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1 | INTRODUCTION
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Abstract

Chemical defenses in amphibians are a common antipredatory and antimicrobial strategy related
to the presence of dermal glands that synthesize and store toxic or unpalatable substances. Glands
are either distributed throughout the skin or aggregated in multiglandular structures, being the
parotoids the most ubiquitous macrogland in toads of Bufonidae. Even though dermal glands begin
to develop during late-larval stages, many species, including Rhinella arenarum, have immature
glands by the end of metamorphosis, and their post-metamorphic growth is unknown. Herein, we
compared the post-metamorphic development of parotoids and dorsal glands by histological and
allometric studies in a size series of R. arenarum. Histological and histochemical studies to detect
proteins, acidic glycoconjugates, and catecholamines, showed that both, parotoids and dorsal
glands, acquire characteristics of adults in individuals larger than 50 mm; that is, a moment in
which the cryptic coloration disappears. Parotoid height increased allometrically as a function of
body size, whereas the size of small dorsal glands decreased with body size. The number of glands
in the dorsum was not linearly related to body size, appearing to be an individual characteristic.
Only adult specimens had intraepithelial granular glands in the duct of the largest glands of the
parotoids. Since toxic secretions accumulate in the central glands of parotoids, allometric growth
of parotoids may translate into greater protection from predators in the largest animals. Con-
versely, large glands in the dorsum, which produce a proteinaceous secretion of unknown
function, grow isometrically to body size. Some characteristics, like intraepithelial glands in the

ducts and basophilic glands in the dorsum, are limited to adults.
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is formed by an epidermis with an underlying dermis that contains

Amphibian skin is a complex organ with unique morphological, bio-
chemical, and physiological characteristics among vertebrates
(Clarke, 1997). The skin accomplishes diverse functions, for example,
gas exchange, hydric and osmotic balance, excretion, thermoregula-
tion, reproduction, and defense against predators and microorgan-
isms (Brunetti et al., 2015; Clarke, 1997; Ferraro, Topa, & Hermida,
2013; Jared et al., 2005; Mailho-Fontana et al., 2014; Navas, Jared,
& Antoniazzi, 2002; Toledo & Jared, 1993, 1995). In adults, the skin

*These authors contributed equally to this study.

two morphological types of exocrine glands: acinar glands (com-
monly known as mucous glands), and syncytial glands which lumen
is full of secretion (commonly known as serous, granular, or poison
glands; Duellman & Trueb, 1994; Jared et al., 2009; Regueira, Davila,
& Hermida, 2016). Because the chemical nature of the accumulated
secretion in syncytial glands varies (Clarke, 1997; Daly, 1995; Daly,
Spande, & Garraffo, 2005; Rash Morales, Vink, & Alewood, 2011;
Sciani, Angeli, Antoniazzi, Jared, & Pimenta, 2013) and because it
has a granular appearance (Brunetti, Hermida, & Faivovich, 2012;
Ferraro et al., 2013; Regueira et al., 2016), we prefer the term granu-

lar glands instead of syncytial glands.
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The role of the skin as a chemical defense organ in anurans is
related to the presence of unpalatable or toxic chemicals in the granu-
lar glands (Clarke, 1997; Daly, 1995; Toledo & Jared, 1995). True toads
belonging to the Bufonidae produce highly toxic skin secretions, which
are composed of cardiotonic steroids and biogenic amines like cate-
cholamines, with a powerful vasopressor action in vertebrates (Cunha
Filho et al., 2005; Maciel et al.,, 2003; Sciani et al., 2013; Toledo &
Jared, 1995). Granular glands are distributed throughout the integu-
ment or arranged in “macroglands” (Antoniazzi, Neves, Mailho-Fontana,
Rodrigues, & Jared, 2013; Brunetti et al., 2015; Jared et al., 2009,
2014; Lenzi-Mattos et al., 2005; Vences et al., 2007); the parotoid
glands are the most ubiquitous macrogland in bufonids (Toledo &
Jared, 1995). Parotoids are not only accumulations of granular glands
but also specialized regions of the integument which contain different
gland types, with a histological organization that confers functional fea-
tures beyond a typical passive defense mechanism against predators
(Almeida, Felsemburgh, Azevedo, & Brito-Gitirana, 2007; Jared et al.,
2009; Mailho-Fontana et al., 2014; Regueira et al., 2016; Toledo, Jared,
& Brunner, 1992).

Skin glands develop during the late larval stages (for review see
Chammas, Carneiro, Ferro, Antoniazzi, & Jared, 2015; Regueira et al.,
2016; Terreni, Nosi, Greven, & Delfino, 2003), and some species have
different types of granular glands with changing characteristics
throughout metamorphosis (Delfino, Brizzi, Alvarez, & Kracke-
Berndorff, 1998; Delfino, Brizzi, Kracke-Berndorff, & Alvarez, 1998;
Delfino, Brizzi, Alvarez, & Taddei, 1999; Regueira et al., 2016). During
the post-metamorphic life, the skin of several Rhinella toads does not
have the appearance of adults, which is evidenced both by its color
pattern as by its histological structure (Chammas et al., 2015; Freeland
& Kerin, 1991; Regueira et al., 2016). However, it is not clear if small
juveniles have biologically active secretions. Freeland and Kerin (1991)
observed in the field that individuals of Rhinella marina are toxic since
metamorphosis, supporting the idea that all life stages of bufonids are
toxic to predators. However, a chemical analysis showed that con-
sumption of R. marina eggs killed tadpoles of two Australian frog spe-
cies (Limnodynastes convexiusculus and Litoria rothii), whereas no
tadpoles died after consuming late-stage R. marina tadpoles or small
metamorphs (Hayes, Crossland, Hagman, Capon, & Shine, 2009). Fur-
thermore, histological studies showed that during development of
Rhinella arenarum, glands have small amounts of secretion with differ-
ent histochemical properties than the skin of adults (Regueira et al.,
2016). This background shows that it is not clear whether small juve-
niles have the same chemical skin defenses as adults.

Predator-prey interactions depend on body size and habits of indi-
viduals among other factors, and individuals in different stages of
growth use different defense strategies (Hayes et al., 2009; Phillips &
Shine, 2006). In toads belonging to the R. marina group (Maciel, Colle-
vatti, Colli, & Schwartz, 2010), small juveniles are spit out unharmed by
predators because of the presence of toxic or unpalatable substances
in their skin (Freeland & Kerin, 1991); but larger animals eject their
parotoid gland content when injured (Jared et al., 2009). These exam-

ples show that gland defense mechanisms are different throughout

ontogeny; although, it is unknown how size, distribution, and capacity
of synthesis of granular glands vary during development and in relation
to changes in body size. A morphometric study of granular glands and
body size in a dendrobatid poison frog showed that adults have a larger
capacity to store alkaloids than juveniles, which may translate into
greater protection from predators in adults (Saporito, Isola, Macca-
chero, Condon, & Donnelly, 2010). Further, a chemical study of alka-
loids and bufotenin in the poison bufonid Melanophryniscus moreirae,
discovered that the relationship between alkaloid richness and age
appears to result from the gradual accumulation of alkaloids over a
frog's lifetime, whereas the relationship between the quantity of defen-
sive chemicals and size appears to be due to the greater storage
capacity of larger individuals (Jeckel, Saporito, & Grant, 2015).

By the end of metamorphosis, skin glands in R. arenarum have
immature morphological characteristics, and evidence of different types
of granular glands is lacking (Regueira et al., 2016). With this back-
ground, the purpose of our study was to compare the post-
metamorphic morphological changes in skin glands from the dorsum
and parotoid, and to evaluate if the gland size and density changes in

relation to body size in a size series of R. arenarum.

2 | MATERIALS AND METHODS

2.1 | Animals

Juvenile and adult specimens of R. arenarum (Hensel, 1867) were from
the herpetological collection of Facultad de Ciencias Exactas y Natu-
rales, Universidad de Buenos Aires (FCEN-DBBE) or recently collected
and introduced to the herpetological collection of Facultad de Ciencias
Exactas y Naturales, Laboratorio de Biologia de Anfibios (FCEN-LBA).
Young toadlets were obtained from collected tadpoles reared in dech-
lorinated tap water under natural photoperiod and temperature condi-
tions of the spring season of Buenos Aires city in October 2014, and
fed ad libitum with boiled chard. Metamorphosed individuals were
reared under natural outdoor conditions of the spring season of Bue-
nos Aires city for 10 days. Recently collected animals were euthanized
by immersion in 1% aqueous solution of MS222 (tricaine methanesul-
fonate; Sigma-Aldrich, St. Louis, Ml, USA) and fixed in 10% formalde-
hyde. Left parotoids were excised and fixed in Bouin’s liquid to
preserve the histological characteristics of the skin glands. Only two of
the smallest individuals (snout-vent length = 11.26 and 11.8 mm) were
completely fixed in Bouin’s liquid because it was too difficult to sepa-
rate the parotoid gland from the body without damaging it. Specimens
from herpetological collection were fixed in 10% formaldehyde and
stored in 70% ethanol. According to the absence/presence of macro-
scopically differentiated gonads individuals were categorized as adult
male or female or as juvenile. Because in R. arenarum skin glands are
not sexually dimorphic (Regueira et al., 2016), both sexes were used
collectively to compare gland development with body size. Information
regarding individuals employed for this study is summarized in Table 1.

This study was carried out according to the regulations specified
by the Institutional Animal Care and Use Committee of the Facultad de
Ciencias Exactas y Naturales, UBA (Res C/D 140/00). The
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TABLE 1

Life stage SVL (mm) Number of specimens Source

WILEY-Z

Information regarding specimens employed for the present study

N° of specimen Location/date of collection

Young toadlets 11.26-13.96 4

Ciudad Universitaria, Buenos
Aires City, Argentina

FCEN-LBA
n° 126, 127, 128, 129

34°32'S,
58°27'W/QOctober 2014

Juveniles 15.36-67.00 5 La Reja, Buenos Aires FCEN-LBA 34°38S,
Province, Argentina n° 121, 122, 58°48W/January-March 2014
123, 124, 130
Juveniles 24.85-51.19 4 Herpetological collection FCEN-DBBE n° 34°38'S,
of FCEN-DBBE 10 spec. 2, 3 58°28'W/October 1960
FCEN-DBBE n° 34°45'S,
907 spec. 2 58°14'W/May 1962
FCEN-DBBE n° 31°10'S,
1217 spec. 1 64°19'W/February 1963
Adults 77.53-101.10 6 (4 3and 2 9) Herpetological collection FCEN-DBBE n° 34°36'S,

of FCEN-DBBE

SVL=snout-vent length; spec.=specimen.

Conservation category of R. arenarum is “Least concerned” according
to the IUCN Red List criteria (IUCN, 2016) and Vaira et al. (2012).

2.2 | Samples and histological preparations

Histological changes in skin glands and morphometric relationship
between parotoid glands, dermal glands in the dorsum and body size
were investigated in the 19 specimens listed in Table 1. To cover the
diversity of body sizes, we worked with animals with a snout-vent
length (SVL) ranging from 10 to 100 mm, divided into ranges of 10 mm
in length, being careful to have at least one individual in each size
range. For histological analysis, samples of dorsal and ventral skin, as
well as parotoid glands were embedded in paraplast (Sigma-Aldrich, St.
Louis, M), and then sectioned in a transverse plane at 6 pm thickness.
Sections were stained with haematoxylin and eosin (H-E) for general
cytology and histology, and the following histochemical stains were
performed on selected sections to evaluate developmental changes in
skin glands secretions: periodic acid-Schiff-haematoxylin (PAS-H;
Kiernan, 1999) for neutral glycoconjugates, Alcian blue 8GX at pH 2.5
plus haematoxylin (AB-H; Kiernan, 1999) for primarily carboxylated
acidic glycosaminoglycans, and Coomassie blue R250 (Coom; Kiernan,
1999) for proteins. Mucous glands of adult skin and cartilage of tad-
poles were used as positive controls for PAS and AB; a keratinized por-
tion of the dorsal epidermis of adults was used as a positive control for
Coom. To detect catecholamines in gland secretions, the chromaffin
reaction (Chromaffin R-H) was applied to skin samples from recently
collected specimens (Kiernan, 1999; Regueira et al., 2016).

To quantify the number and size of granular glands, a patch of skin
from the same position of the dorsum of each toad was excised, which
included the area of dorsal skin between the sixth and eighth verte-

brae, inclusively, and 1/3 of the width of the animal between the spine

15, spec. 6 58°38'W/Qctober 1960

FCEN-DBBE n° 29°48'S,
641, spec. 4, 64°43'W/Qctober 1961
59,11

FCEN-DBBE n°
1928, spec. 3

36°30'S,
61°34'W/November 1967

and the lateral edge to both sides of the animal (Figure 1a). The length
of the skin patch was calculated as the average length of a vertebra
(D1) multiplied by 3, and D1 was estimated as the distance between
the skull base and the sacrum, divided by eight, the total number of
vertebrae (Figure 1a). The patch was excised from the anterior edge of
the sacrum to the sixth vertebra (Figure 1a). Skin patches were individ-
ually embedded in paraplast, and serially cross-sectioned transversely
at 10 um section thickness. Sections were stained with H-E to differen-
tiate basophilic and acidophilic glands in the dorsum (Regueira et al.,
2016). Skin patch sizes were measured with dial calipers (02 mm) and
are given in millimeters.

All stained sections were examined using a Zeiss Primo Star micro-
scope, and images were captured using a Canon PowerShot A640 digi-
tal camera. Low maghnification pictures of the specimens were captured
with a Nikon coolpix 995 3.34 Mp digital camera. The width of each

section was measured with AxioVision software (Zeiss).

2.3 | Parotoid gland morphological measurements

To study the relationship between body size and growth of parotoid
glands, the area and height of one macrogland was measured for each
specimen. Previous to this study, we compared the external morphol-
ogy and number of glands, in left and right parotoids of one individual.
The comparison showed that both parotoid glands have a similar mor-
phology and histological organization, and are composed of a similar
number of central and peripheral glands (data not shown). For this rea-
son, we randomly chose to compare right parotoid glands. Area was
approached as the sum of an upper oval plus the area of a triangle
below (Figure 1b). The area of the oval was calculated as m.r1.r2 (where
rl = the longest straight line between the anterior and posterior por-

tion of the oval divided by 2 and r2 = oval width measured at half the
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FIGURE 1.

base of the lower triangle divided by 2; Figure 1c). The area of the isos-
celes triangle that approximates the lower portion of parotoid gland
was estimated as Bt.ht/2 (where Bt =the base of the triangle and
ht = height of the triangle; Figure 1b). The maximum height of parotoid
glands was estimated by measuring the maximum height of the mac-
rogland in several transverse histological sections of the highest portion
of the macrogland. We used Axiovision software (Zeiss) to measure the
length between the deepest border of the largest central gland to the
top of epidermis, avoiding the problem of losing different amounts of
stratum compactum below the glands during histological preparation.
Those animals whose parotoid glands were not externally observed
(SVL < 13.96 mm) and animals without the triangle portion of parotoid
glands (SVL < 33.09 mm) were not included in the statistical analysis of

parotoid gland area development.

2.4 | Dorsal skin glands morphological measurements

Because we found that the skin of R. arenarum is heterogeneous
regarding size of the granular glands in the dermis, we decided to take
two reference measurements to compare animals of different sizes: the
average diameter of small granular glands and diameter of the largest
granular gland. The former was evaluated from measurements of 15
randomly selected small granular glands from each skin patch, and was
calculated by following individual glands through serially adjacent skin
sections, summing the number of sections each gland spanned, and
multiplying this number by the section thickness of 10 um. The diame-
ter of the largest gland was estimated in a similar manner, by following
serial sections of the first large gland observed in the skin patch. Based
on the work of Saporito et al. (2010), this value was employed to deter-
mine the sampling strata to count the number of skin glands without
counting any gland more than once. After sectioning the whole skin
patch, and dividing sections into sampling strata, we measured the
diameter of other large glands, and ascertained that large glands of one
individual have similar diameter.

The total number of glands in the skin was estimated in the
selected dorsal skin patch, and was calculated following a modified pro-
tocol by Saporito et al. (2010). Modifications in the protocol relate to
the fact that R. arenarum has large and small granular glands, and
Oophaga pumilio has only one type of skin gland. To minimize over
counting glands that appeared in more than one skin section, serial sec-

tions from each toad were divided into sampling strata equal to

FIGURE 1 R. arenarum, morphometric parameters measured in
specimens of the size series. (a) Graphic representation of the skin patch
(red rectangle) employed to study the size, number, and density of skin
glands. D1 indicates the average length of a vertebra. D2 is 1/3 of the
width of the animal between the spine and the lateral edge of the
animal. Image by Radl Orencio Gomez. (b) Parotoid gland outlined as an
oval (O, green) and a triangle (T, yellow). (c) Parameters shows employed
to measure the area of the oval and triangle that forms the parotoid.

rl = the longest straight line between the anterior and posterior portion
of the oval; r2 = oval width measured at half the base of the lower
triangle. Bt = the base of the triangle; ht = height of the triangle. (b) and
(c) image by Ariel Lopez
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FIGURE 2 R. arenarum, dorsal skin during juvenile growth. H-E staining. (a) Wart in a juvenile of 33.09 mm. Notice the cornified epidermal
spine (arrowhead) on the top of the wart, and the presence of mucous and granular glands in the stratum spongiosum of the dermis. (b) Detail of
epidermis in a juvenile of 33.09 mm. Observe the presence of a desquamated stratum corneum. (c) Detail of epidermis in a juvenile of 62.5 mm.
Notice that epidermis had a higher degree of keratinization of the stratum corneum. (d) Skin in juvenile of 67 mm. The dermis had large and small
granular glands, and the basophilic Eberth-Kastschenko layer (arrowhead) was already developed between the stratum spongiosum and stratum
compactum. Epidermis (Ep); Granular gland (Gg); Keratin layer (Kl); Mucous gland (Mg); Stratum compactum (Sc); Stratum spongiosum (Ss)

diameter of the first large gland observed in the skin patch. Sampling
strata were calculated by dividing the total number of sections
obtained from a patch of an individual by the diameter of the first large
gland observed for that same individual. Granular glands were counted
per stratum by viewing one section from edge to edge and recording all
glands observed. Plots of gland frequency (n° of glands/mm) for differ-
ent strata from different individuals established that poison glands are
evenly distributed across skin sections (data not shown). Because each
stratum was defined by the diameter of large glands, the quantification
of small glands is underestimating the total number of small glands; for
this reason we used the following equation, to estimate the total num-

ber of granular glands present in the skin patch:

n° of glands in skin patch=n° of large glands+n° of small glands

(1)

where n° is the estimated number of whichever applies.

In Equation 1, the estimated number of small glands was calculated

as:

n° of small glands= SAkm patch length

& of small glands 2)
% (total n° of counted glands—n° of large glands)

stratum length

where J is the estimated diameter of glands.
The estimated number of granular glands per skin patch was used
to calculate the gland density, as follows:

n° of glands in skin patch
skin patch area (in mm?2)

@)

Granular gland density=

2.5 | Null model of parotoid gland growth and
statistical analysis

To examine the growth of parotoid glands in R. arenarum as a function
of overall growth in toad size (SVL), we studied the isometric/allometric
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FIGURE 3 R. arenarum, acidic glycoconjugates in (a) dorsal and (b)
ventral skin glands of toads with SVL = 50.68 mm. AB-H staining.
(a) Some cells in mucous gland acinus were positive for AB and the
content inside granular gland was negative for AB. (b) Notice that
ventral mucous gland were similar to dorsal skin. Differently, ven-
tral granular glands had a granular content slightly positive for AB.
Epidermis (Ep); Granular gland (Gg); Mucous gland (Mg)

relationship between both variables. Isometric scaling is the simplest
scaling relationship, in which changes in one parameter are accompa-
nied by equivalent changes in another, and can serve as a null hypothe-
sis against which observed changes in growth can be compared
(Saporito et al., 2010; Schmidt-Nielsen, 1984). The scaling relationship
between parotoid gland size (length, area, and height) and body growth

was examined using reduced major axis (RMA) linear regression analy-
sis, which accounts for error in both the dependent and independent
variables (Warton, Wright, Falster, & Westoby, 2006).

Assumptions of RMA linear regression, that is, normal distribution,
homocedasticity, and independence of residuals, were tested with
PAST Software (version 2.17c; Hammer, Harper, & Ryan, 2011).
Log10-transformed size variables were considered to be linearly related
with a correlation coefficient R?> 0.8. Slopes values and 95% confi-
dence intervals of the RMA linear slopes for each regression were cal-
culated with PAST Software. To determine if the

relationships were isometric or allometric, values were compared to

scaling

a null hypothesis of an isometric slope equal 1 or 2, depending on
the dimensional exponent of the variables. When comparing varia-
bles expressed in the same dimension (e.g., parotoid gland height in
mm vs. body size in mm), the exponent of a hypothetic isometric
relationship equals 1, and then the slope of the linear function that
better describes that relationship is expected to be 1. However,
when the independent variable is expressed in one dimension and
the dependent variable is in two dimensions (e.g., parotoid gland
area in mm? vs. body size in mm), the exponent of a hypothetic iso-
metric relationship equals 2 and the slope is expected to be 2. A
scaling relationship was statistically considered allometric if the 95%
confidence interval for its slope did not contain the expected slope
for isometry (Saporito et al., 2010).

3 | RESULTS

3.1 | Morphological changes in skin glands during
post-metamorphic growth

The skin of juveniles with SVL=33.09 mm already had warts and
spines, similarly to adults (Figure 2a). At this stage of development, the
epidermis was already keratinized; although, the corneous layer was
thinner than in adults and the number of epidermal layers was four
(Figure 2b). From 50.68 mm long, the skin had the appearance of adults
regarding the following features: number of epidermal layers (5-6
layers; Figure 2c), presence of a basophilic dermal layer between the
stratum spongiosum and stratum compactum (also known as the
Eberth-Kastschenko layer; Azevedo et al., 2005; Figure 2d), and mor-
phology and histochemical characteristics of dorsal (Figures 2d and 3a)
and ventral glands (Figure 3b). From SVL = 50.68 mm onwards, the
dorsum had large and small granular glands with acidophilic granules
(Figure 2d), and mucous glands had some cells with acidic glycoconju-
gates (Figure 3a). The ventral skin had granular glands with its content
slightly positive for acidic glycoconjugates (Figure 3b), and mucous
glands had the same characteristics as those of the dorsal skin (Figure
3b). Interestingly, in juveniles, none of the large granular glands in the
dorsum had a basophilic content, as it occurs in the largest Type B
glands of adults (see Regueira et al., 2016; for further detail regarding
these glands).

In adults, the parotoid gland has an oval appearance in an antero-
posterior position, and a triangular portion that protrudes from the mid-

dle region of the oval toward the ventral side (Figure 1b). Histologically,
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FIGURE 4 R. arenarum, parotoid gland development. (a) Lower region of parotoid gland in adult, showing the presence of large peripheral
(acidophilic) glands. H-E staining. (b) Lateral view of juvenile with SVL of 11.90 mm fixed in Bouin's fluid. Observe that parotoid gland
(white arrow) is less prominent than in adults. (c) Parotoid gland in juvenile of 15.36 mm. Notice that peripheral and central glands were
not differentiable and gland content inside large granular glands was scarce. H-E staining. Central granular gland (Central Gg); Epidermis
(Ep); Mucous gland (Mg); Peripheral gland (*)

the upper portion with oval shape, consisted of central (basophilic) and parotoid (Figure 4a). In juveniles shorter than SVL = 33.09 mm, paro-
peripheral (acidophilic) glands and the lower triangular portion was a toids were less evident than in it was possible adults (Figure 4b), and
continuation of the peripheral glands toward the ventral side of the large granular glands had an immature appearance with scarce and

AB-H P . a Chromaffin R-H b

200 pm

FIGURE 5 R. arenarum, transverse section of parotoid gland in a juvenile with SVL = 33.09 mm. Peripheral and central glands could be
distinguished in animals larger than this size. (a) Central glands were larger than peripheral glands, and some of the central glands were
positive for detection of acidic glycoconjugates. AB-H staining. (b) The perinuclear cytoplasm of the syncytium in the central glands was
positive (brownish color; arrowhead) for catecholamines. Chromaffin R-H staining. Central granular gland (Central Gg); Epidermis (Ep);
Peripheral gland (*)
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FIGURE 6 R. arenarum, parotoid gland of a juvenile with SVL = 50.68 mm. The macrogland had the same histological organization and
histochemical properties of adults. (a) Observe the large and crowded central glands in the oval region of parotoid, with abundant
basophilic secretion. Arrowheads point to differentiated mucous glands around the neck of central gland. H-E staining. (b) Peripheral glands
in the triangular portion of parotoid were slightly positive for protein detection but central glands were negative, similarly to adults.
Observe a discharged gland (arrowhead) between the central and peripheral glands in the oval and triangular region of parotoid, respec-
tively. Coom staining. (c) Central glands had abundant content, positive for acidic glycoconjugates. AB-H staining. (d) Content inside central
glands was positive for catecholamine detection. Chromaffin R-H staining. (e) Detail of differentiated mucous glands around the neck of
central glands. Arrowhead points to central gland neck. H-E staining. Observe position of differentiated mucous glands in (a). Central granu-
lar gland (Central Gg); Differentiated mucous gland (D Mg); Epidermis (Ep); Peripheral gland (Peripheral Gg); Stratum compactum (Sc); Stra-

tum spongiosum (Ss)

shrinked content (Figure 4c). Central and peripheral glands had the
same histological characteristics and could not be distinguished from
each other, as in adults (Figure 4a,c). The adult external morphology of
the parotoid was documented in juveniles with SVL larger than
33.09 mm, which coincides with the stage in which central and periph-
eral glands can be histologically differentiated by the presence of acidic
glycoconjugates in some of the central glands (Figure 5a), and by the
detection of catecholamines in the perinuclear cytoplasm of syncytia in
central glands (Figure 5b). Juveniles with SVL larger than 50.68 mm had
parotoid glands with the same histological organization and histochemi-
cal properties of adults: enlarged and crowded peripheral and central
glands (Figure 6a), with peripheral glands positive for protein content
(Figure 6b), and central glands positive for acidic glycoconjugates and
catecholamines (Figure 6c,d). In juveniles with SVL larger than

50.68 mm, differentiated mucous glands, with acidophilic columnar
cells, surrounded the neck of central glands (Figure 6e).

Only in adults, the duct of central and peripheral glands of paro-
toids have intraepithelial granular glands (Figure 7a) with a content pos-
itive for acidic glycoconjugates (Figure 7b,c).

3.2 | Morphometric changes in parotoid glands during
post-metamorphic growth

The external morphology of the parotoid gland changes during juvenile
growth due to the development of large granular glands in the most
ventral portion of the parotoid (Figures 1b and 4a). For this reason, the
estimation of the total area of parotoid changed through ontogeny,

being considered as an oval in juveniles smaller than 33.09 mm, and as
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FIGURE 7 R. arenarum, intraepithelial granular glands in the duct
of central and peripheral glands of parotoids of adult individuals.
(a) Low magnification photograph of parotoid showing the position
of intraepithelial granular glands (red squares) in peripheral and
central glands. Chromaffin-AB staining. (b) Detail of the duct of
peripheral gland shown in (a) Arrow indicates nucleous of syncy-
tium of the gland. Notice the granular content, positive for acidic
glycoconjugates. (c) Detail of the duct of central glands shown in
(a), showing that intraepithelial glands have the same morphology
as in duct of peripheral glands. Central granular gland (Central Gg);
Intraepithelial granular gland (I Gg); Lumen of the gland duct (*);
Peripheral gland (*)

the sum of an upper oval plus a lower triangle, in animals larger
than 33.09 mm. The slope of the RMA regression line for the total area
of parotoid gland was 2.19 (Figure 8a; 95% Cl=1.98-2.49;
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R?=0.97), suggesting an isometric relationship between total area
of parotoid and SVL. Although the area of parotoid is a good
parameter to evaluate the intraspecies growth of the macrogland, it
is not appropriate for interspecies comparison because parotoid
glands have a dissimilar shape in different species of anurans. For
this reason, data related to the length of the macrogland is also
presented. Length of parotoids (r1 in Figure 1) increased from
2 mm in the smallest toadlet to a maximum of 25 mm in an adult,
and the slope of the RMA regression line was 1.05 (Figure 8b;
95% Cl=0.99-1.15; R?>=0.98), suggesting an isometric relationship
between length of parotoid and SVL.

The height of the parotoids increased with body size (Figure 8c),
from .08 mm in the smallest toadlet to 2.68 mm in adults. The slope of
the RMA regression line for the height of parotoid gland was 1.45
(95% Cl = 1.35-1.60; R? = 0.97), suggesting a positive allometric rela-
tionship between height of parotoid and SVL.

3.3 | Morphometric changes in dorsal skin glands
during post-metamorphic growth

Both average diameter of small glands and diameter of the largest gran-
ular gland, increased with increasing body size (Figure 9a,b), but at a
different rate. Largest gland diameter increased from 98 pum at
11.26 mm SVL to 1116 pm at 101.1 mm SVL and the slope of the
RMA regression line was estimated as 1.05 (Figure 9a; 95% Cl = 0.92-
1.19; R? = 0.88), suggesting an isometric relationship between size of
larger glands and SVL. Small gland diameter increased from a mean of
91.63 um at 11.26 mm SVL to 431.4 um at 101.1 mm SVL and the
slope of the RMA regression line was 0.64 (Figure 9b; 95% Cl = 0.52-
0.77; R? = 0.83), indicating a negative allometric relationship between
small gland size and SVL.

The estimated number of glands per skin patch as dependent vari-
able of SVL (Figure 9c). Was supported by a low RMA linear regression
coefficient of determination (R? = 0.45), which was below the criteria
established as good fitness to a linear relationship (R?>0.8). For this
reason, the allometric relationship between number of glands per skin
patch and SVL was not be studied. Finally, granular gland density (n° of
granular glands/mm?) decreased with increasing body size (Figure 9d).
The slope of the RMA regression line was calculated as —1.97 (95%
Cl=-2.35 to —1.74; R?=0.89), suggesting a negative relationship
between granular gland density and SVL.

4 | DISCUSSION

The glands of the integumentary system of R. arenarum are immature
in young post-metamorphs. Therefore, post-metamorphic development
is crucial for the functional differentiation of the skin defense system.
Dorsal glands and parotoid macroglands acquire the morphological and
histochemical characteristics of adults at the same body size (around
50 mm long), which according to Echeverria and Filipello (1990) is
before they reach sexual maturity. Up to snout-vent length (SVL) =
50 mm, granular glands have an immature appearance, with scarce con-

tent and heterogeneous granules, similar to gland morphology in
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tadpoles of several anuran species (summarized by Terreni et al., 2003);
however, we cannot rule out that the content is secreted and/or
accomplishes a biological function. Comparing with other bufonids,
Rhinella marina is apparently toxic from metamorphosis (Freeland &
Kerin, 1991), and the parotoid glands of all R. marina irrespective of
SVL, contain secretory products (Freeland & Kerin, 1991). Because R.
arenarum and R. marina are closely related species (Maciel et al., 2010;
Portik & Papenfuss, 2015), we suspect that although skin glands in
juveniles of R. arenarum have an immature morphology, they have a
biologically active secretion. To our knowledge, this is the first record
of immature skin glands in large juveniles, and appearance of the adult
gland morphology is coincident with disappearance of the cryptic colo-
ration pattern (Regueira et al., 2016), which implies that defensive
strategies changes once skin glands are fully matured.

In agreement with the previous hypothesis regarding the prepon-
derance of parotoid glands in the skin defense system of bufonids
(Almeida et al., 2007; Jared et al., 2009; Mailho-Fontana et al., 2014),
this study shows that parotoids in R. arenarum grow at a faster rate
than dorsal glands, becoming a functional macrogland with toxic com-
ponents (Regueira et al., 2016). The allometric growth in height of
parotoids is mainly due to growth of the large granular glands that
almost fill the entire dermis. This implies that as toad growth pro-
gresses, parotoids accumulate increasing amounts of secretion. On the
contrary, dorsal glands either grow isometrically, if they are the large
glands, or at a lower rate than body size, if they are the small glands.
An ontogenetic increase in parotoid gland size has also been reported
for R. marina, an anuran capable of synthesizing defensive bufadieno-
lides (Phillips & Shine, 2006), and rapid increase in the relative size of
the parotoid glands begin once an SVL of 70 mm has been reached
(Freeland & Kerin, 1991). With this background, we think that an
exhaustive comparison between growth of dorsal glands and parotoids
in diverse species of bufonids with different types of secretion and
without parotoids would provide data to relate the diverse changes
that occur in anuran skin with ontogenetic variations in other defense
mechanisms. When comparing with non-bufonid species, during post-
metamorphic growth of Oophaga pumilio, a dendrobatid frog which

possesses granular glands that store and secrete alkaloid-based toxic
chemicals (see Daly et al., 2005 for review), the size, number, and per-
centage of dorsal skin occupied by poison glands increase allometrically
as a function of body size (Saporito et al., 2010), resulting in adults
with a larger capacity to store alkaloids. As dendrobatids lack macrog-
lands, increase in capacity to accumulate defensive secretions along
ontogeny relies on dorsal glands, and similarly to parotoid scaling in R.
arenarum, adults have a larger capacity to accumulate secretions. Adults
of R. arenarum have in their parotoids and in the biggest warts of the
dorsum, two types of granular glands: Type A, acidophilic, with protein-
aceous content, and Type B, basophilic, with catecholamines, acidic gly-
coconjugates, and lipid-derived products (Regueira et al, 2016).
Although the biological function of the secretion in each type of gland
is unknown, Type B glands are presumably related with the defensive
system because of the presence of catecholamines (Toledo & Jared,
1995). Catecholamine possessing glands are predominantly in the paro-
toids, thus, the allometric growth of parotoids in R. arenarum directly
indicates an increase in the defensive chemical system through
ontogeny.

One interesting result of our study is that estimated number of
granular glands in the skin patch of dorsal skin is not linearly related
with size of individuals. In contrast, the number of skin glands seems to
be a trait characteristic of each individual toad, and intraspecific varia-
tion should be considered. To our knowledge, skin gland primordia
(anlagen) are only present in the epidermis of tadpoles (Terreni et al.,
2003 and papers cited therein; Chammas et al., 2015; Quinzio & Fab-
rezi, 2012; Regueira et al., 2016) and have not been described in the
skin of adults or juveniles (Antoniazzi et al, 2013; Chammas et al,
2015; Jared et al., 2009; Regueira et al., 2016; Saporito et al., 2010). If
this is the case, the number of skin glands in each individual would
depend on the number of gland anlagen that develop during the larval
life, and would be constant throughout the post-metamorphic life.
Contradicting this hypothesis, and different from R. arenarum, Saporito
et al. (2010) described that in Oophaga pumilio, the number of poison
glands increases with SVL, but, because density decreases, they con-
clude that gland hyperplasia is minimal. Similar to gland density fall in
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R. arenarum, Chammas et al. (2015) observed in Rhinella granulosa that
the frequency of granular glands (number of skin glands/10 mm of
skin) decreases with body size. Strikingly, frequency of mucous glands
increases with body size, but epidermal anlagen of mucous glands dur-
ing juvenile growth are not described. It is crucial to find out whether
skin glands originate de novo from epidermis of post-metamorphic
individuals.

Dimorphic granular glands have been described in dorsal skin of
several anuran species including, R. granulosa (Delfino et al., 1999), R.
arenarum (Regueira et al., 2016), Melanophryniscus stelzneri (Delfino,
Brizzi, Kracke-Berndorff et al., 1998), and Phyllomedusa hypochondrialis
(Delfino, Brizzi, Alvarez, et al., 1998). Particularly in R. arenarum, Type B
granular glands seem to be restricted to the largest warts, and were

not observed in juveniles or in the dorsal skin patch covering pre-sacral
vertebrae. R. arenarum not only has different types of granular glands
regarding the type of secretion but also Type A glands can be divided
into small and large granular glands. Interestingly, these glands have a
different growth rate during development, which increases the differ-
ence between the sizes of both glands. While small glands grew at a
minor rate than body size, large glands grew at the same rate, resulting
in smaller small glands along ontogeny. By the end of metamorphosis,
all granular glands look the same (Regueira et al., 2016), but then, only
some glands become the largest Type A glands. It would be interesting
to study whether all glands are potentially large glands, and if different
environmental circumstances, internal or external, trigger differences in
the growth rate. For example, Licht (1967) observed that in three
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species of Bufonidae, larger individuals appear to develop the parotoid
gland faster, suggesting that size of an individual might modify gland
development. In R. arenarum, large glands of the parotoid region are
found by the end of metamorphosis (Regueira et al., 2016), but these
glands differentiate into large peripheral and central glands only when
SVL exeeds 33.09 mm. Such a delayed skin gland differentiation has
not been reported previously.

The external morphology of parotoid glands is species specific
(Almeida et al., 2007; Gallardo, 1987; Jared et al., 2009; Jared et al.,
2014; Mailho-Fontana et al., 2014), and a particular feature of R. arena-
rum is that the macrogland has a triangle-shaped ventral extension with
large peripheral glands. The function of the protein-rich gland secretion
present in peripheral glands is unknown; however, the presence of large
glands with an intermediate appearance between central and peripheral
glands (see Figure 4a) suggests that peripheral glands could be an initial
stage of maturation of central glands. Similarly, parotoids of Anaxyrus
regularis possess granular glands at various stages of development (Tol-
edo & Jared, 1995). At the beginning of the secretory cycle, granules
have a protein material, but at more advanced stages, granules contain
serotonin, a type of catecholamine. Finally, mature glands display lipid
content in the secretion (Toledo & Jared, 1995). In R. arenarum, periph-
eral glands were always positive for proteins and negative for catechol-
amines; however, it cannot be rule out their potential capacity to
produce catecholamines and a lipid-derived secretion.

A particular characteristic of parotoids in R. arenarum, is the pres-
ence of intraepithelial glands in the duct of the large glands. To our
knowledge, this is the first report of the presence of syncytial glands
with mucous secretion in the epithelium of a gland duct, and the func-

tion of this secretion is unknown.
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