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Visceral pigmentation is found in several organs and structures of ectothermic animals,

comprising the extracutaneous pigmentary system. Its function is not well defined,

although it is known that melanin is produced and stored inside pigmented cells. Previous

studies demonstrated that the distribution of visceral pigmentation is neither homogeneous

among organs among anuran species. We described the diversity of visceral pigmentation

in 12 organs ⁄ structures from 32 anuran species belonging to eight families in a phyloge-

netic context. We also determined in which node(s) of the phylogeny there is more varia-

tion in the pigmentation and whether this variation has phylogenetic signal. The visceral

pigment cells in organs and structures of the abdominal cavity varied among genera. All

species had pigmentation in the urogenital and cardiorespiratory systems, whereas the

stomach lacks pigmentation in all species. We also found a phylogenetic signal for pigmen-

tation in all organs and structures taken together, besides heart, testes, lumbar parietal

peritoneum and lumbar nerve plexus when considered separately. Overall, considering all

organs, the highest diversity of categories of pigmentation was found in the nodes corre-

sponding to Cruciabatrachia and Athesphatanura. This study constitutes the first step

towards understanding the evolution of visceral pigmentation in anurans.
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TAU, Taubaté, São Paulo 12030-180, Brazil. E-mail: istama@uol.com.br

Silvio C. de Almeida, Department of Zoology, Institute of Biosciences, São Paulo State University –

UNESP, Botucatu, São Paulo 18618-970, Brazil. E-mail: scesar@ibb.unesp.br
Introduction
Invertebrates and vertebrates have specialized cells called

chromatophores, whose pigments are related to several func-

tions. There are five types of chromatophores in

ectothermic vertebrates: melanophores (black or brown)-

containing melanin; erythrophores-containing pteridine;
Academy of Science and Letters,
xanthophores (yellow)-containing pteridine and carotenoids;

and iridophores, with pale metallic coloration because of

purine and pteridine cristals (Bagnara & Matsumoto 2006).

These cells are found in fish, amphibians and reptiles. Leu-

cophores are only reported in fish and have white coloration

given by purine (Bagnara & Matsumoto 2006).
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Ectothermic vertebrates have two distinct types of pig-

ment cells containing melanin: melanocytes and melano-

phores (Agius & Roberts 2003). These dendritic cells are

commonly found in the integument (Aspengren et al.

2009). Additionally, melanin-containing cells were also

reported in some internal organs of fish (Agius 1980;

Agius & Roberts 2003; Jordanova et al. 2008), salamanders

(Pederzoli & Trevisan 1990; Prelovisek & Bulog 2003),

anurans (Franco-Belussi et al. 2009, 2011; Moresco &

Oliveira 2009) and turtles (Christiansen et al. 1996; Rund

et al. 1998; Johnson et al. 1999). Visceral pigmentation was

described in several organs and structures in these animals,

such as the integument, heart, lungs, intestines, rectum,

peritoneum, liver, spleen, kidneys, gonads, Bidder’s organ,

thymus, nerve plexus, meninges and blood vessels, consti-

tuting the extracutaneous pigmentary system (Zuasti et al.

1998; Gallone et al. 2002).

Previous studies (Zieri et al. 2007; Franco-Belussi et al.

2009, 2011; Moresco & Oliveira 2009) found that the pig-

mentation on the surface of testes varies among anuran

species and genera. The testicular pigmentation has been

also used as a character in systematic studies of Dendroba-

toidea (Grant et al. 2006) and the genus Hylodes (Canedo

2008). For instance, members of the genera Adelphobates,

Colostethus, Dendropsophus and Leptodactylus usually lack pig-

mentation on the testes (Grant et al. 2006; Franco-Belussi

et al. 2009, 2011). On the other hand, members of the

family Leiuperidae and other Dendrobatidae have pig-

mented testes (Grant et al. 2006; Franco-Belussi et al.

2009). In addition, the pattern of distribution and extent

of iridiophores on the peritonea of glassfrogs (Centroleni-

dae) have been traditionally used as a character in the sys-

tematics of the group (Cisneros-Heredia & McDiarmid

2007). Taken together, these findings suggest that the vis-

ceral pigmentation shows a phylogenetic signal.

Contrarily, other studies reported that the pigmentation

on testes varied during the breeding season in the bufonids

Rhinella schneideri (Moresco & Oliveira 2009), and species

of Atelopus (McDiarmid 1971), but not in Physalaemus

cuvieri (Moresco & Oliveira 2009). Accordingly, the pig-

mentation on the dorsal surface of the kidneys increased

from the beginning towards the end of the breeding sea-

son in Dendropsophus nanus (Moresco & Oliveira 2009).

The pigmentation on the heart, testes and kidneys also

appears to increase in Eupemphix nattereri following

administration with lipopolysaccharide of Escherichia coli

(Franco-Belusi & Oliveira 2011).

Biological traits may have different evolutionary histo-

ries. As a consequence, they can be either labile and possi-

bly converge or be conserved (Harvey & Pagel 1991).

Phylogenetic signal is the tendency of related species to

resemble each other more than they resemble species
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drawn at random from a phylogeny (Harvey & Pagel

1991; Blomberg & Garland 2002), that is, when there is a

correlation between traits and phylogeny. This is equiva-

lent to say that trait diversity is skewed to the root of a

phylogenetic tree (Pavoine et al. 2010). On the other hand,

traits can be labile and the highest diversity can be found

at the tips of the tree. This often occurs when traits

converge.

In this paper, we extend the scope of previous studies

and record the occurrence of pigmentation on the surface

not only of testes but also on 16 organs and structures of

35 anuran species belonging to 13 genera from eight fami-

lies nested within Meridianura (sensu Frost et al. 2006).

Additionally, for the first time, the visceral pigmentation

of several organs in anurans is analysed using a phyloge-

netic comparative method. The test of phylogenetic signal

is a key prerequisite for studies of character evolution.

The presence of a phylogenetic signal has important

implications to trait evolution and how comparative data

are analysed. Conversely, the absence of phylogenetic sig-

nal may justify the use of standard statistics in comparative

studies (Blomberg & Garland 2002).

Methods
Data collection

We collected calling adult anurans at night near breeding

sites and with pitfall traps in several locations in the state

of São Paulo, southeastern Brazil (see Appendix S1). These

specimens are housed at the collection of the Laboratory

of Comparative Anatomy, Department of Biology,

UNESP, São José do Rio Preto (see Appendix S2). We

used at least five adult specimens of each species for the

analysis of pigmentation. The specimens were anesthetized

with 1 g ⁄ L of benzocaine and dissected to expose the

organs. We used a stereoscopic microscope (Leica MZ16;

Leica Microsystems GmbH, Wetzlar, Germany), coupled

with an image capture system for photographic recordings.

All procedures followed the recommendations of the CO-

BEA (Brazilian College of Animal Experimentation) and

the Ethics Committee of our university (Protocol #70 ⁄ 07

CEEA). We also analysed additional specimens from the

amphibian collections of the Department of Zoology and

Botany, UNESP (DZSJRP), Laboratory of Zoology, Uni-

versity of Taubaté (CCLZU), and the Jorge Jim collection

(JJ; now incorporated into the herpetological collection of

the National Museum, MN-RJ). The material examined is

listed in Appendix S2. We also obtained data from the lit-

erature (Franco-Belussi et al. 2011, 2012) for species of the

family Hylidae.

We recorded the distribution of visceral melanocytes in

16 organs or structures, namely pericardium, cardiac blood

vessels, heart, lungs, stomach, intestine, rectum, visceral
ª 2012 The Norwegian Academy of Science and Letters, 41, 6, November 2012, pp 547–556
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peritoneum, kidneys, renal veins, urinary bladder, testes,

fatty bodies, lumbar plexus nerves (lumbar portion), parie-

tal peritoneum, and intestinal mesenterium. We recorded

the pigmentation on these organs ⁄ structures based on col-

oration intensity, following the protocol of Franco-Belussi

et al. (2009), which is similar to those used by Grant et al.

(2006). The intensity of pigmentation on organs was

divided into four categories, ranging from absence of pig-

mentation to entirely pigmented, as follows: category (0)

lack of pigment cells on the surface of organs, in which

the usual colour of the organ is evident; category (1) a few

scattered pigment cells, giving the organs a faint pigmen-

tation; category (2) presence of a large amount of pigment

cells; category (3) presence of a massive amount of pig-

ment cells, rendering an intense pigmentation to the struc-

ture, changing its usual colour and superficial

vascularization (Franco-Belussi et al. 2009). We assigned a

certain category of pigmentation to an organ ⁄ structure

considering the pigmentation of the majority of individu-

als. For example, when three specimens out of five had

pigmentation category 0, and the remaining two had

category 1, we assigned category 0 to that organ in that
Fig. 1 Phylogenetic tree constructed for the analysis of trait diversity s

groups within Leptodactylus.
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species, since the method used (Pavoine et al. 2010; see

below also) does not incorporate intraspecific trait variabil-

ity and only uses a single value.

Taxon sampling and statistical analysis

Species selection for this study took into account availabil-

ity of phylogenetic information, published data about

visceral pigmentation, and its availability in scientific col-

lections. We included species from the following families

in the analysis: Brachycephalidae, Craugastoridae, Cyclor-

amphidae, Hylidae, Hylodidae, Leiuperidae, Leptodactyli-

dae and Strabomantidae (see Appendix S2). To conduct

the analysis, we assembled by hand a supertree for the spe-

cies sampled using the software MESQUITE 2.74 (Maddison

& Maddison 2010), considering the topological relation-

ships proposed by the following studies: Ponssa (2008) for

species of Leptodactylus; Wiens et al. (2010) for species of

Scinax and Dendropsophus; Hedges et al. (2008) for species

of Ischnocnema, Holoaden and Haddadus; Tárano & Ryan

(2002) for species of Physalaemus. We followed the phylog-

eny of amphibians proposed by Frost et al. (2006), as mod-

ified by Grant et al. (2006) and Hedges et al. (2008), for
howing the higher-order groups (left), families (right) and species

41, 6, November 2012, pp 547–556 549
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the placement of families and higher-order groups

(Fig. 1).

We used the analysis proposed by Pavoine et al. (2010) to

study how the categories of pigmentation vary along the

nodes of the phylogeny and also to test for a phylogenetic

signal in the pigmentation found in 12 of the 16

organs ⁄ structures. We excluded from the following analysis

the organs that did not have pigmentation in all species,

such as urinary bladder, fatty bodies, intestine, and stomach.
A B

C D

E F
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After constructing the phylogenetic tree for the species sam-

pled, we calculated the distance among species based on the

categories of pigmentation using the Gower index of simi-

larity, as modified by Pavoine et al. (2009) to deal with ordi-

nal traits, as was the case in our study. Posteriorly, we tested

whether traits are distributed in a way that only one node in

the tree expresses the whole trait diversity, whether trait

diversity is evenly distributed across nodes, or whether trait

values are skewed to the root or the tips of the phylogeny
Fig. 2 Organs of the urogenital system.

—A. Testis without pigmentation in

Odontophrynus americanus, showing an

intense vascularization. —B. Testis with

moderate pigmentation in Eupemphix
nattereri. —C. Intense pigmentation in

Physalaemus centralis. —D. Testis of

Physalaemus cuvieri with an intense

pigmentation, in which the typical

vascularity of the gonads is masked. —E.

Dorsal view of the kidneys of

Leptodactylus bokermanni with scattered

melanocytes. —F. Ventral view of the

kidneys of Proceratophrys boiei without

pigmentation. Fb, fat bodies; K, Kidney;

T, Testis. Arrows indicate melanocytes.

ª 2012 The Norwegian Academy of Science and Letters, 41, 6, November 2012, pp 547–556
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(Pavoine et al. 2010). In this context, phylogenetic signal is

detected when higher trait diversity is skewed to the root of

the phylogeny. Our supertree did not include branch

lengths, because the analysis uses the quadratic entropy

index to measure trait diversity and only considers tree

topology (Pavoine et al. 2010), that is, it assumes a punctu-

ated model of evolutionary change (Garland et al. 1992).

The analysis was conducted in self-written codes (‘decdiv’

and ‘dist.ktab’) provided by S. Pavoine and the packages ape

(Paradis et al. 2004) and ade4 (Dray & Dufour 2007) in the R

software v. 2.12.2 (R Development Core Team. 2011).

Results
Visceral pigment cells occurred differently in organs and

structures of the abdominal cavity among the 35 species

analysed. Below, we include descriptions of each organ ⁄
structure grouped by systems (see also Table S1). Addi-

tional colour pictures are available from MorphoBank

(http://morphobank.org/permalink/?P701).

Variation in pigmentation among organs ⁄ structures

Species from all groups had pigmentation on the testes,

except for Terrarana, Leptodactylidae and Cycloramphidae
A

C

Fig. 3 Organs of the cardio-respiratory

system. —A. Heart of Pseudopaludicola

falcipes without pigmentation. —B. Heart

of Leptodactylus marmoratus showing a few

pigment cells in the pericardium. —C.

Lung of Leptodactylus furnarius with

moderate pigmentation. —D. Lung of

Leptodactylus bokermanni with moderate

amount of pigment. H, Heart; L, Lung.

Arrows indicate melanocytes.
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(Fig. 2A), whose testes were white-yellow. We found an

intermediate amount of pigmentation (category 2) on the

testes of the genus Eupemphix, whereas Physalaemus, Pseud-

opaludicola, and Hylodidae had an intense pigmentation

(category 3) on that organ (Fig. 2B–D). The majority of

species of Terrarana (except for Ischnocnema juipoca) and Le-

ptodactylidae (except for Leptodactylus bokermanni and Lepto-

dactylus labyrinthicus) lack pigmentation on the kidneys,

whereas all species (except for Proceratophrys boiei) within

Hesticobatrachia had small amounts (category 1) of pig-

mentation (Fig. 2E,F). There were no differences between

the kidney and testicular antimeres.

The pigmentation varied in the cardio-respiratory sys-

tem. The species from Terrarana, Leptodactylidae, Hylod-

idae and Proceratophrys had no pigmentation in the

pericardium, whereas Odontophrynus and Leiuperidae had a

small amount (category 1) of pigmentation. The species

from Terrarana and Leptodactylidae lack pigmentation in

the heart and cardiac blood vessels, whereas species of

Odontophrynus and Calamitophrynia had only a small

amount of pigmentation (category 1) on cardiac blood ves-

sels. The genera Eupemphix and Proceratophrys had little

pigmentation (category 1) on the heart. All genera had
B

D
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some degree of pigmentation (category 1 and 2) on the

lungs, except Haddadus. We found little pigmentation on

the lungs in species of Ischnocnema, Leptodactylidae (except

for Leptodactylus furnarius), Cycloramphidae and Leiuperi-

dae, whereas Holoaden and all Hylodidae had a moderate

amount (category 2) of pigmentation (except for Crossodac-

tylus gaudichaudii with category 1; Fig. 3).

All genera lack pigmentation in the stomach and middle

portion of intestine. The species from Terrarana, Leptodac-

tylidae, Cycloramphidae, and Hylodidae lack pigmentation

in the rectum (final portion of intestine), whereas Physalaemus

and Eupemphix had little pigmentation (category 1) and

Pseudopaludicola showed an intense amount (category 3) of

pigmentation (Fig. 4). The intestinal mesentery of Haddadus,

Ischnocnema, Proceratophrys, and Hylodes lack pigmentation,

whereas the remaining species have some degree (categories

1 and 2) of pigmentation (Fig. 5A,B). We found a great varia-

tion in the pigmentation categories in the parietal perito-

neum and associated lumbar nerves of all species (Fig. 5C,D).

Phylogenetic signal and diversity of visceral pigmentation

The diversity of pigmentation categories in each

organ ⁄ structure is significantly biased towards the root in
A B

C D
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the heart, testicle, lumbar parietal peritoneum, and lum-

bar nerve plexus (Fig. 6). The diversity of pigmentation

categories is biased towards a single node if distances

among species are calculated separately on the heart, tes-

ticle, lumbar parietal peritoneum, lumbar nerve plexus,

cardiac blood vessels, and kidneys (Fig. 6). The diversity

of pigmentation categories is biased towards a few nodes

if distances among species are calculated separately on

the heart, testes, lumbar parietal peritoneum, renal ves-

sels, and kidneys (Fig. 6). The phylogenetic signal is thus

significant in the heart, testes, lumbar parietal perito-

neum, and lumbar nerve plexus. The diversity measured

on all combined traits (Fig. 6L) had phylogenetic signal

biased towards a few close-to-root nodes, with a high

contribution of differences in pigmentation categories

between Athesphatanura and Cruciabatrachia. The diver-

sity of pigmentation categories seems to be independent

from the phylogeny in the pericardium, intestinal mesen-

terium, and vertebral column (Fig. 6). Additionally, the

variation in pigmentation categories is significantly

higher close to the tips of the tree in the rectum and

lungs of Cruciabatrachia, Hesticobatrachia, and Terrarana,

respectively.
Fig. 4 Digestive system. —A. Stomach of

Leptodactylus furnarius without pigment.

This pattern is observed in all species. —B.

Intestine of Leptodactylus furnarius without

pigmentation. —C. Rectum of Physalaemus
cuvieri with little pigmentation. —D.

Rectum of Pseudopaludicola falcipes with an

intense pigmentation. I, Intestine; R,

Rectum; S, Stomach. Arrow indicates

melanocytes.

ª 2012 The Norwegian Academy of Science and Letters, 41, 6, November 2012, pp 547–556
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Fig. 5 Peritoneum and nerve plexus. —A.

Mesentery of Proceratophrys boiei with a

few melanocytes. —B. Mesentery of

Eupemphix nattereri with moderate

pigmentation. —C. Lumbar plexus nerve

of Leptodactylus marmoratus with a few

pigment cells. —D. Lumbar nerve plexus

and parietal peritoneum of Physalaemus

marmoratus with moderate pigmentation.

I, Intestine; Lb, Lombar Peritoneum; M,

Mesentery; Pl, lumbar nerve plexus; V,

Vertebral Spine. Arrows indicate

melanocytes.
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Discussion
We found that the visceral pigmentation shows phyloge-

netic signal when considering all organs in the 35 species

analysed, besides the heart, testes, lumbar parietal perito-

neum, and lumbar nerve plexus, when analysed separately.

In addition, the pigmentation in the pericardium, intesti-

nal mesenterium, vertebral column, cardiac blood vessels,

kidneys, and renal veins seems to vary independently from

the phylogeny. Furthermore, the highest diversity of pig-

mentation in the rectum and lungs was significantly

skewed towards the tips of the phylogenetic tree.

Pigment cells are not found in the gonads of the major-

ity of anuran species (e.g., Franco-Belussi et al. 2011). In

our analysis, pigments were only found on the gonads of

species of Calamitophrynia (Leiuperidae + Hylodidae).

When present, visceral melanocytes are closely related

with the vascular system and associated connective mem-

branes (Oliveira & Zieri 2005). The function of pigmenta-

tion in the gonads of anurans is not defined yet, but a

recent study demonstrated that the pigmentation increased

quickly after administration of LPS from Escherichia coli in

a leiuperid (Franco-Belusi & Oliveira 2011). Melanic pig-

ments can absorb and neutralize free radicals, cations, and
ª 2012 The Authors d Zoologica Scripta ª 2012 The Norwegian Academy of Science and Letters,
other potentially toxic substances derived from the

degradation of cellular material (Zuasti et al. 1989). But

interestingly, testicular pigmentation only occurred in

Calamitophrynia. Other studies reported that some Dend-

robatidae also have pigmented testes (Grant et al. 2006).

We did not include any dendrobatid in our analysis, but it

is the sister taxon of Hylodidae (Grant et al. 2006) and

also included in Calamitophrynia. Therefore, the pigmen-

tation in the testes seems to increase the fitness of individ-

uals by providing protection against bacterial infections,

which may explain why it is phylogenetically constrained.

Phylogenetic signal may be the result of natural selection

forces acting randomly in direction and magnitude or

genetic drift (Blomberg & Garland 2002). Similarly, con-

servative phenotype-dependent responses to selection and

the occupation of similar habitats also contribute to the

tendency of related species to resemble each other (Harvey

& Pagel 1991; Garland et al. 2005). Leiuperids and hylod-

ids differ in many life history traits. For example, they

occur in different habitats: generally ponds in open areas

and along forest streams in eastern South America, respec-

tively, and have also contrasting activity periods: nocturnal

and diurnal, respectively. These factors could potentially
41, 6, November 2012, pp 547–556 553
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Fig. 6 Decomposition of the diversity of categories of pigmentation among the nodes of the anuran phylogenetic tree. (A–L) Variation of

pigmentation categories as measured in a single specified organ. —M. Variation of pigmentation categories as measured considering the

pigmentation categories of all organs among the 32 species. Circles at nodes provide the contribution of nodes to trait diversity, scale are

given below each tree. The larger the circle, the larger the trait diversity in that node. Results of the permutation tests are given at the

bottom of each tree: SN, single-node skewness test; FN, few-nodes skewness test; Ro, root ⁄ tips skewness test (two sided). Total quadratic

entropy (TQE) represents the overall value of trait diversity, the higher the TQE, the higher the diversity of pigmentation categories in a

given organ. See Fig. 1 for node labels. [Correction added on 8 October 2012, after first online publication: Fig. 6 was replaced with the

correct test values for section K].
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influence melanocyte dynamics and the occurrence of pig-

mentation on testes. However, experimental studies on the

function of the pigmentation on testes are still scarce, and

further information is needed to properly infer the under-

lying process producing this phylogenetic signal.

Conversely, pigmentation on the pericardium, mesente-

rium, vertebral column, rectum, lungs, cardiac blood ves-

sels, kidneys, and renal veins seems to be more labile.

Indeed, the pigmentation in those organs was convergent

in our phylogeny. Specifically, the diversity of pigmenta-

tion categories was skewed towards the tips of the phylog-

eny in the rectum and lungs. This can occur when

distantly related species evolve towards similar phenotypic

traits, because of similar environmental conditions (Pavo-

ine et al. 2010). In fact, the pigmentation in these organs

seems to have a strong phenotypic plasticity and could

change according to the local environment. The visceral
554 ª 2012 The Authors d Zoologica Scripta
pigmentation may vary according to physiological (e.g. age,

nutritional status and diseases; Agius & Agbede 1984)

and ⁄ or environmental factors (e.g. temperature). Tempera-

ture is an environmental factor that varies geographically

and may change pigmentation and metabolism of the liver

(Barni et al. 2002). However, in our analysis, pigmentation

seems to vary around a pattern that is species specific.

We did not find pigmentation in fatty bodies, urinary

bladder, intestine and stomach. A similar pattern is also

reported for Dendropsophus (Franco-Belussi et al. 2011) and

Scinax (Franco-Belussi et al. 2012). The absence of pig-

mentation may be due to tissue types and embryonic ori-

gins, or even cannot be visible on organ’s surface.

In the analysis that took into account all organs, the

nodes corresponding to Athesphatanura and Cruciabatra-

chia had the highest diversity of pigmentation categories.

The pattern of visceral pigmentation in anurans found in
ª 2012 The Norwegian Academy of Science and Letters, 41, 6, November 2012, pp 547–556
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this study shows that the overall pigmentation of organs is

a very conserved trait. From this perspective, our data open

a new field of inquiry. Histological analyses of liver, testes

and spleen, along with experiments that manipulate factors

that influence melanin production and melanocyte migra-

tion, should be conducted to explain the possible functions

and differential occurrence of these pigment cells.
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