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Abstract

A key component of amphibian antipredator strategies is the chemical defenses that make them toxic and/or distasteful, like
the cardiotoxic bufadienolides synthesized by the true toads and stored in granular skin glands. The morphology of adult
toad glands is well-described, but the ontogenetic timing and distribution of glands during larval stages are poorly under-
stood. A comparative understanding of granular gland development is needed to elucidate the mechanisms underlying the
diversification of toad chemical defenses and their ecological roles across lineages and ontogeny. Herein, we analyzed gland
morphology before and after metamorphosis of Rhinella horribilis, Incilius melanochlorus, and I. luetkenii. We hypothesized
that granular gland development would begin earlier and progress faster in relatively more toxic Rhinella species. Our results
showed that the timeline of skin development, the relative dimensions and quantity of structures, and the appearance of
protein and mucin content in granular and mucous glands did not vary among Rhinella and Incilius. Furthermore, epidermal
mucus and/or giant cells in larval toads may act as sources of chemical defenses prior to gland development. Our findings
suggest that gland development is well-conserved among these genera; it is possible that reported differences in toxin profiles
are not due to divergent morphogenesis during larval or metamorphic stages, but rather to differences in molecular function
or structural differentiation in juveniles or adults. Therefore, complementary studies using integrative techniques such as
immunohistochemistry and comparative transcriptomics are needed to uncover the mechanisms responsible for the diversity
of chemical defenses found in bufonid toads across development.
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Introduction

To avoid predation, amphibians rely on a diversity of anti-
predator strategies that include morphological and behavio-
ral defenses (Ferreira et al. 2019; O’Donohoe et al. 2022),
as well as unpalatable and/or toxic chemical defenses in skin
secretions (Daly 1995; Konig et al. 2015; Mauricio et al.
2021). The skin of all extant amphibians contains granular
glands (also known as poison, syncytial, or serous glands;
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Toledo and Jared 1995; Mauricio et al. 2021; O’Donohoe
et al. 2022). To fill their granular glands with toxins, some
anurans sequester lipophilic alkaloids from an arthropod diet
(Saporito et al. 2007), and other anurans and some salaman-
ders acquire the guanidine alkaloid tetrodotoxin thanks to
symbiotic skin bacteria (Vaelli et al. 2020). However, the
great majority of chemical defenses found in amphibian
granular glands, such as the peptides in most anurans and
the steroidal bufadienolides in the true toads (Bufonidae),
are synthesized de novo by the anurans themselves (Konig
et al. 2015).

Bufonid toads can biosynthesize an impressive diversity
of bufadienolides (Rodriguez et al. 2017), which inhibit
the sodium—potassium-dependent ATPase pump in cardiac
membrane tissue, causing dysfunctions such as cardiac fibro-
sis and fatal arrhythmia (Flier et al. 1980; Deng et al. 2020).
Toad skin also holds a biochemically complex cocktail of
defenses including peptides, biogenic amines, indole alka-
loids, lipophilic alkaloids (in the genus Melanophryniscus)
and guanidine alkaloids (in the genus Atelopus; Konig et al.
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2015; Rodriguez et al. 2017). However, it is thought that the
bufadienolides are largely responsible for the unpalatabil-
ity of most developmental stages of toads to natural preda-
tors (Flier et al. 1980; Crossland 1998; Hayes et al. 2009;
Stynoski and Porras-Brenes 2022). Most bufonids (over 600
species) were historically grouped into a single genus (Bufo),
but more recently were split into several lineages including
the genera Rhinella, Rhaebo, and Incilius that are comprised
of regionally sympatric species across most of Latin Amer-
ica (Frost et al. 2006). The toxin profiles of toad clades,
species, and even populations is highly variable (Rodriguez
et al. 2017; Inoue et al. 2020), and also vary substantially
across life stages (Hayes et al. 2009; Uveges et al. 2017;
Ujszegi et al. 2017; Crossland et al. 2021).

Amphibian skin toxins are stored in exocrine granular
glands, which are surrounded by a myoepithelial cell mon-
olayer that contracts upon adrenergic stimulation (Toledo
and Jared 1995; Nosi et al. 2002). Granular glands lack a
lumen and are the only vertebrate glands that form a syn-
cytium, which contains both the cytoplasm and secretory
products of the precursor cells that break open to form it
(Flucher et al. 1986). In bufonids, granular glands are dis-
persed across the skin surface, and in adults are aggregated
in the post-ocular region where they form the prominent
parotoid macroglands that are characteristic of the family
(Mailho-Fontana et al. 2018). Mucous (or acinar and alveo-
lar) glands are also dispersed across toad skin, which store
mucins that keep the skin moist in terrestrial environments
and provide a protective barrier in aquatic environments
(Mailho-Fontana et al. 2018; Olea et al. 2019).

The structural morphology and histochemistry of toad
granular glands is well described in adults (Muhse 1909;
McCallion 1956; Hostetler and Cannon 1974; Cannon
and Hostetler 1976; Delfino et al. 1999; Jared et al. 2009;
Felsemburgh et al. 2009; Chen et al. 2017; Mailho-Fontana
et al. 2020). Meanwhile, numerous studies of palatability
and chemical profiles have provided evidence that some
younger stages of toads are also chemically defended (Cross-
land 1998; Hayes et al. 2009; Llewelyn et al. 2012; Ujszegi
et al. 2017; Uveges et al. 2017). A recent meta-analysis
found that predators are less likely to consume young bufo-
nid toads than young of other anuran families, presumably
because they are less palatable (Stynoski and Porras-Brenes
2022). Toxin levels tend to be high in the egg and hatching
stages because mother toads provision egg yolks with chemi-
cal defenses, then decrease through the larval phase until
their lowest point at metamorphosis, and increase again after
metamorphosis as toadlets begin biosynthesis of their own
chemical defenses (Hayes et al. 2009; Llewelyn et al. 2012;
Crossland et al. 2021).

Despite the apparent importance of chemical defenses
in young bufonid toads, the morphological ontogeny of
their skin and granular glands has only been described in
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three species in the genus Rhinella (R. granulosa, Cham-
mas et al. 2014; R. arenarum, Regueira et al. 2016; R.
bergi, Olea et al. 2019, also see Hayes and Gill 1995).
Based on these studies, gland primordia first appear around
Gosner (1960) stages 30-35, form as mucous and granular
glands just before or during stages 42—-44, and mature in
the juvenile phase (Chammas et al. 2014; Regueira et al.
2016; Olea et al. 2019). However, it is poorly understood
whether the timing and process of gland development is
consistent across the family Bufonidae, including in gen-
era besides Rhinella, such as Incilius.

Broadly in anurans, gland development commences
in the epidermis with an alveolar configuration of rudi-
mentary gland cells around pro-metamorphosis (stages
35-41). Developing glands then proliferate and migrate
to the stratus spongiosum of the dermis for subsequent
growth and differentiation, with fully formed glands con-
taining secretory substances first appearing around meta-
morphosis (stages 40—-44; Helff and Stark 1941; Bovbjerg
1963; Toledo and Jared 1995; Stynoski and O’Connell
2017). Gland migration is mediated by thyroid hormones
and corticosterone, and thus is intricately coordinated with
the initiation of metamorphosis at stage 42 (Kollros and
Kaltenbach 1952; Hayes and Gill 1995). The appearance
of fully formed granular glands—and in some cases par-
tially formed glands—is also accompanied by the appear-
ance of chemical defenses and unpalatability in various
anuran families (Brodie et al. 1978; Garton and Mushinsky
1979; Stynoski et al. 2014a, b; Stynoski and O’Connell
2017; Saporito et al. 2019). Additional comparative stud-
ies of granular gland ontogeny are needed to inform our
understanding of the role of developmental processes in
determining the biochemical diversification and ecologi-
cal roles of chemical defenses in young anurans, and in
particular in the noxious bufonid toads.

In this study, we describe the developmental morphology
of the skin glands of R. horribilis [=marina], 1. melanochlo-
rus, and I. luetkenii, and compare the information to that
reported for R. marina, R. granulosa, and R. bergi. Specifi-
cally, to expand our understanding of the chemical defense
structures of pre-metamorphic and metamorphic toads from
the genera Rhinella and Incilius, we aimed to characterize
the timing of granular gland development and their distribu-
tion across the skin. The toxin profiles of Rhinella toads are
exceptionally diverse and notoriously toxic whereas Incilius
toads are thought to specialize in the synthesis of relatively
fewer and less toxic compounds like bufotenins (Rodriguez
et al. 2017; Firneno et al. 2022). Hence, we hypothesized
that if morphological and/or developmental differences in
toxin-related structures between these genera contribute to
toxin profile diversity, then integument and granular gland
development would begin earlier and progress faster in
Rhinella species than in Incilius species.
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Methods
Study species

We collected eggs of three toad species between 2019 and
2021: R. horribilis and I. luetkenii from Guanacaste prov-
ince in the North Pacific of Costa Rica (I. [uetkenii: N
10.8767, W 85.6095; R. horribilis: N 10.3428, W 85.3375)
and I. melanochlorus from Lim6n province in the Atlantic
versant of Costa Rica (N 10.043012, W 83.540994). We
can be sure of species’ identities because egg strings were
collected immediately following oviposition and fertiliza-
tion by adult pairs of each species in field sites. Rhinella
horribilis is distributed from southern Texas, USA to the
northeastern side of the Andes mountains, although in
recent years its range has expanded and it can be found
in Florida, Louisiana, and some Caribbean islands (Ace-
vedo et al. 2016). It lives up to four years, and reproduces
twice a year with up to 35,000 eggs per clutch that take
approximately one month to reach metamorphosis (Shan-
muganathan et al. 2010). Historically, this new species was
included with R. marina, but now the distribution range of
R. marina is restricted geographically to the south and east
of the Andes mountains (Acevedo et al. 2016). Incilius
luetkenii is distributed along Pacific lowlands from South-
ern Mexico to central Costa Rica and exhibits explosive
breeding after leaving subterranean burrows at the start
of the rainy season (Doucet and Mennill 2010). Incilius
melanochlorus is distributed within the wet forests of both
Atlantic and Pacific lowlands in Costa Rica (O“Neill and
Mendelson 2004) and reproduces in creeks and streams
during the dry season (Savage 2002).

Animal rearing and preservation

We transported freshly fertilized eggs in Ziploc bags con-
taining water from the collection sites (stream or puddle)
in a chilled ice cooler to the Laboratory for the Investi-
gation of Dangerous Animals (LIAP) at the Clodomiro
Picado Institute, and reared them in similar conditions
until metamorphosis. Eggs were initially left in the water
in which they were collected in 10L plastic containers at
ambient temperature (18-23 °C). We carefully removed
grayed egg jelly as tadpoles hatched to prevent pathogen
growth in the water. Once tadpoles were mobile, oriented
vertically, and had visible gills (approximately stage 19),
we changed 50% of the water every 1-3 days with double
filtered and dechlorinated tap water, or in a few cases due
to temporary issues with the filter system, with freshly col-
lected rainwater. Once gills were absorbed (stages 23-25),
we began feeding tadpoles with a mixture of tilapia food

pellets and spirulina powder 2-3 times weekly. During
tail reabsorption, toads were moved to small lidded plastic
containers lined with very damp paper towels, and were
fed tiny mealworms twice weekly.

When tadpoles reached the stages of interest, we eutha-
nized them in a bath of 0.5% benzocaine (which produces
similar histological results in young toads as euthanasia with
MS-222; Regueira et al. 2016), fixed them in buffered 10%
formalin for 24 h, and then stored them in 70% ethanol,
changing the ethanol every 24 h for the first 72 h to remove
excess formalin. In each of the three species, we preserved
one to four individuals from each of four stage classes:
hatchling (stages 22-25; Gosner 1960), early tadpole (stages
26-36), late tadpole (stages 37-41) and metamorph (stages
42-45), as well as one, two, three, or four weeks after meta-
morphosis when available due to differences in clutch size
and survivorship across species (total of 66 individuals;
length of individuals at each stage and species in Table S1).

Histological and staining procedure

After removing the tail and limbs, we embedded specimens
in paraffin in the dorsal plane (as if these horizontally ori-
ented animals were resting on the substrate with their ven-
tral tissue), sectioned tissue at a thickness of 6 pm with a
MICROM GmbH microtome type HM 335E (Zeiss), and
mounted sections on microscope slides. We created four
slides for each of the following regions of each specimen:
dorsal (initial sections of paraffin block), intermediate (sec-
tions including mouthparts and digestive tissue) and ventral
(later sections that no longer include mouthpart tissue).

We stained one slide per region per individual with hema-
toxylin and eosin (HE) to highlight general structures. Using
the best-preserved section from each HE stained slide, we
haphazardly selected ten points around the perimeter of
the animal’s body, excluding the mouth and tail, and pho-
tographed the skin tissue using a microscope (Olympus
BX51) and digital camera (Olympus U-TV0.5XC-3) at 40X
magnification, adding scale bars with Image Pro Express
software. A preliminary analysis with eight R. horribilis sug-
gested that there were no significant differences between
the number or size of glands present in the anterior or pos-
terior regions of the body across the transverse plane, so
we did not discriminate between these regions when taking
photos. Then, using the software ImageJ (NIH; Rasband
2012) and following the general morphometric procedure
described by Chammas et al. (2014), we traced the length of
the skin section within the image, and measured the thick-
ness of the epidermis and dermis by averaging the widest,
narrowest, and most intermediate thicknesses of the tissues
in each image. We measured the diameters of granular and
mucous glands both parallel and perpendicular to the skin
surface, and calculated gland area using the formula (first
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diameter/2)*(second diameter/2)*x. If there were multiple
glands of each type in a given image, their area was aver-
aged. We also counted the number of cell layers in the epi-
dermis, the number of granular and mucous glands in the
epidermis and dermis, and the number of undifferentiated
glands. Mucous glands were defined as those that have a
thicker membrane layer surrounding a lumen, resembling a
row of bricks, whereas granular glands were considered as
those surrounded only by a thin layer of myoepithelial cells,
which often contained granules.

With the remaining three slides from each region of each
individual (dorsal, intermediate, ventral), we stained one
each with Sudan Black B to visualize lipid-based substances,
Coomassie Blue R250 to visualize proteins, or Alcian Blue
8GX at pH 2.5 to visualize acidic glycoconjugates (muco-
polysaccharides or mucins; Hayes and Gill 1995; Kiernan
1999; Regueira et al. 2016; O’Donohoe et al. 2022). We
photographed up to five granular and five mucous glands, as
available, distributed around the edge of the best-preserved
section from each slide. We determined visually whether
each gland showed evidence of lipid, protein, and/or mucin
content within the inner membrane. We also qualitatively
examined adult tissues in each species for general compari-
sons as well as mucus along the mouth epithelium, cranial
cartilage, and hepatic tissue as positive controls for Alcian
Blue, Coomassie Blue, and Sudan Black stains, respectively
(not shown).

Data analysis

Developmental stages according to Gosner (1960) are not
linear but rather categorical with some stages lasting longer
and causing more dramatic changes in morphology than oth-
ers, so we decided to group the pre-metamorphic (stage 41
or lower) and post-metamorphic (stage 42 or higher) indi-
viduals for quantitative analysis rather than including stage
as a numerical predictor variable. More specific differences
across stages are represented graphically.

To determine whether the area of granular and mucous
glands or the thickness of the dermis or epidermis differed
among the three species or pre- and post-metamorphic
individuals, we used linear mixed models in the Ime4 pack-
age (Bates et al. 2015) with individual as a random vari-
able. Similarly, we used generalized linear mixed models
(GLMM) with a negative binomial error distribution in
the Ime4 package with individual as a random variable to
determine whether species or stage affected the number of
granular, mucous, or undeveloped glands, or the number
of cell layers in the epidermis. These quantitative analyses
(granular and mucous gland number and size, epidermal and
dermal thickness) were executed a second time after divid-
ing the response variables by length of skin in the image to
account for variation in skin sampling due to orientation or
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curvature of the tissue, but this correction did not alter any
conclusions and so those results are not reported here. Fur-
thermore, based on ANOVA and Tukey post hoc tests, the
length of the skin in images of slides did not differ between
species (all p>0.90) or stage groups (all p>0.11).
Separate mixed models were applied to determine the
influence of body region (dorsal, intermediate, ventral) on
granular and mucous gland area (LMM) and granular and
mucous gland number (GLMM), with species as an addi-
tional fixed factor and individual as a random factor. Differ-
ences in the proportion of observed gland substances that
stained with Sudan Black, Coomassie Blue, or Alcian Blue
among species and stage groups were determined using
GLMs with a quasibinomial error distribution due to overd-
ispersion with binomial error distribution. When appropri-
ate, post hoc analyses were applied using the emmeans or car
packages (Fox and Weisberg 2019; Lenth 2022). All analy-
ses were conducted in R version 4.1.2 (R Core Team 2021).

Results
Description of the ontogeny of skin and glands

A consistent pattern of skin and gland development arose in
the HE slides of all three species of toads. Recently hatched
tadpoles (stages 24-26; Fig. 1a) have one to two layers of
epidermal cells—always a superficial (squamous or pave-
ment) layer of triangular or cuboidal cells interspersed
with abundant secretory goblet cells, and sometimes also
a basal (inner) layer of larger pyramidal or columnar cells
which rest on a basal lamina. Tadpoles lack evidence of
both dermal development and granular or mucous glands
at this stage. Melanophores could be observed just below
the epidermis in the earliest stages examined and all stages
thereafter. All recently hatched individuals exhibited what is
known as “giant cells”. These cells have also been described
as Riesenzellen, clear cells, and mitochondria-rich cells
(Chammas et al. 2014; Regueira et al. 2016; Fig. 2), which
are only found in the basal epidermis of bufonid larvae and
differ structurally and functionally from epidermal goblet
cells, Leydig cells, and Kugelzellen (Fox 1988; Delfino et al.
2007). Giant cells are larger than other cells in the skin at
this developmental stage (approximately 10-20 pm diam-
eter), and may be confused with a gland as they contain
secretory granules, but are comprised of a single cell with a
defined nucleus that stains an intense purple color within the
oval-shaped cell, which occasionally opens to the skin sur-
face (see Fox 1988; Regueira et al. 2016). Giant cell contents
in all three species stained with Alcian Blue and Coomassie
Blue, but not with Sudan Black (Figs. 2 and S2).

During mid-larval development, coinciding with toe
morphogenesis (stage 35; Fig. 1b; Delfino et al. 2007), the
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Fig. 1 Histomicrographs
(40-60X) of Rhinella horribilis
stained with Hematoxylin and
Eosin at a recently hatched
(stages 24—26), b pro-metamor-
phic (stage 40), ¢ metamorphic
(stage 42), and d post-metamor-
phic (1 month after stage 46)
stages. D Dermis, E Epidermis,
GC Giant Cell, GG Granular
Gland, M Melanophore, MG
Mucous Gland, UG Undevel-
oped Gland

thickness of the dermis begins to increase, and the epidermis
increases from 1-2 to 2-3 layers of cells. Most individuals
still exhibited giant cells, and a few also showed evidence of
undeveloped glands, also known as gland nests (Hayes and
Gill 1995), primordia (Toledo and Jared 1995), or Anlagen
(Regueira et al. 2016). These round or oval accumulations
of epidermal cells are located in the epidermis or within the
intermediate layer between the epidermis and the dermis,
and are distinct from the otherwise linearly aligned superfi-
cial and basal cell layers (Fig. 1b). Interestingly, one stage
35 specimen had a unicellular structure with an amoeboid
form in the apical mucus of the epidermis (Figure S1). Prior
to and during pro-metamorphosis which encompasses stages
35 to 41 (Fig. 1c), the dermis further thickens via division of
basal cells and there is more evidence of undeveloped and
now early developing glands (Fig. 3a and b). Within early
granular glands, the cells expand and break open within a
single-layered membrane to form a syncytium. Within early
mucous glands, a circle of cuboidal secretory cells differenti-
ates around a lumen.

During metamorphic stages 42 to 46 as well as from one
week to one month after tail reabsorption, the dermis con-
tinues to thicken. The epidermis now consistently shows
at least three cell layers as well as evidence of keratiniza-
tion and desquamation in the outermost layer or stratum
corneum (Fig. 1d). The epidermis also has gradually fewer
goblet cells and giant cells which then are not seen after
stage 42. More and larger granular and mucous glands are

present and are now principally located within the der-
mis (Fig. 3a and b). Once in the dermis, mucous glands
showed evidence of maturation (expansion, specialization
of secretory cells, formation of ducts) earlier than granular
glands, with mucus secretion beginning around metamor-
phosis. Granular content is present at these stages, but
lacks structural diversity and “fullness”, even one week
to one month after metamorphosis (stages 42-46), com-
pared to adult glands. Undeveloped glands lacking either
lumen or syncytia were still seen in all post-metamorphic
stages examined, suggesting that gland differentiation is
not entirely synchronized in the skin and can still occur
after metamorphosis (Fig. 1d).

There was evidence at three weeks and one month after
metamorphosis of the aggregation of granular glands in
the dermis parallel to the skin surface in the post-ocular
region, where parotoid glands will later form. Gland ducts
were seen in few sections of developing specimens of each
species, but more commonly in post-metamorphic speci-
mens (Fig. 3e). A thin layer of mucus staining with Alcian
Blue was present on the exterior of the epidermis in all
stages and species examined, but was more prominent in
larval stages (Figs. 2a, 3a). In summary, the developmen-
tal processes and timing of morphogenetic changes asso-
ciated with hatching, mid-larval, pro-metamorphic, and
metamorphic stages did not differ substantially among the
three species of toads examined in this study.
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Fig.2 Histomicrographs (60X) of giant cells in the epidermis of
stage 24 Incilius melanochlorus stained with a Alcian Blue (stains
mucins) and b Coomassie Blue (stains proteins). E Epidermis, GC
Giant Cell, Mu Mucus layer

Quantitative analysis of skin and gland
development

Granular gland area was larger in post-metamorphic
toads (mean =3947.20 pm?+sd=2370.41) than in
pre-metamorphic toads (2558.46 +2130.51; r= -3.06,
p=0.0004; Figure S4). Granular gland area did not differ
between 1. luetkenii (4279.64 +2724.18), I. melanochlorus
(3354.77 £2010.35), and R. horribilis (3587.04 +2364.27,
t=-2.12, p=0.12). Mucous gland area did not change
at metamorphosis (before: 1743.92 +759.35, after:
2410.41 +1349.53; t=-1.28, p=0.13). Mucous gland
area was similar between 1. luetkenii (2866.48 +1617.28),
1. melanochlorus (2085.05 + 1000.0), and R. horribilis
(2269.32+1261.33; t=—1.86, p=0.10). Granular glands
were typically oval shaped, as the diameter of granular
glands parallel to the skin surface was longer than the
diameter perpendicular to the skin surface in I. luetkenii
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(ratio of diameters X:Y: 1.45+0.47), I. melanochlorus
(1.60+0.51), and R. horribilis (1.55 +£0.49), whereas
mucous glands were slightly more circular (I. [uetkenii:
1.32+0.36, I. melanochlorus: 1.54+0.42, R. horribilis:
1.47 £ 0.40).

The number of granular glands in each image of the epi-
dermis (uncorrected for epidermis length; see methods)
was similar before (0.06 +0.37) and after metamorphosis
(0.06 +£0.30; z=0.15, p=0.88), and among the three spe-
cies (I luetkenii: 0.02+0.16, I. melanochlorus: 0.07 +0.46,
R. horribilis: 0.07 +£0.34; all p>0.40; Fig. 4a). The num-
ber of granular glands in the dermis increased after meta-
morphosis (1.61 +1.09) compared to before (0.19 +0.60;
z=-17.51, p<0.0001; Fig. 4b), but did not differ among
the three species (I. luetkenii: 0.66 +1.02, I. melanochlo-
rus: 0.64+0.99, R. horribilis: 0.94+1.17; all p>0.39). The
number of mucous glands in each image of the epidermis
did not change during metamorphosis (before: 0.012+0.11,
after: 0.06+0.30; z=-0.03, p=0.98; Fig. 4c), and was
not different among species (I. luetkenii: 0.02 +£0.21, I.
melanochlorus: 0.02+0.16, R. horribilis: 0.04 +0.24; all
p>0.92). In the dermis, the number of mucous glands per
image increased after metamorphosis (before: 0.02 +0.17,
after: 0.78 £0.82; z=-7.05, p <0.0001), but did not differ
among species (I. luetkenii: 0.30 +£0.69, I. melanochlorus:
0.24 +0.54, R. horribilis: 0.43 +0.71; all p>0.13; Fig. 4d).
The number of undeveloped glands also increased after
metamorphosis (before: 0.19 +0.53, after: 0.60 +0.81;
z=-3.36, p=0.0008), but was not different among species
(1. luetkenii: 0.32+0.61, I. melanochlorus: 0.39 +0.74,
R. horribilis: 0.37 +£0.70; all p>0.64; Figure S5). There
were more granular than mucous glands at one week post-
metamorphosis in all three species (granular vs. mucous;
I. luetkenii: 1.95+0.88 vs. 0.69+0.73, I. melanochlorus:
0.95+0.78 vs. 0.40+0.65, R. horribilis: 1.76 +£1.22 vs.
0.93+£0.78).

The number of cell layers in the epidermis increased
from a mean of 1.74 +0.73 in mid-larval stages to a mean
of 2.33 + 1.40 in pro-metamorphosis (z=4.05, p <0.0001)
and remained high at metamorphosis (2.68 + 1.33;
7=15.70, p<0.0001; Figure S5). The number of epider-
mal cell layers was higher in I. [uetkenii (1.96 +0.94)
than I. melanochlorus (1.53+0.91; z=-2.84, p=0.005),
but not R. horribilis (2.19 £1.25; z=1.43, p=0.15).
Similarly, the thickness of the epidermis increased from
a mean of 25.40 pm + 14.86 in mid-larval stages to a
mean of 36.29 pm +26.62 in pro-metamorphosis and
remained high at metamorphosis (35.78 +24.03; r=3.71,
p=0.0003; Figure S5). Epidermal thickness was similar
among the three species (I. luetkenii: 28.84 +22.01, I. mel-
anochlorus: 31.16 +20.86, R. horribilis: 25.61 + 14.57;
all p>0.05). The thickness of the dermis increased
across development (all p <0.0001), but did not differ
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Fig.3 Histomicrographs
(40-60X) of glands in the skin a
of Rhinella and Incilius toads:

a stage 40 R. horribilis granular
gland migrating from epidermis
to dermis stained positively
with Alcian Blue; b stage 42

R. horribilis mucous gland,
granular gland, and undevel-
oped gland stained positively
with Alcian Blue; ¢ stage 42 R.
horribilis granular and mucous
glands in the dermis stained
positively with Coomassie Blue;
d two weeks after stage 46 R. Cc
horribilis with two undevel-
oped but likely mucous glands
and four granular glands in the
dermis stained positively with
Alcian Blue; e adult I. luetkenii
mucous gland in the dermis
with a duct through the epider-
mis stained with Hematoxylin
and Eosin. D Dermis, Du Duct,
E Epidermis, GG Granular
Gland, M Melanophore, MG
Mucous Gland, MGG Migrating
Granular Gland, UG Undevel-
oped Gland

significantly between 1. luetkenii (34.49 +41.88), I. melan-
ochlorus (32.95 +41.88), and R. horribilis (36.27 +35.30;
t=-1.67, p=0.24 Figure S5).

Granular glands were larger in the dorsal region (4095.39
pm? +2648.26) than in the intermediate (3536.55 +2235.67)
or ventral (3356.00+2151.81) regions (= —2.08,
p=0.003), but did not differ by species (t=-0.97, p=0.16).
Also, there were more granular glands per image from
the dorsal region (0.94 + 1.19) than in the ventral region
(0.70£1.04; z=-2.24, p=0.025), and this difference was
consistent across all three species (z=1.73, p=0.08). On
the other hand, mucous glands had a similar area across
body regions (dorsal: 2521.43 um?+ 1432.53, intermediate:
2205.92 +1097.51, ventral: 2354.11 +1409.56; t=-1.91,
p=0.09) and species (= —2.06, p=0.07). The number of
mucous glands did not differ among body regions (dorsal:
0.36 +0.65, intermediate: 0.35 +0.65, ventral: 0.40+0.76;
z=0.73, p=0.46) or species (z=0.34, p=0.73).

Histochemistry

Among the 38 individuals in which glands were detected,
the proportion of granular and mucous glands with con-
tents that stained with Alcian Blue was close to 1.0
and did not differ among stages (granular: all p > 0.99,
mucous: all p > 0.09) or species (granular: all p>0.99,
mucous: all p>0.55). Similarly, the proportion of gran-
ular glands with contents that stained with Coomassie
Blue was close to 1.0 in most images and did not differ
among stages (all p>0.99) or species (all p>0.99). The
proportion of mucous glands that stained with Coomas-
sie Blue was more heterogeneous than with Alcian Blue
with fewer individual mucous glands staining positively
for Coomassie Blue, but in spite of this higher variabil-
ity, differences among species and stages were still not
statistically significant (stages: all p >0.99, species:
all p>0.45). We did not detect Sudan Black B staining
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Fig.4 The number of granular (a, b) and mucous (c, d) glands pre-
sent in each of 10 images per individual of epidermal (a, ¢) and der-
mal (b, d) skin layers during development in three species of toads.
Mid-larval stages (Mid) are represented in yellow, pro-metamorphic

within gland membranes or contents in any of the glands
examined in any species or stage of development (see
below, Figure S3).

@ Springer

03 =
£ 2- s
[} @
0 ;. 2
0}
<
-E 0 ——— ——— - ol
% 4 - ~
5 -
o, 3
— o
3 5
2" g
©
So—— 5 -
« 51
o 4l |
g o
£ i g
11 %
0' — == + ry -
Early Mid ProM Meta Post
d s
4 ~
‘é’ 34 g
5 21 2
o 3
[m) 14 1 | A =
[0}
< 04 - - _; . [N
£ 204
g S
1.54 =]
IS g
O 1.0- 3
9 s
4 o
8. T
S 001 = -
w— 59
o
5 -
E g
Z 2] : x g
14 | | 73
0- — — e - T ‘,‘ |
Early Mid ProM Meta Post

Developmental Stage

(ProM) stages in green, metamorphic (Meta) stages in blue, and post-
metamorphic (Post) stages in purple. Violin plots showing overall
distribution of data points are overlayed with boxplots. Flat lines rep-
resent individuals with zero glands

Discussion

The origin of diversity of chemical defenses in different
species and life stages of bufonid toads is not well under-
stood (Rodriguez et al. 2017; Inoue et al. 2020; Crossland
et al. 2021). We compared the morphometric development
of the integument and secretory glands among Rhinella
and Incilius toads, and found that both qualitatively and
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quantitatively the patterns of development of the epidermis,
dermis, glands, and secretory products were similar across
the three species examined in this study and three previously
examined Rhinella species (Chammas et al. 2014; Regueira
et al. 2016; Olea et al. 2019; Table S2). Therefore, our find-
ings suggest that skin ontogeny in the family Bufonidae is
well conserved. Differences among toad stages and lineages
in toxin profiles might be due to differences in molecular
function (i.e., gene sequences, gene expression, or protein
translation and folding) or perhaps to structural differentia-
tion later in juvenile or adult stages rather than during larval
or metamorphic stages (see Regueira et al. 2017).

Early in development (i.e., pre- and pro-metamorphic
stages), toads do not appear to have granular glands capable
of producing or storing toxic or unpalatable substances for
defense against predators and pathogens (Hayes et al. 2009).
In R. marina, eggs are endowed with maternal toxins, and,
accordingly, bufadienolide profiles of eggs are very similar
to the profiles of adult parotoid glands (Hayes et al. 2009;
Crossland et al. 2021; but see Uveges et al. 2017). After
metamorphosis, granular glands mature and then begin to fill
with substances that differ chemically from adult bufadien-
olides but are nonetheless unpalatable and/or toxic (Freeland
and Kerin 1991; Hayes et al. 2009; Crossland et al. 2021).
The larval period between the post-hatching loss of mater-
nally provisioned toxins and the post-metamorphic self-pro-
duction of toxins may represent a vulnerable phase, a pattern
supported by numerous studies of the palatability of toad
tadpoles (Brodie et al. 1978; Crossland 1998; Stynoski and
Porras-Brenes 2022). However, toad larvae may be capable
of synthesizing chemical defenses in tissues other than the
skin glands (Uveges et al. 2017; Sun et al. 2022), which may
explain why the relative abundance of some steroid com-
pounds (i.e., bufagenins versus bufotoxins, respectively) are
distinct between young and adult toads (Ujszegi et al. 2017;
Crossland et al. 2021). Also, other chemical defenses may be
present in the mucus that lines the exterior of the epidermis
or within the abundant giant cells of toad larvae who do not
yet possess mature granular glands (Regueira et al. 2016).
However, more work is needed to determine the identity and
defensive function of such substances and their degree of
toxicity and/or unpalatability (see Raices et al. 2020).

We identified an abundance of giant cells in stages 24—42
of all three species, which are an epidermal structure unique
to larval bufonid toads (Delfino et al. 2007). Giant cells con-
tain secretory granules that are visually similar to the gran-
ules in mature granular glands and are thought to function
in mucosal hydration and in storage of peptide-based alarm
cues such as suberic acid (Delfino et al. 2007; Regueira et al.
2016; Crossland et al. 2019; Raices et al. 2020; Jungblut
et al. 2022). Numerous anurans, particularly those display-
ing schooling behavior, have been reported to perform a
“flight reaction” or other behavioral shifts upon exposure

to broken skin tissue of toad tadpoles, presumably to avoid
impending predation risk (Fraker et al. 2009; Crossland et al.
2019). Recent work demonstrated that R. arenarum tadpoles
rapidly increased activity levels in response to macerated
conspecific tadpole homogenates, but only after the macer-
ated tadpoles had reached stage 22 (Jungblut et al. 2022).
In accordance with this behavior, giant cells first appear at
stage 22 in R. arenarum (Jungblut et al. 2022) and B. bufo
(Fox 1988). We also identified these cells in R. horribilis,
L. luetkenii, and 1. melanochlorus from stages 24-26 up to
stage 42, and histochemical staining indicated that they con-
tain mucins and proteins, but not lipids, similar to reports
in R. arenarum (Regueira et al. 2016). Thus, giant cells and
their protein-based contents may play an important role in
the antipredator strategy of young toads by allowing them
to communicate via alarm cues prior to the development of
mature granular glands.

In contrast to the granular glands, the mucous glands are
more mature and producing secretions before metamorpho-
sis, as in other species (Regueira et al. 2016). In adult anu-
rans, mucous glands are smaller than granular glands, which
accordingly take longer to develop (Toledo and Jared 1995;
Chammas et al. 2014). Furthermore, we found that while
mucous glands had a similar size and density in the ventral
and dorsal regions of the body, there were more granular
glands and larger granular glands in the dorsal region. A few
other studies have also identified larger and/or higher den-
sity of granular glands in the dorsal region in metamorphic
toads (R. bergi, Olea et al. 2019; R. ornata, Felsemburgh
et al. 2009; Anaxyrus americanus McCallion 1956; but see
Chammas et al. 2014 about R. granulosa). The distribu-
tion of developing granular glands could reflect the terres-
trial lifestyle of juvenile and adult toads, which are mostly
exposed to predators via the dorsum. Conversely, anurans
with a mostly aquatic lifestyle tend to have glands that are
evenly distributed across the body, given that their predators
can attack from many angles (Garton and Mushinsky 1979).
Thus, the relative density, size, and location of glands may
each play a role in the degree of hydration, toxicity, and/or
unpalatability of different species and life stages of anurans,
in response to the context of their specific predator, disease,
and desiccation risks (Toledo and Jared 1995; Saporito et al.
2010; Regueira et al. 2017).

We did not find clear evidence of Sudan Black B staining
in the glands of any specimens, including in R. horribilis one
month after metamorphosis (approximately 10 mm snout-
vent length or SVL). In a closely related species, R. marina,
juveniles with a 24-25 mm SVL display a red—orange pig-
mentation on their recently formed parotoid glands, and rela-
tive parotoid dry weight and volume increases dramatically
both at 24 mm and again at 70 mm (Freeland and Kerin
1991). Similarly, granular gland contents of R. arenarum
juveniles first showed lipidic histochemical reactions at
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50 mm (Regueira et al. 2017). Thus, it may well be that
toads at the developmental stages that were examined in the
current study do not yet synthesize or store lipid- or choles-
terol-based toxins in their glands or macroglands (as in R.
arenarum; Regueira et al. 2016). Although parotoid glands
containing secretory products were distinguishable in histo-
logical sections three and four weeks after metamorphosis
and have been reported at 18—29 days post-metamorphosis in
other bufonids (Licht 1967; Chammas et al. 2014; Regueira
et al. 2016; Olea et al. 2019), those products could be com-
prised of substances other than cardiotonic steroids until
completion of gland maturation during the juvenile phase
(Chammas et al. 2014; Regueira et al. 2017).

Lipid stains have not reacted with granular contents in
various studies of recently metamorphosed toads (Regueira
et al. 2016 with Sudan Red III, Olea et al. 2019 with Oil
Red, current study), even though Sudan Black B has reacted
with the lipidic contents of adult granular glands following
preservation in formaldehyde-based solutions in several spe-
cies (Xenopus laevis, Hayes and Gill 1995; Clinotarsus cur-
tipes, Gosavi et al. 2014; R. marina, Mailho-Fontana et al.
2018; Odontophrynus occidentalis, O’Donohoe et al. 2022).
A lack of lipid staining in young toads might indicate that
developing individuals are not yet producing or storing sig-
nificant quantities of steroid toxins in their glands. However,
some other studies—including studies with adult bufonids—
have also failed to show conclusive lipid staining of granu-
lar gland content (R. marina, Hostetler and Cannon 1974;
L. alvarius, Cannon and Hostetler 1976; Anaxyrus boreas
Hayes and Gill 1995), which calls into question whether
lipid staining following formaldehyde-based preservation is
the ideal way to detect and visualize bufadienolides in toad
skin glands in future histochemical studies. Lipid staining of
granular glands in numerous non-bufonid families also high-
lights the well-known fact that these staining methods are
not specific to bufadienolides (which are unique to toads),
but rather stain many types of lipids and steroids.

Current knowledge of the presumed localization of bufa-
dienolide synthesis and storage is based on classic histo-
chemistry, but new techniques such as DESI-MSI visualiza-
tion (Mailho-Fontana et al. 2020; Sun et al. 2022), steroid
labeling, and mRNA-based immunohistochemistry of
candidate enzymes (for example, CYP2s) in bufadienolide
biosynthesis pathways (Sciani et al. 2019; Sun et al. 2022;
Firneno et al. 2022; Lv et al. 2022) are likely to provide fresh
insights. For example, using DESI-MSI in stage 42 Bufo
gargarizans, Sun et al. (2022) found evidence that bufadi-
enolides may, in fact, be produced and stored in the liver and
gallbladder of tadpoles rather than in the myoepithelial cells
of the skin (Mailho-Fontana et al. 2020; see also Firneno
et al. 2022). Together, these findings open up the possibility
that granular skin glands in toads may function primarily in
storage rather than in biosynthesis, much as in the closely
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related Dendrobatidae, which store lipophilic alkaloids
derived from an arthropod diet in their granular skin glands
(Saporito et al. 2010, 2019; Stynoski and O’Connell 2017).
The bufonid toads have benefited enormously from the
chemical defenses in their specialized integumentary struc-
tures. Their toxins have allowed some species to invade
many areas globally (Sales et al. 2021). Distinct components
of their chemical defenses have likely contributed to the fact
that some toad lineages such as Rhinella and Incilius are
resistant to recent population declines of many amphibians,
whereas other toad lineages such as Atelopus are particu-
larly vulnerable to the same anthropogenic and pathogenic
threats, especially in the larval phase (Catenazzi et al. 2018;
Scheele et al. 2019). Overall, the family Bufonidae can syn-
thesize an impressive diversity of chemical defenses, but
the mechanisms that underlie the synthesis, storage, and
delivery of the majority of those substances remain a mys-
tery. In this study, we aimed to understand whether differ-
ences in the structural development of the skin and glands
could be associated with differences in the general chemical
profiles that have been described in two genera of bufonid
toads. However, our results instead provide evidence that
the ontogeny of integumentary structures is well conserved
across the genera Rhinella and Incilius and, therefore, we
speculate that differences in chemical profiles are likely the
result of distinct molecular processes in the two lineages.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00435-023-00636-1.
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