
S, 52°13’28” W, 650 m a.s.l.).

Data collection 
The pitfall traps were checked every morning (after 
24 hours), with the stomach contents being removed 
immediately. In the case of the individuals captured by 
active searching, the stomach contents were removed 
within two hours. The contents were collected by stomach 
flushing (Solé et al., 2005), after which, we released the 
animals back into the wild. We considered each toad to 
be a sample unit for analysis. We classified the food items 
collected from the toads’ stomach to order, family, or 
genus, whenever possible, and arranged them by season 
(warm vs. cool) and study area. We used a Permutational 
Multivariate Analysis of Variance (PERMANOVA) to verify 
whether the composition of the diet of the toads varied 
significantly between types of capture (i.e., active search 
vs. pitfall traps). As no significant variation was found 
between procedures, we pooled the data for analysis.

We determined the number (N), volume (V), and the 
frequency of occurrence (FO) of each item in both absolute 
terms and as percentages. The volume was determined by 
the displacement of water in a graduated cylinder (Hyslop, 
1980). The analysis of dietary electivity was conducted 
only on the data from area A, for which data are available 
on the abundance of arthropods (Chicheleiro et al., 2021). 
In this area, arthropods were sampled monthly using 2-L 
plastic bottle traps, which were buried in the ground and 
filled with alcohol 70 % and detergent.

Analysis of the diet
We evaluated the importance of each prey category in 
the R. henseli diet using the Percentage Index of Relative 
Importance (%IRI), calculated by the formula %IRI = (%N 
+ %V) * %FO, where %N = the percentage of the number 
of each category of the diet, %V = the percentage of 
prey volume, and %FO = the percentage frequency of 
occurrence of the prey items (Pinkas et al., 1971; Hart et 
al., 2002).

We used Jacob’s Electivity Index (D) to assess whether 
the toads were selecting prey or capturing them in 
proportion to their availability in the environment, based 
on the equation: D = Rk – Pk / (Rk + Pk) – (2. Rk.Pk), where 
k = the food category, P = the proportion of this category 
in the diet, and R = the proportion of the category in the 
environment. This index evaluates the contribution of each 
prey category to the diet in comparison with its availability 
in the environment, with values above 0.2 indicating that a 
prey is being selected actively by the animal (Jacobs, 1974; 
Hayward et al., 2011). This test was applied only to the 
dietary data from area A, given the availability of data on 
the abundance of prey at this site (see above).

We determined the breadth of the trophic niche by 
calculating Levin’s Trophic Niche Amplitude Index (Krebs, 
1999), which is given by the formula: B = 1/∑jP²ij, where: 
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hymenopteran family Formicidae (Table 1).
The niche breadth recorded in area A (0.55) was 

more than the double that of area B (0.23) in the same 
season, although the composition of the diet did not 
vary significantly between the two populations (p = 
0.07). The R. henseli diet was based on ants of the genus 
Pachycondyla during the warm season in both populations. 
However, there was some variation in the composition of 
the diet between areas (Table 1), with the toads in area 
A consuming primarily Pachycondyla sp. (%IRI = 38.99) 
and Acromyrmex sp. (%IRI = 18.98), while those in area 
B consumed mostly Pachycondyla sp. (%IRI = 65.39), with 
some Gnamptogenys sp. (%IRI = 18.41) (Figure 3).

Although niche breadth was similar between 
seasons in Area A (Bsta: warm = 0.51; cool = 0.49), we 
recorded significant differences between seasons in the 
consumption of food items of the class Insecta (F = 8.83; 
p = 0.001), and the orders Coleoptera (F = 3.85; p = 0.003) 
and Hymenoptera (F = 2.47; p = 0.02). In the cool season, 
larger %IRI values were recorded for Formicidae sp. 3 (%IRI 
= 39.72), Acromyrmex sp. (%IRI = 18.55), and Rasopone 
sp. (%IRI = 11.69), whereas in the warm season, the most 
important prey were Pachycondyla sp. (%IRI = 39.72), 
Acromyrmex sp. (%IRI = 18.55), and Rasopone sp. (%IRI 
= 11.69) (Figure 4). Regardless of the area or season, the 
prey most consumed by R. henseli were larger (in volume 
and length) than those ingested least frequently. Jacob’s 
Electivity Index (D = 0.722) indicated that the toads are 
selecting ants (Formicidae) actively in their diet (Table 1).

Parotoid macrogland chemical composition 
The parotoid secretion of R. henseli is composed mainly 
of steroidal bufadienolides, which were classified as 
bufogenins and bufotoxins. Twenty-one compounds 
were identified tentatively, including marinobufagin 
and telocinobufagin (Figure 5), with marinobufagin and 
resinobufagin representing the main bufadienolides, 
derived from arginine diacids (Table 2). It is interesting 
to note that seven of these 21 tentative compounds 
(Marinobufagin or desacetylcinobufagin, Azelayl arginine, 
3-(N-glutaryl argininyl) marinobufagin, 3-(N-azelayl 
argininyl) bufalin, 3-(N-azelayl argininyl) marinobufagina, 
3-(N-suberoyl argininyl) hellebrigenina, and 3‐ (N ‐ 
suberoyl argininyl) ‐telocinobufagin) were present only in 
the individuals from area A. This variation occurred mainly 
in the bufadienolides derived from the arginine diacids.

Antimicrobial activity of parotoid secretions
The crude extract of the R. henseli secretions, at a 
concentration of 100 mg/mL, inhibited the growth of the 
yeast C. albicans and reduced the development of the 
bacterium S. saprophyticus. This antimicrobial activity was 
detected by the agar plug diffusion method.

Discussion

Our data clearly indicates an ant-feeding niche in R. 
henseli. The Electivity Index indicated that R. henseli 
feeds preferentially on ants. These toads are not selecting 
a specific genus of ants, but are consuming the largest 
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Prey FLONA Passo 
Fundo (A)

Sertão 
(B)

Electivity

Hot Cool Hot

Hymenoptera: 
Formicidae 0.722

Pachycondyla 39.72 18.69 65.39

Acromyrmex 18.55 10.08 0.63

Rasopone 11.69 0.49 3.43

Formicidae sp. 3 0.25 25.01 0

Gnamptogenys 4.92 10.49 18.41

Hypoponera 1.92 0.25 0.05

Solenopsis 4.27 0.34 4.39

Camponotus 0.64 8.61 0.09

Apterostigma 0.49 2.22 0

Heteroponera 0.38 0 0.16

Pheidole 0.28 0.37 0

Atta 0.02 0 0

Formicidae sp. 2 0 7.76 0.08

Formicidae sp. 1 0 2.95 0

Coleoptera -0.696

Elateridae 4.61 0 0.45

Carabidae 6.17 0 0.22

Curculionidae 3.89 6.25 1.73

Scarabidae 1.47 0 0.11

Staphylinidae 0.5 6.51 4.85

Paussidae 0.26 0 0

Larvas 3.0 1.83 0

Aranae 0.1 0.04 0.21 -0.621

Hemiptera 01 0 0.6 -0.728

Othoptera 0.008 0 0.03 -0.719

Niche breadth 
(Bsta) 0.51 0.49 0.23

Table 1. Percentage Index of Relative Importance (%IRI), niche 
breadth, and electivity indices for the insect taxa recorded in 
the diets of two populations of R. henseli in the Araucaria pine 
forest, in the south of the Atlantic Forest. Due to sampling 
factors (see Methods), the seasonal variation in the diet was 
verified only at FLONA Passo Fundo (A).

* Values in bold script indicate the principal prey taxa, that is, the 
prey most consumed in the respective area or season.
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from the two study areas for the antimicrobial tests. The 
extracted material was diluted in physiological solution at 
concentrations of 1 mg/mL, 10 mg/mL, 50 mg/mL, and 
100 mg/mL and was then homogenised for five minutes. 
We tested the activity of the secretions against nine strains 
of microorganism: E. coli (ATCC 2592), Staphylococcus 
saprophyticus (ATCC 15305), Enterococcus faecalis (NEWP 
0012), Salmonella typhimurium (NEWP 0028), Bacillus 
subtilis (ATCC 6633), Enterobacter aerogenes (NEWP 0122), 
Streptococcus pyogenes (NEWP 0015), S. aureus (NEWP 
0038), and C. albicans (NEWP 0031). The microorganism 
suspensions were prepared by the depletion technique in 
Petri dishes containing Mueller Hinton agar, which were 
incubated at 36 °C for 24 hours. The colonies were then 
diluted in Mueller Hinton broth to a concentration of 108 
Colony Forming Units (CFU)/mL in the case of the bacteria 
and 106 CFU/mL for the yeast, by comparing the samples 
with the turbidity visual standard reference of 0.5 in the 
MacFarland scale. 

We assessed antimicrobial activity by microdilution 
and the agar plug diffusion method. The microdilution 
test was conducted on a plate with 96 puddles, each with 
a final volume of 150 µL, with 90 µL of Mueller Hinton 
broth, 10 µL of the microbial inoculum, and 50 µL of each 
concentration of the parotoid secretion. The plates were 
heated to 36 ºC in an oven and stained with 10 µL of MTT 
([3- (4,5-dimethylthiazol-2yl) -2,5-diphenyl tetrazolium 
bromide]) after 24 h. Chloramphenicol (1 mg/mL) was 
used as the positive control for the bacteria, and nystatin 
(100.000 UI/mL) for the yeast. The negative control was 
formed by the inoculum with the addition of Muller-
Hinton broth to a total volume of 150 µL.

The agar plug diffusion test was run in triplicate in 
Petri dishes containing Mueller Hinton agar, in which 
small puddles were made using a sterile test tube. In each 
dish, the suspension of the microorganisms, prepared as 
described above for the previous test, was added to the 
agar with a swab using the four-way spreading technique. 
A 50 µL aliquot of the chemical secretion at the respective 
concentration was added to each puddle. Saline was 
used as the negative control, while the positive controls 
were chloramphenicol (1 mg/mL) for the bacteria and 
nystatin (100,000 IU/mL) for the yeast. The plates were 
incubated at 36 °C for 24 h, following which, we evaluated 
the microbial growth around the puddles. We classified 
the results as (Fig. 2): (i) inhibitory (formation of a halo 
with no growth of the colony around the puddle), (ii) 
non-inhibitory (normal growth of the colony around the 
puddle) or (iii) reduction (reduced growth of the colony 
around the well in comparison with other puddles of the 
same plate).

Results

Diet of Rhinella henseli
We collected data on the diet of 82 toads, of which 66 were 
collected in Area A (16 during the cool season and 50 during 
the warm season) and 16 in Area B (warm season). We did 
not detect any significant variation in the composition of 
the diet of the toads captured by active searching or pitfall 

traps (p = 0.07), which allowed us to pool these data. The 
R. henseli stomachs contained six insect orders, including 
six families of the order Coleoptera and 15 genera of the 
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Figure 2. The figure demonstrates the hypothesised results 
for the agar plug diffusion method. Grey color: fungal and 
bacterial growth in the agar. White color: 50 μl wells containing 
the parotoid macroglands secretions. Green color: inhibition 
zones of microbial growth around the wells. A) No microbial 
inhibition. B) Microbial inhibition around wells containing frog 
secretions. C) reduction of microbial growth around the wells.

Figure 3. Percentage index of relative importance of ant 
genera consumed by R. henseli in two areas of Atlantic 
Forest in southern Brazil. This comparison only includes the 
data from the warm season. Note that in area B the genus 
Pacycondylais dominant, while in area A the values are better 
distributed among the prey.

Figure 4. Percentage index of relative importance of ant 
genera consumed by R. henseli in two seasons in the Atlantic 
Forest of southern Brazil. This comparison only includes 
the data from the area A. Note that in the cold season, the 
most consumed genus becomes Formicidae sp. 3, including 
other prey absent in the warm season. In the warm season 
Pachycondyla has high %IRI values.
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Area A  Area B [M+H]+ Prod 1 Prod 2 Prod 3 Tentative identification

X X 303.3 158 116 112 Adipyl arginine²

X X 317 158 112 Pimeloyl arginine¹

X X 331 250 175 158 Suberoyl arginine¹

X X 387 105 Bufalin³

X -- 401 253 151 Marinobufagin or desacetylcinobufagin3,4

X X 403 385 105 Telocinobufagin¹

X X 405 203 188.2 Unknown

X X 417 399 335 Bufarenogin ¹

X X 425 385 Unknown

X X 441 401 Unknown

X X 455 415 Unknown

X X 480 439 Unknown

X X 485 311 203 Unknown

X X 563 130 102 Unknown

X X 632.8 317.2 331 303 [2M + H]+ Pimeloyl arginine²

X X 660.8 331.2 Suberoyl arginine [2M + H]+²

X X 663 332 Unknown

X X 683.7 353 331 3-(N-pimeloyl argininyl) resibufogenin²

X X 685.7 667.5 303.1 3-(N-adipoyl argininyl) marinobufagin²

X X 687.7 669.6 303.2 3-(N-adipoyl argininyl) telocinobufagin²

X -- 688.5 345.3 Azelayl arginine²

X X 697.7 331.2 369 3-(N-suberoylargininyl) resibufogenin²

X -- 701.6 683.6 317.2 3-(N-glutaryl argininyl) marinobufagin²

X X 711.8 615 297 3-(N-azelaylargininyl) resibufogenin²

X X 713.2 693 297 3-(N-suberoylargininyl) marinobufagin 
(Marinobufotoxin)²

X -- 713.8 694 331 3-(N-azelaylargininyl) bufalin²

X -- 715 697.6 331.2
3‐ (N ‐ suberoylargininyl) ‐telocinobufagin(telocino
bufatoxin); 3‐ (N ‐ pimeloyl argininyl) ‐bufarenogin; 
arenobufagin or hellebrigenin¹

X -- 727.6 331.3 278.1 3-(N-azelaylargininyl) marinobufagin²

X -- 729.2 331.3 278 3-(N-suberoylargininyl) hellebrigenin²

Table 2. Prospective compounds identified in the toxin of two populations of R. henseli, based on the comparison with the 
spectrometric data obtained from previous studies of toads of the family Bufonidae

*x = present; -- = absent.
¹ (Petroselli et al., 2018); ² (Schmeda-Hirschmann et al., 2016); ³ (Schmeda-Hirschmann et al., 2014); 4 (Zhang et al., 2016).
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and likely most visible ants (i.e. Pachycondyla, Rasopone, 
Gnamptogenys, Formicidae sp. 3) (McElroy & Donoso, 
2019). This is consistent with an optimal foraging strategy, 
in which large prey are consumed preferentially due to their 
relatively greater nutritional value in comparison with the 
energetic costs of searching and handling (Emlen, 1966; 
Mcelroy & Donoso, 2019). In this case, the composition of 
the diet of these toads is determined both by the active 
foraging mode of these toads and the availability of large 
prey in the leaf litter, in particular, the predation of the 
large ants found on the floor of the Araucaria pine forest. 
The consumption of ants and beetles may also account 
for the fact that we found no significant differences in the 
diet between active searching and pitfall traps, given that 
the relatively thick chitinous exoskeleton of these insects 
persists for longer in the stomachs.

It is important to note, however, that the opportunistic 
habits of most Rhinella species lead them to consume the 
most available prey in the environment, as observed in 
Rhinella schneideri, which preyed primarily on insect larvae 
in the Brazilian Cerrado savanna (Batista et al., 2011). The 
size of the toad may also determine its consumption of 
different types of prey, with Rhinella species smaller than 

R. henseli tending to consume more mites in the leaf-litter 
(Rosa et al., 2002), while larger species may prey more on 
beetles (Sabagh et al., 2012). 

No significant variation was found in the composition 
of the diet between areas, considering the same (warm) 
season, although the %IRI values recorded in Area A were 
more evenly distributed, in particular among Pachycndyla 
sp., Acromyrmex sp. and Rasopone sp., whereas the toads 
in Area B relied more on Pachycondyla sp., followed by 
Gnamptogenys sp. The differences between areas in the 
relative abundance of each type of ant may be associated 
with a number of different factors. Field observations 
indicate that the composition of the plant community, 
canopy cover, litter abundance, and subsoil density are 
different between areas A and B.  Area A has been a well-
managed forest reserve since its inception, whereas area 
B has been subject to incursions by cattle and the poorly-
controlled exploitation of its natural resources. Differences 
in the structure of the leaf litter of the forest floor may lead 
to differences in the structure of the local ant community 
(McGlynn et al., 2009), as well as spatial variation in the 
niche partitioning between specialist and generalist ant 
species, a heterogeneous distribution that may account 
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Figure 5. Compounds tentatively identified from precursor ions and fragment ions (M+H)+. Telocinobufagin and 
Hellebrigenin are recovered in the literature as compounds with activity against pathogens.
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for at least some of the variation in the diet of the toads 
(Spiesman & Cumming, 2008; Tavella et al., 2018).

We found evidence of seasonal variation in the 
composition of the diet of R. henseli, as well as in the 
abundance and frequency of each prey type. This may 
have been related to the intrinsic characteristics of each 
type of prey, such as their thermal tolerance, which may 
vary considerably among species (Bishop et al., 2016), 
and fluctuations in the availability of food resources 
between seasons (Cook et al., 2011; Gomes et al., 2014). 
Even though the structure of the ant community shifted 
between seasons, they remained a key resource during 
the coolest part of the year, whereas only one of the six 
coleopteran families were present in the diet at this time 
of year.

We expected the toads to have a broader niche in the 
cool season as a result of an increase in opportunistic 
foraging due to the reduction in the availability of prey 
during this period, although the results of the analyses 
did not confirm this. This may be associated with the 
fact that, in some communities of ground-dwelling 
ants, while species density and composition may vary 
between seasons, the activity of these insects does 
not cease altogether (Deblauwe & Dekoninck, 2007). 
Overall, the niche amplitude may have been determined 
by distinct mechanisms in the two seasons, with the 
greater availability of prey in the warm (and rainy) season 
determining an increase in the number of taxa consumed 
through individual specialisation, whereas in the cool (dry) 
season, the decrease in the availability of prey may have 
driven the number of taxa exploited, to guarantee meeting 
the energy needs of the toads (Camargo et al., 2020).

The chemical composition of the secretions of the 
parotoid macrogland recorded in the present study is 
similar to that of other bufonids of the genus Rhinella 
(Schmeda-Hirschmann et al., 2014; 2016; Mailho-Fontana 
et al., 2018; Petroselli et al., 2018; De Medeiros et al., 2019), 
being composed primarily of steroidal bufadienolides. A 
number of other compounds, such as alkaloids, biogenic 
amines, and antimicrobial peptides, have already been 
identified in other species of the R. crucifer group (Daly et 
al., 2005), although they were not evaluated in the present 
study.

Different species and populations of amphibians may 
present differences in the composition of their chemical 
secretions. The chemical compounds of the toads from 
Area B were a subset of those recorded in Area A, in 
particular in terms of the bufadienolides derived from 
arginine diacids. This may have been related to either 
genetic variation between the populations or, possibly, 
phenotypic variation determined by specific environmental 
factors (Hayes et al., 2009; Chen et al., 2013;  Wu et al., 
2017; Hovey et al., 2018). Pachycondyla sp. was also the 
most important taxon in the diet of Rhinella ornata, and 
the chemical composition of the parotoid secretions 
of this toad was altered by the removal of this ant from 
its diet (França, 2015; Moskowitz et al., 2020). Further 
research is needed to confirm whether a similar scenario 
is found in R. henseli.

In the specific case of the bufonid toads, bioactivity has 

already been described against a number of different types 
of microorganism, including bacteria (Sales et al., 2017), 
protozoa (De Medeiros et al., 2019), viruses (Vigerelli et 
al., 2014), trematodes (Calhoun et al., 2016), and tumor 
cells (Gao et al., 2011; Lu et al., 2018), using both the 
crude extract and its isolated components. Our findings 
indicate that the chemical secretions of R. henseli contain 
compounds that control the growth of microorganisms, 
given that the extract inhibited the yeast C. albicans 
and reduced the growth of the gram-positive bacterium 
S. saprophyticus. Previous studies have also shown that 
bufadienolides extracted from Rhinella toads are toxic to 
S. aureus, P. aeruginosa and Escherichia coli (De Medeiros 
et al., 2019), and may also initiate the action of other 
antibiotics (Sales et al., 2015; 2017).

We identified some steroidal bufadienolides in the 
R. henseli secretions, including marinobufagin and 
telocinobufagin, which are known to have antimicrobial 
activity against S. aureus (De Medeiros et al., 2019) and E. 
coli (Cunha et al., 2005). This is in addition to resibufogenin, 
which is known to have anti-tumor activity (Lu et al., 
2018), and hellebrigenin, which is antileishmanial and 
antitripanosomal (Tempone et al., 2008).

The results of the present study draw attention to the 
biological potential of the chemical compounds produced 
by wild species.  It is possible that thousands of substances 
are lost to local extinction even before they are identified, 
isolated, and tested. We would recommend that scientists 
explore this potential through partnerships, extracting 
chemical compounds from samples collected in the wild, 
and sending them for analysis and antimicrobial testing. 
Due to logistical issues, we were unable to sample the 
diet of population B during the cool season, in addition 
to not collecting parotoid secretions in either climatic 
season. This may be a limiting factor in our research 
given that it was impossible to analyse more clearly the 
role of seasonality in the composition of the venom and 
in the diet of the frogs in the two areas during the cool 
season. Even so, R. henseli can be considered to be an 
ant-feeding specialist, with the composition, frequency, 
and abundance of its prey varying in both space and 
time, but with the predominance of large, leaf-litter ants 
persisting in all cases. The spatial variation observed in the 
composition of the chemical secretions of this species may 
be due to genetic factors, although the potential influence 
of dietary variables has yet to be tested. The secretions 
of the parotoid macroglands of R. henseli appear to be 
promising in terms of their bioactivity, and new assays 
with the isolated components may confirm an even 
greater effectiveness at low concentrations.
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Introduction

Studies on reproductive biology have largely 
contributed to the understanding of snake ecology, 

considering that a significant portion of snake activity 
is related to their reproductive cycle (Pizzatto et al., 
2007a and 2007b; Nilson, 2011). However, anatomical 
and histological information about reproductive cycles 
remain scarce for several groups, particularly blind 
snakes (Scolecophidia) (Shea, 2001; Khouri et al., 2020). 
Few studies have addressed the reproductive anatomy 
of scolecophidians and how it is associated with their 
natural history (Khouri et al., 2020). Snakes usually 
exhibit a generalised anatomical pattern in reproductive 
organs, with a pair of oviducts and ovaries and a single or 
bifurcated vaginal pouch in females (Siegel et al., 2012), 
and a pair of testes, kidneys, and ductus deferentia in males 
(Trauth & Sever, 2011). However, some scolecophidians 
present important anatomical variations, such as the lack 
of the left oviduct (Fox & Dessauer, 1962; Khouri et al., 
2020) and vaginal pouch (Siegel et al., 2011).

In addition to morphological traits, histological data 

are also helpful for understanding key traits in snake 
reproductive biology (Almeida-Santos et al., 2014). For 
instance, female sperm storage is a major feature in 
snake reproduction, as it allows the temporal dissociation 
between copulation and ovulation and, consequently, the 
evolution of different reproductive phenologies (Sever & 
Hamlett, 2002; Siegel et al., 2011). Female sperm storage 
has been suggested to occur in many snake species 
(Birkhead & Møller, 1993). However, some of these 
suggestions (particularly those implying long-term sperm 
storage) may alternatively be cases of parthenogenesis 
(Booth & Schuett, 2011). True female sperm storage can 
be reliably demonstrated using standard histological 
techniques. Sperm storage in infundibular receptacles 
has been suggested to occur in some scolecophidians 
(Fox & Dessauer, 1962; Siegel et al., 2011), but it has only 
recently been confirmed (Khouri et al., 2020).

The leptotyphlopid Trilepida koppesi (Amaral, 1955) is 
a typical species of the savannas of south-central South 
America (the Cerrado), where it is widely distributed 
(Passos et al., 2006; Nogueira et al., 2010; Nogueira 
et al., 2019). Although the species is known in several 
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localities (there are 41 occurrence records in the snake 
distribution database of Nogueira et al., 2019), its 
natural history remains poorly known (Sawaya et al., 
2008). This species is believed to be oviparous, with 
females producing a relatively small clutch size (five to 
seven eggs) from spring (Sawaya et al., 2008). However, 
there is no detailed information about its reproductive 
anatomy and cycle. Furthermore, the habitat of T. 
koppesi (the open vegetation types of the Cerrado) has 
been increasingly degraded throughout its range (Sano 
et al., 2010; Bonanomi et al., 2019). Thus, knowing the 
reproductive biology of this species may also help in 
planning conservation actions. Anatomical descriptions 
of scolecophidians are still needed (Martins et al., 
2019), and this knowledge may be helpful to group or 
separate evolutionary lineages (Passos et al., 2006; 
Pinto et al., 2015). Reproductive data also show both 
specific and general patterns that may contribute to our 
understanding of the evolution of snake reproduction in 
general (Nilson, 2011; Almeida-Santos et al., 2014).

We hypothesise that T. koppesi shares traits with other 
scolecophidian species, such as female-biased sexual size 
dimorphism and seasonal reproduction. As a member of 
a basal clade, we also hypothesise that T. koppesi shows 
particularities that might be useful to understand the 
evolution of the reproductive strategies of the ancestor 
of snakes.  To explore our hypotheses, we provide novel 
information on the reproductive biology of a population 

of T. koppesi in an area of Cerrado, in south-eastern 
Brazil. Specifically, we describe reproductive anatomy, 
female reproductive cycle, potential clutch size, seasonal 
activity, and sexual dimorphism. 

Materials & Methods

Study Site
Snakes were collected at the Santa Bárbara Ecological 
Station (SBES), municipality of Águas de Santa Bárbara, 
state of São Paulo, south-eastern Brazil (approximate 
coordinates: 22°48' S, 49°13' W; 600–680 m a.s.l.). The 
SBES has a total area of 3,223 ha (Melo & Durigan, 2011) 
and contains different Cerrado vegetation types, from 
campo sujo (grassy scrubland) to cerradão (cerrado 
woodland; Fig. 1), and some small areas of semideciduous 
forests. The climate type is humid subtropical (Cwa in the 
Köppen's classification; Peel et al., 2007). Temperature 
averages 17 °C in the coldest months and 24 °C in the 
warmest months (range: 3.4 to 35.2 °C), with occasional 
frosts in autumn and winter. Annual rainfall varies from 
1010 to 2051 mm (mean = 1454.2 mm), with marked 
dry and rainy seasons from autumn to winter (April to 
September; monthly mean = 70.2 mm) and from spring 
to summer (October to March; monthly mean = 172.1 
mm), respectively (data for 1995-2014 at Manduri, SP, 
20.3 km from our study area; CIIAGRO, http://www.
ciiagro.sp.gov.br/).
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Figure 1. Natural vegetation types of Santa Bárbara Ecological Station where T. koppesi was sampled. A) Campo sujo (grassy 
scrubland). B) Campo cerrado (grassy scrubland with scattered trees). C) Cerrado sensu stricto (dense savanna). D) Cerradão 
(cerrado woodland).
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Fieldwork
We conducted fieldwork monthly from August 2016 
to July 2018. Snakes were collected through time-
constrained searches (Campbell & Christman, 1982; 
Martins & Oliveira, 1998), pitfall traps with drift fences 
(Greenberg et al., 1994; Cechin & Martins, 2000; Mendes 
et al., 2015), and opportunistic encounters (i.e., all snakes 
found in situations other than searching activities). Time-
constrained searches occurred mainly at night (18.00–
23.00) in open vegetation types. We performed 1,248 
person-hours of searches in different vegetation types. 
We installed three units of pitfall traps with drift fences 
in four vegetation types: campo cerrado, campo sujo, 
cerrado sensu stricto and cerradão (Fig. 1). Each unit of 
pitfall traps corresponded to two 40 m trap lines, 60 m 
apart.  Each trap line had four 100 L plastic buckets every 
10 m, connected by a 60 cm-high plastic fence. The buckets 
were perforated at the bottom to avoid the accumulation 
of rainwater. The fence was buried 10 cm into the soil 
and attached to wooden stakes (see Cechin & Martins, 
2000; Sawaya et al., 2008). To prevent dehydration of 
the captured animals, we placed a styrofoam (20 × 20 
× 5 cm) supported by wooden sticks and a small water 
plate inside each bucket to provide shelter and moisture 
(Sawaya et al., 2008). We installed 12 trap units (24 lines, 
96 buckets, and 960 m of fences) and kept them open 
for ten consecutive days every month. Thus, sampling 
by pitfall traps occurred during 240 non-consecutive 
days, corresponding to 23,040 bucket-days. Snakes were 
collected under SISBIO (50658-1) and COTEC (SMA nº 
260108–011.518/2015) scientific collection permits. 
Specimens were euthanised by intracelomic injection 
of lidocaine, fixed in 10 % formaldehyde, and preserved 
in 70 % ethanol for later examination. Specimens were 
deposited in the Museu de Zoologia da Universidade de 
São Paulo and the Instituto Butantan (Appendix A).

Macroscopic data	
To obtain reproductive information, we dissected 24 
specimens (10 females and 14 males) collected during 
fieldwork. The dissected females were collected in October 
2016 (n = 5), December 2016 (n = 3), and February 2017 
(n = 1).  All dissected males were collected in October 
2016. We sexed individuals by direct observation of the 
reproductive tract. Males were considered adults if they 
had enlarged testes, convoluted ductus deferentia, or 
sperm in the reproductive tract (Shine, 1977a). Females 
were considered adults if they had pleated oviducts, 
vitellogenic follicles, oviductal eggs, or sperm in the 
reproductive tract (Shine, 1977b). In males, we measured 
(1) the length, width, and thickness of the testes and the 
major lobule, (2) the length of the kidneys, and (3) the 
width of the ductus deferentia in the distal portion (close 
to the cloaca) using a Mitutoyo analogical caliper. We 
calculated testis volume per individual using the ellipsoid 
volume formula: V = (2/3)πabc, where a = length, b = 
width, and c = thickness (Pleguezuelos & Feriche, 1999). 
In females, we recorded (1) the gross morphology of the 
right infundibulum, glandular uterus, and nonglandular 
uterus, (2) the number of ovarian follicles, and (3) the 
diameter (at the longitudinal axis) of the largest follicle 

(using a Mitutoyo manual caliper; to the nearest 0.02 
mm). Because we found no gravid females (see Results), 
we estimated clutch size by counting the number of 
ovarian vitellogenic follicles (Almeida-Santos et al., 
2014; Braz et al., 2019). Thus, we treated this estimate 
as potential clutch size. To test for sexual dimorphism, we 
measured snout-vent length (SVL), tail length, body mass, 
body width, head length (from the base of the maxilla to 
the tip of the snout), head height (from the base of the 
maxilla to the top of the head). We measured SVL using 
a ruler (to the nearest 1 mm), body mass using a Pesola 
spring scale (to the nearest 0.1 g), and tail length, head 
length, and head height using a Mitutoyo digital caliper 
(to the nearest 0.01 mm). 

Histological analyses
Reproductive structures were described following the 
nomenclature proposed by Siegel et al. (2011) and 
Trauth & Sever (2011). We collected samples of the right 
side of the reproductive tract for histological analysis. In 
males, we collected samples of the kidney, testis, and 
distal portion of the ductus deferens. The stage of the 
seminiferous tubules was classified according to Goldberg 
& Parker (1975). In females, we collected the oviduct and 
two different sized follicles to determine the vitellogenic 
stage. Tissue samples were processed for paraffin's 
standard method (Junqueira et al., 1979). Histological 
sections were cut at 5 μm using a Leica microtome, 
mounted on glass slides, and stained with hematoxylin 
and eosin. Histological sections were photographed and 
measured using Olympus Cell Sens Standard software and 
an Olympus BX51 microscope with a DP73 lens (Olympus 
Corporation, Japan). We estimated the seminiferous 
epithelial height, seminiferous tubule diameter, sexual 
segment of the kidney (SSK) epithelial height, and SSK 
diameter by taking five random measurements for 
each individual. Values for all measured variables were 
averaged to obtain a mean value per individual. We 
characterised female reproductive cycles (Mathies, 
2011) and described male traits for the season in which 
they were collected. 

Data analysis
The annual activity pattern of T. koppesi was inferred 
from the frequency of adult males, adult females, and 
juveniles recorded monthly. A Sexual Size Dimorphism 
(SSD) index was calculated as the mean SVL of the larger 
sex divided by the mean SVL of the smaller sex minus 
one. This index is conventionally expressed as positive 
when females are the larger sex and negative when 
males are larger (Lovich & Gibbons, 1992). We tested 
for intersexual differences in mean adult SVL with a 
Student's t-test. We tested for sexual dimorphism in 
head length, head height, tail length, body width and 
body mass using analysis of covariance (ANCOVA), with 
SVL as the covariate. For these analyses, we used only 
the measures from dissected individuals to avoid bias 
due to sexing errors in non-dissected specimens. Data 
are provided in supporting information Data 1, and the 
R script used in the analysis is provided in supporting 
information Script 1.
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Results

Seasonal activity
We found 121 individuals of T. koppesi. Most snakes (91 
%) were found from late winter to late spring (September 
to December), and no snake was found between autumn 
and mid-winter (April to August; Fig. 2). Adult males 
were collected between late winter and late spring 
(September to December) but were more abundant 
in spring (97.67 %, October-December; Fig. 2). Adult 
females were collected between late winter and late 
summer (September to March) but were more abundant 
in spring (82.5 %, October-December; Fig. 2).  Juveniles 
were collected between late winter and mid-summer 
(September-February) but were more abundant in spring 
(88.23 %, Fig. 2).

Male reproductive tract
All dissected males were collected in October (early 
spring). Thirteen out of fourteen dissected males were 
sexually mature. All males had paired reproductive 
structures, with the right organs located more cranially 
than the left ones. The single juvenile male examined 
(SVL = 153 mm) had undeveloped gonads and smooth 
kidneys. All adult males had elongated, plurilobulated 
testes (with 3-7 lobes, supporting information Table S1) 
with slightly textured surfaces (Fig. 3A). The right testis 
volume in adults averaged 40.53 ± 10.25 mm3 (range = 
26.89–63.47 mm3), and the left testis averaged 40.23 ± 
14.13 mm3 (range = 4.59–71.78 mm3). The seminiferous 
tubules were either in spermiogenesis (n = 3, Fig. 3C) or 
early regression (n = 5, Fig. 3D). Almost all individuals had 
testicular lobules with seminiferous tubules at the same 
spermatogenic stage. The exceptions were two males 
that showed one of the lobules smaller than the others. 
In these cases, the larger lobules had seminiferous 
tubules in early regression, while the smaller lobules had 
regressed seminiferous tubules (Fig. 3B). The kidneys 
were highly textured in ten adult males (SVL = 154–198 
mm), slightly textured in two males (SVL = 231–238 mm), 
and smooth in one male (SVL = 254 mm). All adult males 
had hypertrophied SSKs with acidophilic and basophilic 
secretions in the lumen (Fig. 3E). The width of the right 
ductus deferens averaged 0.61 ± 0.11 mm (range = 0.48–
0.90 mm). The ductus deferentia of all adult males were 
packed with sperm, which contained secretion granules 
with an unidentified function (Fig. 3F). The seminiferous 
tubule diameter, SSK diameter, and epithelial thickness 
were slightly larger in individuals in spermiogenesis 
than in early regression (supp. information Table S2). 
However, the diameter and epithelial thickness of the 
ductus deferentia were larger in individuals with testes 
in early regression (supp. information Table S2).

Female reproductive tract
All females (n = 10) dissected were sexually mature; 
these females were collected in spring (October, n = 5; 
December, n = 3) and summer (February, n = 1). Data 
on the collection season of a vitellogenic female was 
missing, so the characteristics of this individual are not 

detailed below, although it was analysed anatomically. 
The female reproductive tract consisted of a pair of 
ovaries and a single oviduct, present only at the right 
side (Fig. 4A). The infundibulum was pleated and opaque 

Figure 2. Temporal variation of snout-vent length of 
individuals of T. koppesi observed at the Santa Bárbara 
Ecological Station. Juveniles: grey circles; Females: dark 
brown; Males: yellow circles.

Figure 3. Reproductive anatomy and histology of male T. 
koppesi from Santa Bárbara Ecological Station. A) Anterior 
reproductive system, with plurilobulated testes; LK: left 
kidney, RK: right kidney, LT: left testis; RT: right testis. B) 
Regressed seminiferous tubules. C) Seminiferous tubules 
in spermiogenesis; white arrow: spermatocyte I cells; black 
arrow: spermatocyte II cells. D) Seminiferous tubules in 
early regression; black arrow: Sertoli cells, black circle: 
sperm. E) Hypertrophied SSK; black arrow: basophilic 
secretion. F) Ductus deferens with sperm; black arrow: 
unknown substance among the sperm.
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in most females (n = 9) but pleated and translucent in 
one vitellogenic female from spring. All females (n = 8) 
collected in spring had infundibular sperm receptacles 
with highly ciliated epithelial cells (Fig. 4B). Three of these 
females had sperm in the receptacles; in all cases, sperm 
were parallelly aligned (Fig. 4B). The female collected 
in summer lacked infundibular sperm receptacles. The 
glandular uterus was pleated in the posterior region in 
three females from spring (December) and smooth in the 
remaining ones (n = 6). All females had some secretion 
in their glandular uterus, four of them (October = 2, 
December = 2) with sperm (Fig. 4C). Uterine glands were 
recrudescent in early spring (October, ranging from 77–
118 µm), larger in late spring (December, 116–180 µm), 
and regressed in summer (February) (supp. information 
Table S3). The gross morphology and epithelium of the 
nonglandular uterus showed no seasonal variation, with 
ciliated cells in all individuals (Fig. 4D). Five females 
(October = 2, December = 3) had sperm in the lumen 
of the nonglandular uterus, and three of them with 
granules with similar histological staining to those found 
in the male's ductus deferentia.

The smallest follicle showing vitellogenic granules 
(determined by histology) measured  6.7 mm (Fig. 4A). 
Therefore, we considered all follicles larger than 6 mm 
as vitellogenic and follicles smaller than 6 mm as non-
vitellogenic. Vitellogenic females collected in October 
(early spring) had follicles with 6.4–10.2 mm diameter, 
and vitellogenic females in December (late spring) had 
follicles with 16.5–21.6 mm diameter. Non-vitellogenic 
females were collected in October (follicle diameter = 
4.1 and 4.9 mm; n = 1) and February (follicle diameter = 
3.1–3.5 mm ; n = 1). We found no gravid female. Potential 
clutch size (estimated by the number of vitellogenic 
follicles) ranged from one to five follicles (mean = 3.9 ± 

1.4 follicles; supp. information Table S1). However, most 
(6 out of 8) females had either four or five vitellogenic 
follicles.

Sexual dimorphism  
Adult females (n = 10) ranged from 225-311 mm SVL 
(285.0 ± 25.4 mm), and adult males (n = 13) ranged from 
198-254 mm SVL (232.6 ± 17.6 mm). Adult females were 
significantly larger and heavier than adult males, but 
adult males had relatively longer tails than adult females 
(Table 1). The SSD index was 0.225. We found no sexual 
dimorphism in head length, head height, and body width 
(Table 1).

Discussion

Seasonal activity
T. koppesi is endemic to the Cerrado and typical of 
open habitats (see Passos et al., 2006; Nogueira et al., 
2010; Pinto & Curcio, 2011; Pinto & Fernandes 2012). 
Scolecophidian snakes are usually small and slender, 
which may result in low thermal inertia (Christian et al., 
2006).  Parpinelli & Marques (2008) suggested that the 
lower temperatures in autumn and winter may explain 
the lower detectability of L. beui on the surface during 
this period. This hypothesis may also explain the surface 
inactivity we observed in T. koppesi between autumn 
and winter. The higher surface activity observed in spring 
coincides with the timing of mating in T. koppesi. In many 
snake species, the encounter rate of individuals increases 
during the mating season (Pizzatto et al., 2007).

Reproductive anatomy and cycles
Our results show that male T. koppesi are sexually 
active at least in spring (October), as evidenced by 
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Figure 4. Reproductive anatomy and histology of female T. 
koppesi from Santa Bárbara Ecological Station. A) Overview 
of the reproductive system of a vitellogenic female; I: 
intestine, Inf: infundibulum, GU: glandular uterus, LO: 
left ovary, NgU: non-glandular uterus, RO: right ovary. B) 
Infundibulum epithelium and receptacles; black arrow: 
sperm stored in the receptacle. C) Glandular uterus; black 
arrow: uterine glands, white arrow: sperm. D) Nonglandular 
uterus.

Trait Effect t/F df P

SVL (mm) sex 5.852 21 < 0.0001

Tail length (mm) slopes 0.098 1, 19 0.757

sex 24.114 1, 20 < 0.0001

Head length (mm) slopes 0.048 1, 19 0.828

sex 0.302 1, 20 0.589

Head height (mm) slopes 1.422 1, 19 0.248

sex 0.014 1, 20 0.908

Body width (mm) slopes 1.821 1, 12 0.202

sex 1.609 1, 13 0.227

Body mass (g) slopes 1.914 1, 19 0.183

sex 7.256 1, 20 0.014

Table 1. Sexual dimorphism in morphological traits of T. 
koppesi. Values in bold indicate significant differences at P 
< 0.05.

sperm production, sperm in the ductus deferentia, and 
hypertrophied SSKs. The occurrence of individuals with 
regressed seminiferous tubules in spring suggests that 
individual males show a discontinuous cycle (Mathies, 
2011). Discontinuous sperm production has also been 
observed in at least two scolecophidians: the typhlopids 
Anilios nigrescens from Australia (Shea, 2001) and 
Amerotyphlops brongersmianus from Brazil (Khouri et al., 
2020). Unfortunately, the lack of males and histological 
data from months other than October prevents us from 
inferring reproductive seasonality at the population 
level. Nevertheless, given the apparent inactivity on the 
surface and the low temperatures between mid-autumn 
and mid-winter (no specimen was collected between 
May and August), testes are likely inactive during this 
period. Spermatogenesis is seasonal in the typhlopids 
A. nigrescens and A. brongersmianus; however, sperm 
production peaks in summer – autumn in A. nigrescens 
and winter in A. brongersmianus (Shea, 2001; Khouri 
et al., 2020). In a Brazilian anomalepidid (Liotyphlops 
beui), Parpinelli & Marques (2015) suggested that 
spermatogenesis is continuous, but their suggestion lacks 
microscopic confirmation. Our data for T. koppesi suggest 
that the timing of spermatogenesis varies among the 
scolecophidians studied so far.

The presence of sperm in the lumen of the vagina 
and nonglandular uterus suggests recent mating (Siegel 
et al., 2011). Thus, our finding of sperm in these regions 
suggests that T. koppesi copulates at least in spring. The 
synchrony between spermiogenesis and mating defines 
male spermatogenesis as prenuptial (Saint-Girons, 
1982; Aldridge et al., 2020), which seems to be a basal 
characteristic in squamates (Aldridge et al., 2020). Mating 
in T. koppesi occurs with females either in early or late 
vitellogenesis. Consequently, females must store sperm 
in their reproductive tract for a short time until ovulation, 
which likely occurs in late spring-early summer.  In snakes, 
female sperm storage occurs in crypts in the nonglandular 
uterus, infundibular glands, or both (Siegel et al., 2011). 
In T. koppesi, we found no crypts that could serve as 
sperm storage receptacles. Thus, we hypothesise that the 
nonglandular uterus does not function for sperm storage. 
In contrast, we found sperm stored in infundibular glands 
(sperm receptacles) of various females collected in spring. 
Infundibular glands have been reported in leptotyphlopids 
and typhlopids, but their function as sperm receptacles 
in these scolecophidian families has been questioned 
because no sperm had been observed in them (Fox & 
Dessauer, 1962; Siegel et al., 2011). However, sperm 
storage in the infundibular glands was recently confirmed 
in the typhlopid A. brongersmianus (Khouri et al., 2020). 
Our finding of infundibular sperm storage in another 
scolecophidian family (Leptotyphlopidae) suggests that 
this feature appeared early in snake evolution. 

We suggest that female reproduction in this population 
is seasonal, with vitellogenesis and egg-laying occurring in 
spring – early summer. In a geographically close population 
(Itirapina, ~160 km), female T. koppesi were hypothesised 
to lay eggs in late spring (December) (Sawaya et al., 2008). 
We found no gravid female or egg-laying to confirm this 

hypothesis, but we suspect that female T. koppesi oviposit 
mostly in summer (January-February). Female squamates 
typically retain eggs in the oviducts after ovulation and lay 
them with partially developed embryos (mainly at limb 
bud stages; Shine, 1983; Blackburn, 1995). The duration 
of retention varies interspecifically but may last ≥ two 
weeks (Andrews & Mathies, 2000). We lack data on the 
embryo stage at oviposition for T. koppesi, but other 
scolecophidians appear to retain eggs longer than other 
snakes (Erasmus & Branch, 1983; Shine & Webb, 1990; 
Kamosawa & Ota 1996; Sandoval et al., 2020; see also 
Blackburn, 1995 to compare with other snakes). In the 
typhlopid Indotyphlops braminus from Japan, oviposition 
occurs about a month after ovulation (Kamosawa & Ota, 
1996). Since preovulatory females in our study occurred 
only in December (late spring), we suggest that female T. 
koppesi likely lay eggs from early to mid-summer (January 
– February). Female reproductive seasonality (with egg-
laying concentrated in summer) also occurs in many other 
scolecophidians and snake groups, including tropical 
species (Shine & Webb, 1990; Kamosawa & Ota, 1996; 
Webb et al., 2000; Webb et al., 2001; Ávila et al., 2006; 
Mathies, 2011; Parpinelli & Marques, 2015). By laying 
eggs in early to mid-summer, hatchings are likely to occur 
between mid-summer and early autumn, based on the 
incubation period (30–70 days) in other scolecophidians 
(Sandoval et al., 2020).

We suggest that the textured kidney found in T. 
koppesi reflects SSK development (Figs. 3A and 3E) 
and can be considered an indicator of sexual maturity. 
This is because the SSK development is related to male 
sexual activity and mating (Aldridge et al., 2011). The 
relationship between the SSK development and the 
textured aspect of the kidneys was also observed in the 
typhlopid A. brongersmianus (Khouri et al., 2020). The 
semen shows granules both in the ductus deferentia 
and the oviducts. These granules exhibit an acidophilic 
aspect in other squamates (Burtner et al., 1965; Sever & 
Hopkins, 2005). However, histochemical studies have yet 
to be conducted to clarify the function of these secretions 
in scolecophidians, although they have a glycoprotein and 
mucoprotein nature in other snake groups (e.g., Rojas et 
al., 2013; Silva et al., 2020). Our finding that female T. 
koppesi show only the right oviduct agrees with previous 
observations in other scolecophidians (Fox & Dessauer, 
1962).

Individuals of T. koppesi were found mostly in spring 
(Fig. 2), when most individuals are sexually active. In 
this period, there is a higher search activity for mates by 
males, which would increase the encounter rate (Pizzatto 
et al., 2007b). In spring, male and female T. koppesi 
also have more food content (M. Martins & B.F. Fiorillo, 
unpublished data), which may indicate that the snakes are 
optimising their foraging to store body fat and minimising 
exposure to predators, as seen in other Scolecophidians 
(Saint-Girons, 1982; Webb et al., 2000).  The seasonal 
activity pattern observed here (Fig. 2) is similar to that 
observed in another conspecific population (Sawaya et 
al., 2008), where the species was most active on the 
surface in spring.
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Sexual maturity, sexual dimorphism, and clutch size
As in other scolecophidians, males reach sexual maturity 
at smaller body sizes than females (Shine & Webb, 
1990; Webb et al., 2000;  Webb et al., 2001; Parpinelli & 
Marques, 2015). Scolecophidian species with mean SVL 
similar to T. koppesi (males = 220 mm, females = 250 mm) 
achieve sexual maturity at smaller SVLs than we found 
for our study species (smallest adult male = 198 mm, 
smallest adult female = 225 mm). Shine & Webb (1990) 
found that males and females of Anilios affinis reach 
sexual maturity with 172 and 206 mm SVL, respectively 
(average SVL in males = 206 mm; females = 252 mm), 
and Ávila et al. (2006) found that male and female A. 
brongersmianus reach sexual maturity with 180 and 211 
mm SVL, respectively (average SVL in males = 227.2 mm; 
females = 241.9 mm). This may indicate that T. koppesi 
mature at larger SVLs than other scolecophidians or that 
our sampling was insufficient to capture the variation in 
body size at maturity in this population.

Female T. koppesi were larger and heavier than males, 
as in other scolecophidians (Webb et al., 2001; Cox et 
al., 2007) and alethinophidians (Shine, 1994). Sexual 
size dimorphism is often attributed to sexual and natural 
selection (Shine, 1994). The female-biased SSD index of T. 
koppesi (0.225) resembles those reported in many snake 
species lacking male combat. Indeed, such behaviour has 
never been reported in scolecophidians (Shine, 1978, 
1994; Shine & Webb, 1990; Webb et al., 2000; Parpinelli 
& Marques, 2015). In the absence of male combat, 
female-biased SSD is attributed to selection for increased 
fecundity because larger females tend to produce larger 
clutches (Shine, 1994). Unfortunately, we could not test 
for such a relationship in this population of T. koppesi, 
but clutch size increases with maternal body size in many 
scolecophidians with female-biased SSD (Shine & Webb, 
1990; Webb et al., 2001).

Longer tails in males are a common feature in snakes, 
including scolecophidians (Shine & Webb, 1990; Webb 
et al., 2000; Parpinelli & Marques, 2015), and are 
usually attributed to the presence of hemipenes and 
associated muscles (King, 1989; Shine et al., 1999). 
However, this condition may also be advantageous in 
tail wrestling during courtship (King, 1989; Shine et al., 
1999). There is no record of reproductive aggregation 
in T. koppesi, but such behaviour has been reported in 
some scolecophidians (McCoy, 1960; Shine & Webb, 
1990; S. M. Almeida-Santos, unpublished data). Thus, 
male scolecophidians may also benefit from larger tails in 
reproductive aggregations. The lack of sexual dimorphism 
in head size agrees with results for other scolecophidians 
(Webb et al., 2000). In snakes, sexual dimorphism in head 
size may reflect sex divergences in dietary niche (Shine, 
1993). Thus, similarity in head size between the sexes 
may reflect the consumption of similar-sized food items.

Clutch size of T. koppesi was estimated by counting 
vitellogenic follicles (3-5) and is smaller than what 
was reported for a nearby conspecific population 
(5-7 eggs; Sawaya et al., 2008) and other similar-sized 
scolecophidians such as the typhlopids A. affinis (mean 
SVL = 252 mm) and A. brongersmianus (mean SVL = 241 

mm) (3 and 4-5 eggs, respectively; Shine & Webb, 1990; 
Ávila et al., 2006). Inferring clutch size from vitellogenic 
follicles may sometimes overestimate clutch size 
because not all the vitellogenic follicles may be ovulated 
(Almeida-Santos et al., 2014). Nevertheless, our clutch 
size estimate is still smaller than that reported by Sawaya 
et al. (2008). Small clutches are common in small-sized 
snakes (including scolecophidians) and likely reflect 
space constraints within the female's body since clutch 
size tends to be correlated with body size (Shine & Webb, 
1990; Webb et al., 2000). Small clutches also seem to be 
characteristic of several unrelated fossorial snakes (e.g., 
Marques & Puorto, 1998; Balestrin & Di-Bernardo, 2005; 
Braz et al., 2014; Braz et al., 2019).

Here, we show that female T. koppesi reproduce 
seasonally, with ovulation and egg-laying occurring in 
the warmer seasons, as observed in other basally split 
snakes. We also show that females lack the left oviduct, 
like other scolecophidians. The patterns of sexual 
dimorphism observed here may help to understand 
other aspects of scolecophidian reproductive ecology, 
such as breeding aggregations. Although male and 
female T. koppesi are reproductive in spring (when most 
individuals are active on the surface), we found some 
reproductive asynchrony between the sexes. Therefore, 
females store sperm in infundibular glands, a strategy 
rarely reported in scolecophidians. Thus, our study 
shows how scolecophidians still need to be studied, and 
the novelties we found can help to understand several 
other aspects of the biology and evolution of this group.
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Introduction

Secondary sexual traits have evolved through 
sexual selection, by female preference, inter-male 

competition or, in some cases, both (Zahavi, 1975; 
Berglund et al., 1996; Lailvaux & Irschick, 2007). In this 
context, many species have developed signals that can 
also indicate the level of other fitness-relevant traits such 
as fight ability (Emlen, 2008; Putman et al., 2018).  Males 
can express this information in the form of colouration or 
ornamentation. Conspecific males interpret such signals 
to evaluate possible competitors, and females use this 
information to evaluate potential mates (Berglund et 
al., 1996). Traits that honestly signal fighting ability are 
advantageous as they can predict contest outcomes and, 
thus, males can avoid unwinnable physical combats and 
the costs associated with them (Andersson, 1994). 

To establish whether a signal is reliable, the trait 
should be evaluated as to whether the size/shape or 
colouration of a secondary sexual character is predictive 
of ecologically relevant performance abilities (Perry 
et al., 2004). Different studies demonstrate that male 
secondary sexual signals express reliable information, 
demonstrating a direct relationship between the signal’s 
design (mainly size and colour) and the fighting ability 
of its possessor expressed as bite force (e.g. Jennions & 
Backwell, 1996; Lailvaux & Irschick. 2007). 

Signals inherent involve costs, more conspicuous 
signals (or more time devoted to signalling) are more 
likely to attract predators or be energetically costly 
to develop (Engqvist et al., 2015).  One long-standing 
hypothesis about secondary sexual signals suggests that 
their honesty or reliability is related to how costly they 
are to produce and maintain (Lailvaux et al., 2012).  An 
example of this is carotenoid-based colours (i.e. yellow/
red spectrum), which are appropriate for honest signalling 
due to the costs related to pigment acquisition and the 
trade-offs between energetic allocation in ornaments 
against other metabolic processes such protection 
against oxidative DNA damage (de Lanuza et al., 2014).

The genus Anolis is characterised by having an 
extendible throat fan called a dewlap. The dewlap is a 
versatile signal structure being used in different contexts 
as a fundamental part of sexual/territorial display 
behaviours (Vanhooydonck et al., 2005). The dewlap 
extension is used as a threat or challenge to other 
males and predators (Jenssen et al., 2001) and to attract 
potential mates. Females show preference for males with 
certain dewlap characteristics and are more receptive to 
these males performing dewlap extensions (Greenberg 
& Noble, 1944; Crews, 1975). Studies have evaluated the 
relationship between dewlap size and fighting capacity 
(i.e. bite force) in anoles species with mixed results 
depending on the species (Vanhooydonck et al., 2005), 
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level of sexual dimorphism (Lailvaux & Irschick, 2007), 
territoriality (Vanhooydonck et al., 2005) and level of 
within-population competition (Baeckens et al., 2018). 

Here we aimed to analyse if dewlap size and dewlap 
colouration were reliable signs of a male’s bite force and 
if there is any physiological cost associated with these 
signals (using telomere attrition) in captive Jamaican 
anoles (Anolis grahami, Gray 1845). Consistent with 
previous studies, we expected dewlap size to be a good 
predictor of bite force, more importantly we predicted 
that there would be a biological cost associated with 
more intense coloured dewlaps.

Methods

Subjects
During this experiment 10 adult males, of unknown age, 
were used for data collection. All animals were hand caught 
in Nonsuch Island, Bermuda and transported by air to 
Chester Zoo, under licence 16-07-05-46, after clearance from 
a veterinary surgeon. A. grahami, despite being an invasive 
species in Bermuda is the most observed lizard on the island 
(Bacon et al., 2011).  Subject animals weighed on average 
10.20±2.12 g and had a snout-ventral length of 6.65±0.30 
cm and all individuals  in this experiment exhibited breeding 
behaviour over the course of this study.

All the experimental methods described here were 
approved by the Chester Zoo’s Ethics Committee, UK and 
conform to all regulations and laws in all relevant countries 
in relation to care of experimental animal subjects. 
Additionally, we can confirm, from our post-experimental 
monitoring that no animals suffered any injuries, became 
ill or had their survivorship negatively affected as a result of 
this study. 

Lizard housing
Lizards were kept as a group of one male and two females in 
ExoTerra 60 cm x 45 cm x 90 cm screen terrariums inside an 
isolated and temperature-controlled room at Chester Zoo, 
UK. A 12 hour photo period was maintained with an average 
temperature of 30° C during the day and 24° C at night. 
Temperature and humidity (around 60 %) were monitored 
with a thermometer/hygrometer. Each terrarium was 
supplied with a basking lamp, soil substrate, and a potted 
plant. The terraria were sprayed daily with water, and 
lizards were fed live crickets 3 times a week.  The side of 
the terrariums were covered with black plastic between 
adjacent terrariums to avoid visual contact between 
different lizard groups.

Dewlap area
To obtain a reliable measure of dewlap size, lizards were 
positioned sideways side against 1 cm2 grid paper and the 
base of the second ceratobranchial was carefully pulled 
forward with a pair of forceps until completely extended 
(Fig. 1). Before taking a digital picture, animals were placed 
in such a manner that the extended dewlap was parallel to 
the lens of the camera (Canon PowerShot SX520HS digital 
camera). All measurements were made in an identical 
manner using the same settings on the camera.  We 

calculated the total dewlap area for each individual using 
ImageJ software (Schneider et al., 2012). 

Dewlap colouration
We used a USB-2000 portable diode-array spectrometer 
and a PX-2 xenon strobe light source (both from Ocean 
Optics, Dunedin, USA) to perform spectrophotometric 
measurements. Spectral analyses were conducted in the 300 
and 700 nm range. Spectral reflectance measurements were 
always taken of each male from the centre of the dewlap, 
three measurements per lizard. Spectralon white standard 
measurements were taken between each individual to 
account for lamp drift. We calculated the colorimetric 
parameters using the Pavo package (Maia et al, 2013) for R 
studio (R Studio Team, 2015): brightness (mean reflectance 
across 320–700 nm), hue (wavelength corresponding to 
[{max reflectance−min reflectance}/2]), and red chroma 
(sum of reflectance from 605–700 divided by brightness).
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Figure 1. Jamaican anole (Anolis grahami) having its 
dewlap fully extended with the use of forceps for total area 
measurement.
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Bite force
We induced the lizards to bite a force transducer by 
tapping them gently on the side of the mouth, this 
method resulted in a characteristic threat response 
where the jaws are opened maximally. Lizards were 
held by the researcher for immobilisation and then 
encouraged to bite a force sensitive resistor connected 
to force a transducer and charge amplifier (Kistler Inc., 
Winterthur, Switzerland).  When the free end of the 
holder (i.e. bite plates) was placed between the jaws 
of the animal, prolonged and repeated biting resulted. 
The force resistor placement on the lizards’ mouth 
was standardised for all animals. For more detailed 
descriptions of setup and biting procedure, see Herrel et 
al. (1999). The bite force of all lizards were measured five 
times and only the maximum value was used for analysis.

Telomere erosion
To analyse telomere erosion, animals were swabbed using 
a buccal swab twice over a six months interval. Swabs 
were placed in tubes with dry capsules for stabilisation 
until laboratory analysis. After a DNA extraction using a 
DNeasy Blood and Tissue Kit (Qiagen, Australia), a real-
time quantitative PCR (qPCR) allowed the measurement 
of telomere length. Telomere primers to used were: Telb1 
(5'-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3') 
and  Telb2 (5 '-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 
-3').  The 18S ribosomal RNA (18S) gene (92 bp in 
Anolis) was selected as the reference gene as it had 
previously been successfully used in a reptile (Plot 
et al., 2012). The primer sequences used were 18 
S-F (5'- GAGGTGAAATTCTTGGACCGG -3') and 18 S-R 
(5'- CGAACCTCCGACTTTCGTTCT -3').  The qPCR was 
performed in a final volume of 20 µl for both telomeres 
and 18S. 10 ng of DNA was used per reaction, and the 
primers at a concentration of 250 nM. Reactions were 
run in triplicate for each sample. The measurement of 
the relative telomere length was calculated by using an 
adaptation of the qPCR method described by performed 
following protocol described by Giraudeau et al. (2016) 
and Dutra et al. (2020). The relative telomere length 
calculation consisted of the ratio of telomere repeat copy 
(T) to the reference gene (S; 18S) copy number (S); T/S. 

Statistical analysis
Prior to statistical analyses, data on bite force was log10  
transformed to meet the assumptions of normality and 
homoscedascity (Shapiro-Wilk’s test with W≥ 0.95).
To remove the influence of body size on the variables, 
we used analyses of covariance (ANCOVAs) with SVL as 
covariate. To test if dewlap size and colour were a good 
predictor of a male’s bite force and telomere attrition we 
used ANCOVA with size as a covariate. We used RStudio 
version 1.2.5033 (R Studio Team, 2015) for all statistical 
analyses.

RESULTS

The ANCOVA analysis showed that dewlap size was 
positively significant for bite force (F1,8=5.6, p=0.05). The 

dewlap colouration analysis was positively significant 
for brightness against bite force (F1,8=10.6, p=0.01), and 
telomere attrition (F1,8=7.17, p=0.03). Yellow chroma 
(F1,8=8.09, p=0.02), red chroma (F1,8=6.26, p=0.03), and 
hue (F1,8=5.67, p=0.04) were positively significant for 
telomere attrition. All other analyses did not result in 
statistically significant relationships.

DISCUSSION

Our results show that dewlap size and colour intensity 
were honest predictors of an individual’s bite force. 
Our analysis also demonstrated that intense dewlap 
colouration is associated with higher telomere attrition 
rates, thereby indicating a possible cost of this trait for 
the individual.

A. grahami are highly territorial lizards, with males 
defending their territories with visual displays, including 
dewlap extensions (Vanhooydonck et al., 2005). 
The reliability of such display could avoid the costly 
interactions physical combats may impose through bites 
during male-male competition (Andersson, 1994).  Our 
results agree with previous studies showing that dewlap 
size is a reliable sign of combat performance, as measured 
by bite force. Previous studies have shown a relationship 
between bite force and combat success, especially in 
Anolis species with high sexual dimorphism (Lailvaux & 
Irschick, 2007), such as A. grahami. This study reinforces 
the idea that dewlaps, among other signals, can act as 
a reliable indicator of combat ability to rival individuals; 
thereby, avoiding potentially physically damaging fights 
(Lailvaux & Irschick, 2007). 

The red colouration observed on dewlap of adult male 
A. grahami is associated with carotenoids (Macedonia 
et al., 2000) which are commonly obtained thought diet 
and they are an important antioxidant defence against 
reactive oxygen radicals (McGraw, 2005; Freeman-
Gallant et al., 2011). Pigment allocation to increase 
brightness of colourful ornaments could reduce the 
availability of carotenoids for use as antioxidants and, 
thereby, could increase DNA damage (McGraw & Ardia, 
2003), leading to telomere attrition. A pioneering study 
on Australian painted dragons (Ctenophoruspictus) 
demonstrated this trade-off between telomere attrition 
and colour maintenance for signalling in a lizard species 
(Giraudeau et al., 2016), similar evidence has also been 
found in birds (Taff & Freeman-Gallant, 2017). Our results 
support these findings suggesting that the maintenance 
of carotenoid-based colouration could lead to telomere 
shortening.   

A central idea of life-history theory is that investment 
in present reproduction reduces survivorship and, 
consequently, future reproduction (Cox & Calsbeek 
2010; Cox et al., 2010).  The foundation for this 
hypothesis is that organisms that prioritise breeding over 
cellular maintenance (such as antioxidant production) 
often age quicker, having shorter life spans and higher 
rates of telomere attrition (Ricklefs & Wikelski, 2002). 
Physiological explanations for the trade-off are grounded 
in the notion that these two components compete for 
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limited energy and nutrients (Zera & Harshman, 2001).  
Laboratory and field manipulations have demonstrated 
this prediction with respect to different physiological 
processes including DNA repair and resistance to oxidative 
stress using different species, including Anolis lizards (Cox 
et al., 2010). Our results support this hypothesis with 
male anoles investing in reproduction now at the cost of 
accelerated telomere attrition.  Male anoles, by investing 
in an intense dewlap colouration, increase their chances 
of reproduction, as it has been shown that females have 
a preference for intense coloured dewlaps (Sigmund, 
1983). If telomere attrition is, in fact, associated with 
increased senescence in anole lizards, then maintaining 
dewlap coloration with the associated benefits in terms 
of reproductive success but at the expense of longevity 
may be favoured by increasing reproductive output. 
Within a polygynous mating system, males can maximise 
reproductive success by monopolising females through 
male-male contests such as dewlap displays (Orrell & 
Jenssen, 2002). The breeding strategy Anolis consists of  
females laying multiple clutches of single eggs during a 
prolonged season (Cox & Calsbeek, 2010), giving males 
the opportunity to sire multiple batches of offspring in 
one breeding season. 

In summary our results support previous studies 
showing that dewlap size and colouration are honest 
signals of bite force, but that these come with physiological 
costs. More studies using free-ranging animals and 
larger sample sizes are necessary to better understand 
this trade-off, including additional measurements such 
as circulating carotenoids and reactive oxygen radicals 
to fully understand the link between carotenoid-based 
colouration and telomere attrition (i.e., longevity).
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We studied the embryonic morphology of Physalaemus camacan and P. signifer, two small foam-nesting frogs endemic to the 
Atlantic Forest. We analysed the development of transient embryonic structures and of the larval oral disc. These embryos have 
features typical of most congeneric species, such as the kyphotic dorsal curvature, three pairs of gills and the configuration of 
hatching and adhesive glands. Main differences regarding embryos of the P. cuvieri clade are the larger size and yolk provision 
at tailbud stage, less developed external gills and an apparently novel pattern of oral marginal papilla ontogeny. While some 
shifts could be correlated with variant modes of oviposition, others appear to be developmental modifications not related with 

ecomorphological aspects.

Keywords: adhesive glands, external gills, hatching gland, Leiuperinae, oral disc.

Introduction

The Neotropical genus Physalaemus (Fitzinger, 1826) 
currently includes 50 species (Frost, 2021) grouped 

into two major clades (sensu Lourenço et al., 2015): P. 
signifer clade (with P. nattereri and phenetic species 
groups of P. signifer and P. deimaticus) and P. cuvieri 
clade (with P. aguirrei, P. cicada and the species groups 
of P. biligonigerus, P. cuvieri, P. gracilis, P. henselii and 
P. olfersii). These species reproduce in a wide variety of 
environments, like rainforests to seasonal habitats (Cei, 
1980; Heyer et al., 1990), and have a broad geographic 
distribution across northern and central Argentina, eastern 
Bolivia, Paraguay, Uruguay, Brazil, the Guianas, lowlands of 
southern Venezuela, and llanos of south-eastern Colombia 
(Frost, 2021). Species of Physalaemus generally deposit 
eggs in foam nests and tadpoles develop in puddles (Lynch, 
1971). The foam nests are interpreted as an adaptation to 
environments with sparse rainfall, high temperature, and 
intense solar radiation, as they are suggested to provide 
protection for these and many other factors (Heyer, 1969; 
Duellman & Trueb, 1986; Méndez-Narváez et al., 2015). 

	Frogs of the P. signifer clade are endemic to the 
Atlantic Forest and breed in or close to small puddles 
inside the forest (Pupin et al., 2010). While most species in 
the genus build foam nests on the water surface, several 
species of this clade inhabiting forested environments 

exhibit a tendency toward terrestrial reproduction (Pupin 
et al., 2010). This has been reported in P. atlanticus, P. 
bokermanni, P. caete, P. crombiei, P. erythros, P. signifer 
and P. spiniger, which may build their foam nests directly 
on the humid forest floor, tree holes, axils of bromeliads, 
or between leaves on the floor (reviewed in Pupin et al., 
2010, 2018). P. signifer is distributed in the Brazilian States 
of Bahia, Espírito Santo, Rio de Janeiro and São Paulo; these 
frogs build foam nests on the forest floor near small water-
bodies (Wogel et al., 2002). P. camacan has apparently 
a more restricted distribution, and it is only reported in 
localities of Bahia; the species is known to reproduce in 
small shallow ponds inside forest patches (Pimenta et 
al., 2005).  During field-work in breeding areas, we found 
vocalising males and foam nests among leaves on humid 
soil, making this the first report of terrestrial nests for this 
species.

	The early ontogeny in frogs has acquired a renewed 
interest, since comparative studies have shown the wide 
morphological and heterochronic variation potentially 
informative for interpretations about species diversification 
and evolution (e.g., Nokhbatolgfoghahai et al., 2005; Vera 
Candioti et al., 2016). In Physalaemus, the embryonic 
morphology has been explored comparatively in previous 
studies. Vera Candioti et al. (2011) studied the development 
of the oral disc, and later, Grosso et al. (2019) studied the 
embryonic morphology and heterochronic development 

https://doi.org/10.33256/32.2.8592
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by the operculum (GS24; Figs. 1I  and 3D), and finally the 
left gill regresses and the spiracle is formed (GS25; Fig. 
6C,D). Limb buds differentiate before (P. signifer) or shortly 
after (P. camacan) the complete formation of the spiracle. 
Adhesive glands become less prominent throughout 
this lapse, and the secretory region starts to regress 
concomitant with the right gill regression (Fig. 3D). Body 
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Figure 1. Developmental series of Physalaemus signifer. (A) 
Embryo at tailbud stage. (B) Differentiation of the first gill 
pair. (C) Differentiation of the second gill pair. (D–E) First 
and second gill pairs branched. (F) Operculum at the gill 
base. (G) Gills at full development. (H) Operculum medially 
fused. (I) Right gill concealed. Scale bar = 2 mm.

Figure 2.  Hatching gland in embryos of Physalaemus 
signifer. (A) Dorsal view showing gland arrangement 
(dotted area). (B) Distribution of secretory (white arrows) 
and epidermal cells. (C) Individual secretory cell with 
microvilli. Note the short third gill pair almost covered by 
the developing operculum (red arrow). Scale bars = 200 μm 
(A) and 5 μm (B, C).

Figure 3. External gill and adhesive gland development in 
Physalaemus signifer. (A) Embryo with operculum at the gill 
base, showing details of the left gill and left adhesive gland. 
(B) Embryo with operculum medially fused, and details 
of right gill and left gland. (C) Embryo with operculum 
medially fused and gills starting regression, and details of 
right gill and right gland. (D) Concealment of the right gill, 
and details of left gill and left gland. Scale bars = 200 μm 
(left column), 100 μm (middle column) and 10 μm (right 
column).

Figure 4. Body ciliation in embryos of Physalaemus signifer. 
(A) Maximum density of ciliated cells in the abdominal 
region of a specimen with operculum at the gill base. (B) 
Ciliation regressing from right gill concealment. Scale bars 
= 5 μm.
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in twelve species of the genus. These studies included only 
species from the P. cuvieri clade with oviposition in aquatic 
foam nests; therefore, information on the P. signifer clade 
is needed to complete the comparative panorama of the 
genus. In this study, we explore the early ontogeny in P. 
camacan and P. signifer, two species representative of the 
P. signifer clade with terrestrial foam nests. We describe 
morphological and developmental diversity in embryonic 
and larval characters, compare with information available 
for species of the P. cuvieri clade, and discuss our results in 
the context of early development in aquatic and terrestrial 
environments.

MATERIALS & Methods

We analysed embryonic series of P. camacan and P. 
signifer, obtained from clutches and from amplectant 
adults collected in the field. Embryos are deposited in the 
amphibian collection of the Universidade Federal do Sul 
da Bahia (UFSB517, P. camacan: municipality of Itabuna, 
Campus from the Universidade Estadual de Santa Cruz – 
UESC, State of Bahia, Brazil, 14°47'46.7" S, 39°10'19.7" W; 
UFSB515 and UFSB516, P. signifer: municipality of Porto 
Seguro, State of Bahia, Brazil, 16°23'19.2" S, 39°10'07.5" 
W).  In all cases foam nests were found on humid soil and 
placed among leaves. Vocalising males and amplectant 
pairs of each species were found near the nests in both 
locations, and no other congeneric frogs were active at 
that moment. Additionally, some embryos were reared 
until older larval stages to confirm species identity. 
Clutches were moved and maintained in containers with 
puddle water and under natural conditions of light and 
temperature. The specimen manipulation was carried 
out following the recommendations in the Guidelines for 
Ethical Conduct in the CEUA-UFBA protocol (43/2017). 
Embryos were euthanised every 6–8 h by immersion in 
water with lidocaine, and then preserved in 8 % formalin. 
We focused on the period between tailbud stage and 
emergence of hind limbs and complete development of 
the oral disc (from Stage 17 to 18 to 26; Gosner, 1960: here 
abbreviated as GS). We studied a total of 98 embryos of 
P. signifer (two clutches) and 49 embryos of P. camacan 
(one clutch); while the ontogenetic series of P. signifer is 
complete, the series of P. camacan unfortunately lacks the 
earliest stages (the first available embryos already had the 
operculum differentiated at the gill base). Specimens were 
examined and photographed with a stereomicroscope 
Leica EZ4E. Methylene blue solution was used to contrast 
structures such as gills, adhesive glands, and oral papillae 
(Wassersug, 1976). Additionally, nine embryos of P. 
signifer were dehydrated using serial dilutions of ethanol 
and coated with gold to perform scanning with a Zeiss 
Supra 55VP electron microscope at Centro Integral de 
Microscopía Electrónica–CIME– (CONICET, Tucumán). The 
images were obtained mainly from a ventral view because 
of the arrangement of most morphological structures. The 
characterisation of transient embryonic structures follows 
Nokhbatolfoghahai & Downie (2005, 2007, 2008) and 
Nokhbatolfoghahai et al. (2005). The oral disc development 
was described following Thibaudeau & Altig (1988) and 

Vera Candioti et al. (2011). The definitive configuration 
of the oral disc was determined by comparison with the 
original tadpole description (e.g., Weber & Carvalho-e-
Silva, 2001; Pimenta et al., 2005). In addition, we followed 
Grosso et al. (2019) to register the embryo body length 
and area, yolk area and the extent of dorsal curvature at 
tailbud stage (this latter measured in lateral view, as the 
angle subtended by the body from a dorsal midpoint), 
and the length of the primary filament of first gill pair 
as an indicative of gill development. Measurements 
were taken from photographs in lateral view, using the 
Leica Application Suite software (V4.4.0) and areas were 
estimated using the software Image J.

RESULTS

The following description represents the main 
developmental changes in early development for both 
focused species and are mostly based on P. signifer (Figs. 
1-5 and 7B); differences regarding P. camacan (Figs. 6 and 
7A) were highlighted whenever necessary.  Gosner (1960) 
stages are estimated from embryo general aspect and 
consigned when possible. Measurements are summarised 
in Table 1; to facilitate intrageneric comparisons, values 
from Grosso et al. (2019) for species in the P. cuvieri clade 
were included in Table 1.

At tailbud stage (GS17-18; Fig. 1A), embryos are 
about 2 mm long, unpigmented, and markedly kyphotic 
(average dorsal curvature ca. 97°), curved over a large 
subspherical yolk mass that occupies ca. 50 % of the body 
surface area.  Later, the first gill pair buds are visible on 
both sides of the cephalic region (GS19; Fig. 1B). Type-C 
adhesive glands (sensu Nokhbatolfoghahai et al., 2005) 
differentiate and are visible as two bumps posterolateral 
to the stomodeum. The second pair of gills differentiate 
(GS19-20; Fig. 1C) and both pairs start to branch (GS20-
21; Fig. 1D,E). The hatching gland is evident as revealed 
by ultrastructural analysis in P. signifer. Hatching cells 
are arranged in a T-shaped area, frontally and along a 
long dorsal line (Fig. 2A); individual cells are scattered 
in a discontinuous patch (Fig. 2B) and show rather short 
microvilli (Fig. 2C). When the tail reaches the body length, 
a short third gill pair develops (Fig. 2A). At this point, a 
slight pigmentation appears, with the first melanophores 
occurring dorsally on the cephalic region and the proximal 
tail. Gills at full development reach only the first third of the 
body length (Fig. 3A). Gills are branched and ciliated; the 
first pair is the longest and branches into 6-8 (P. signifer; 
Fig. 3A,B) or 5 (P. camacan; Fig. 6A,E) filaments, with the 
primary filament being the longest (0.43 and 0.55 mm in 
both species, respectively). The second pair has 5-6 (P. 
signifer) or 4-5 (P. camacan) filaments, and the third pair 
remains very short, non or scarcely branched, and almost 
covered by the operculum margin. Adhesive glands are 
conical, prominent, with small secretory cells arranged at 
the central region (Fig. 3A). As development progress, the 
operculum differentiates at the gill base (GS22-23; Figs. 
1F,G, 3A and 6A), later fuse medially (Figs. 1H, 3B, and C) 
(before gills reach full development in P. camacan; Fig. 
6B), and gills begin regression. The right gill is concealed 
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phylogenetic analysis, this feature could maintain the 
status as a putative synapomorphy of Physalaemus, with 
an instance of reduction to two pairs in the P. henselii 
species group. Regarding adhesive glands, Grosso et 
al. (2019) recovered the morphogenetic type C as the 
plesiomorphic state for Leiuperinae, and accordingly, 
glands in P. camacan and P. signifer have the same 
morphology and development as those described for 
most Physalaemus and Pseudopaludicola. Likewise, the 
configuration of the hatching gland and the general 
morphology of hatching gland cells are like those of other 
Physalaemus. Finally, hind-limb development follows a 
similar pattern as in Engystomops + Physalaemus clade, 
with limb buds differentiating almost simultaneously 
with spiracle formation.

Combined with these features overall conserved at 
the generic level, some traits appear to be distinctive for 
species of the P. signifer clade. Species studied are almost 
identical in development, with some slight variations in 

differentiation of hind-limb buds (earlier in P. signifer) and 
medial fusion of the operculum (earlier in P. camacan). 
Main differences of these species regarding most 
members of the sister clade P. cuvieri are related to egg/
embryo size, gill development and the ontogeny of the oral 
marginal papillae. Some of these transformations could 
be correlated with the different modes of oviposition, 
but others appear to be developmental modifications 
not related with ecomorphological aspects. 

Previous reports highlight differences in clutch 
and egg sizes of species of the P. signifer clade as 
compared with congeneric species: while egg number is 
significantly higher in species with aquatic oviposition, 
egg size is larger in species with terrestrial nests (Pupin et 
al., 2010). Large eggs usually develop into large embryos 
with increased yolk provision (Salthe & Duellman, 1973).
Although our small sampling prevents us from definitive 
conclusions, preliminary observations indicate that early 
embryos of P. signifer clade are larger and provisioned 
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TB GFD

Species N
BL 

(mm)

BA 

(mm2)

YA 

(mm2)

YP

 (%)

DC 

(°)
N

FGF

(mm)

P. signifer 4 2.01 ± 0.07 1.06 ± 0.07 1.12 ± 0.08 51 96.9 ± 0.01 6 0.43

P. camacan - - - - - - 3 0.55

P. aff. albonotatus 8 1.53 ± 0.1 1.13 ± 0.19 0.48 ± 0.05 42.5 66 ± 5.06 12 0.73

P. albifrons 2 1.40 ± 0.04 1.12 ± 0.1 0.38 ± 0.01 33.7 46 ± 5.66 8 0.79

P. albonotatus 7 1.50 ± 0.06 1.16 ± 0.04 0.44 ± 0.08 38 62 ± 2.98 14 0.91

P. biligonigerus 5 1.65 ± 0.06 1.3 ± 0.14 0.52 ± 0.13 40 75 ± 2.88 8 0.68

P. carrizorum 3 1.90 ± 0.06 1.94 ± 0.08 0.91 ± 0.07 46.8 80 ± 2 7 0.97

P. cicada - - - - - - 5 0.84

P. cuvieri 3 1.55 ± 0.12 1.86 ± 0.04 0.77 ± 0.15 41.5 63 ± 4.5 6 0.72

P. fernandezae - - - - - - 5 0.30

P. gracilis - - - - - - 8 0.75

P. henselii - - - - - - 3 0.25

P. riograndensis 3 1.36 ± 0.14 0.96 ± 0.17 0.46 ± 0.03 48 64 ± 2.31 15 1.04

P. santafecinus 3 1.43 ± 0.09 1.21 ± 0.1 0.57 ± 0.03 47 71 ± 2.52 10 0.69

Table 1. Measurements of embryos at tailbud stage and gill aspects for species of Physalaemus. Absolute values are 
given as average ± standard deviation (excepting the first gill filament where only the longest is consigned), and those 
corresponding to species from the P. cuvieri clade are taken from Grosso et al. (2019). Tailbud stage (TB): Body length 
(BL), Body area (BA), Yolk area (YA), Yolk proportion (YP), Dorsal curvature (DC); Gill at full development (GFD): First gill 
filament (FGF); number of specimens (N). Cells with (-) indicate that embryos were not available for those measurements.
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ciliation also changes during the embryonic ontogeny: 
from large, densely arranged ciliated cells of embryos 
with fully developed gills (Fig. 4A), cells become smaller 
and sparsely disposed during gill occlusion (Fig. 4B). The 
development of the oral disc begins concomitant with the 
differentiation of the operculum, when a curved upper lip 
and a slightly indented lower lip are evident. Later, labial 
tooth ridges begin differentiation, starting with rows A1, 
P1, P2 (Fig. 5A) and followed by A2 (Figs. 5B and 6F). The 
marginal papillae appear at commissures (Fig. 5C) and row 
P3 differentiates as a transverse ridge distal to P2 (Fig. 5D). 
Marginal papillae development progresses medially (Fig. 
5E), until large, rounded, widely spaced papillae surround 
the whole lower lip (Figs. 5F and 6I). Ventrolateral gaps are 
apparently not defined, but the lower lip in embryos of P. 
camacan shows two shallow, transient indentations that 
could be comparable (Fig. 6G,H). Keratinisation of the jaw 
sheaths and labial ridges (i.e. serrations and labial teeth) 
completes after the soft mouthparts are formed. The 
larval oral disc shows a C3 pattern (sensu Vera Candioti 
et al., 2011), consisting of a LTRF 2(2)/3(1) and complete 
lower marginal papillae. Finally, in the digestive tract, the 
first coils develop shortly after gills are fully developed and 
row P3 is differentiated in the oral disc; yolk persists after 
the spiracle is formed (Fig.7).

DISCUSSION

Embryonic morphology is, in general, conserved in 
species of Physalaemus (see Vera Candioti et al. 2011; 
Grosso et al. 2019), and, with some slight differences, 
the close similarity between embryos of P. camacan 
and P. signifer and regarding congeneric species was 
expected. Grosso et al. (2019) recovered some putative 
morphological and heterochronic synapomorphies for 
embryonic Physalaemus, but since no representatives 
of the P. signifier clade are included in that analysis, 
the authors highlighted that those features could 
indeed define the P. cuvieri clade. Small size (less than 
2 mm), deeply kyphotic dorsal curvature, and lack of 
pigmentation at tailbud stage are common to most 
species of Physalaemus including the two in this study; 
they are shared with embryos of Engystomops and some 
widespread among other leiuperines. Also, like most 
congeneric species, P. camacan and P. signifer develop 
three pairs of gills. After inclusion of these species in a 
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Figure 5. Development of the oral disc in Physalaemus 
signifer. (A) Embryo with fully developed gills, showing rows 
A1, P1 and incipient P2. (B) Embryo with operculum at the 
gill base showing differentiated row A2. (C) Embryo with 
operculum medially fused and developing marginal papillae 
(PP). (D) Embryo with operculum medially fused and row 
P3. (E) Embryo with regressing gills and marginal papillae 
progressing medially. (F) Embryo with right gill concealed and 
complete marginal papillae. Scale bars = 100 μm.

Figure 6. Developmental series of Physalaemus camacan. 
(A) Embryo with operculum at the gill base. (B) Operculum 
medially fused. (C) Gills concealed. (D) Hind limbs at Gosner 
Stage 26. (E) Detail of the gills in the specimen figured in (A). 
(F–I) Development of the oral disc, from specimens with 
operculum at the gill base to gills concealed. Note the lower 
lip with small ventrolateral indentations (white arrows). Scale 
bars = 2 mm (A–D), and 0.5 mm (E–I).

Figure 7. Development of the digestive tract. (A) Physalaemus 
camacan, showing the beginning of coiling in a specimen 
with operculum medially fused. (B) Physalaemus signifer, 
showing coiling progression from the stage of medially fused 
operculum to left gill regression. Scale bars = 0.5 mm.
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with proportionately more yolk than known embryos of 
the P. cuvieri clade (Table 1). Persistence of yolk in the 
developing digestive tract is also longer than in other 
Physalaemus (Grosso et al., 2019). Yolk supply may 
ensure survival of embryos within the nests, and it likely 
represents an advantage for hatchlings in terrestrial nests 
that depend on being flooded or washed away to water 
bodies for further development (Salthe & Duellman, 
1973; Pupin et al., 2010, 2018). A similar correlation 
between embryo size, yolk proportion, and persistence of 
hatchlings within the nests is reported for embryos of the 
Leptodactylus fuscus species group that develop in nests 
in underground galleries (Downie, 1984; Grosso et al., 
2017). Interestingly, size differences between embryos of 
P. signifer and P. cuvieri clades persist at older embryonic 
stages (GS 24–26; Oliveira et al., unpubl. data) but reverse 
in larval and postmetamorphic periods, rendering the 
tadpoles and adults of P. signifer and P. camacan among 
the smallest in the genus (Weber & Carvalho-e-Silva, 
2001; Pimenta et al., 2005). The initial investment in 
body growth at the expense of yolk provision, along with 
a likely later beginning of active feeding suspected from 
the yolk persistence in the digestive tract, could explain 
these differences in proportional size-increase from 
embryos to tadpoles to adults in species of Physalaemus.
From a functional perspective, large size and yolk 
provision could be only essential for these embryos at 
first feeding in their aquatic environments, in a context 
of interspecific competition or uncertain availability of 
food resources.

Except for species of the P. henselii group, gills are 
in general well developed in Physalaemus (Grosso et 
al., 2019). Within the genus, gills are larger and more 
branched in embryos of P. cicada and species of the P. 
cuvieri group, and a relation with breeding in warm, xeric 
environments has been suggested for P. cicada and other 
Leiuperinae (Grosso et al., 2019). Gill size and branching 
is comparatively smaller in P. camacan and P. signifer here 
studied (Table 1) but wider sampling is needed before 
making generalisations at clade level and correlations 
with oviposition sites.

The development of the oral disc was studied in 
several species of the P. cuvieri clade, and ontogenetic 
patterns were summarised by Vera Candioti et al. (2011) 
and Grosso et al. (2019). Our study confirms that the 
first lower tooth ridge (P1) is the earliest to differentiate 
on the lower lip of species of the P. signifer clade, 
as occurs in all other known species of Physalaemus 
and Pseudopaludicola, but unlike Pleurodema (row P2 
develops first). Nevertheless, development of the lower 
marginal papillae indicates that the scenario could 
be more complex than that synthesised by the cited 
previous studies. According to those contributions, 
Physalaemus and Pseudopaludicola are characterised by 
the occurrence (transient or maintained in larval stages) 
of ventrolateral gaps in the lower marginal papillae. 
Additionally, the five different configurations of the oral 
disc known for Physalaemus would result from common 
ontogenetic trajectories ending at different states, or 
from trajectories that differ initially in the formation of 

a ventral gap (see Figs. 4 and 10 in the cited papers). 
The oral disc development of the species here studied 
was expected to fit in one of two main trajectories, likely 
that leading to the oral configuration of P. gracilis with a 
similar larval oral disc (labial tooth row formula 2/3 plus 
complete marginal papillae, i.e. the C3 configuration 
sensu Vera Candioti et al., 2011). However, observations 
in both P. camacan and P. signifer apparently reveal a 
different pattern: although the small indentations of the 
lower lip margin could represent some variant of gaps, 
we never observed proper marginal papillae developing 
initially on the mental region, thus ventrolateral 
gaps cannot be undoubtedly defined as present as in 
other species described in that trajectory. If this novel 
trajectory was confirmed for the P. signifer clade (with 
more resolution in developmental series and including 
additional species), this would imply that the most 
widespread oral configuration in Physalaemus, the C3 
configuration, develops according varied pathways that so 
far follow: i) a complex, recapitulatory way that includes 
only ventrolateral gaps as in closely related species (in 
P. gracilis of P. gracilis group); ii) an alternative way that 
includes ventral and ventrolateral gaps (in P. carrizorum 
of P. gracilis group); iii) a combined way that joins the 
development of all gaps with an early filling of ventral 
gap (in some specimens of P. cicada; for these first three, 
please see Fig. 10 in Grosso et al., 2019); and iv) a novel, 
“telescoped” version of some of these trajectories, where 
papillae appear to progress medially, but the mental 
region still exhibits some vestigial structures defining 
incipient ventrolateral gaps (in P. camacan and P. signifer 
of P. signifer clade). Clearly, a more exhaustive sampling 
of species with C3 oral discs and detailed studies of how 
they develop are needed to assess this subject.

In contrast to uncertain conditions characteristic 
of temporary ponds in open seasonal areas, more 
predictable environments such as ponds inside the 
Atlantic rainforest may favour the evolution of varied 
reproductive strategies (Haddad & Prado, 2005; Pupin 
et al., 2018). In this context, embryonic morphology 
and physiology could be also highly adaptive to face 
requirements of alternative microhabitats, and transient 
embryonic and larval features exhibit transformations 
correlated with survival and resource acquisition. Our 
studies in early ontogeny of species of Physalaemus 
are framed in this scenario, but further investigations, 
especially from ecological and experimental perspectives, 
are encouraged to deepen this subject.
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