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Introduction

Melanins are the most common pigments in animals. In

vertebrates, melanins are synthesized by specialized cells

called melanocytes, from which they are transferred to

the target tissues that are usually the skin and associated

integumentary structures such as feathers and hairs (van

den Bossche et al., 2006). These melanocytes that are

found in and confer colour to the integument are

categorized as classical melanocytes, and most research

on melanin synthesis and function has focused on them

(Lin & Fisher, 2007). However, other melanocytes are

found in the eye, inner ear, brain, bones, heart, skeletal

muscle and visceral adipose tissue (Steel & Barkway,

1989; Hirano, 1990; Zucca et al., 2004; Zadlo et al., 2006;

Yajima & Larue, 2008; Randhawa et al., 2009; Tu et al.,

2009). These nonclassical melanocytes are not derived

from melanoblasts that take the dorso-lateral pathway

during development like classical melanocytes, but from
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Abstract

Melanin is mainly found in the integument of animals, but it also appears in

several extracutaneous tissues. The presence of melanin in testes has been

anecdotally reported in all vertebrate groups, but the causes and functions of

this melanin remain unknown. Similar to other extracutaneous melanins,

testicular melanin may protect male germ cells from oxidative stress. Given

the high respiratory activity of spermatozoa, oxidative stress generated by

mitochondrial dysfunction as a consequence of mtDNA mutations directly

affects sperm viability. Thus, natural selection may favour testicular melan-

ization in males of species with high historical mutation rates in the

mitochondrial genome. Here, we tested this hypothesis using information on

occurrence of testicular melanization and mutation accumulation as reflected

by cytochrome b mtDNA base pair substitution rates in a large set of 134

species of birds, controlling for the confounding effects of body mass,

reproductive activity and phylogeny. We found that testicular melanization

has evolved in species with high rates of accumulated mitochondrial

mutations and propose that this is an adaptive response related to the

protective capacity of melanin against oxidative stress. In support of this

hypothesis, testicular melanization was more frequently observed during the

breeding season of birds (i.e. when spermatogenesis is likely to occur) than

during reproductive inactivity. In contrast to other extracutaneous melanins

whose abundance seems to reflect skin and coat colour, we did not find a

correlation between the proportion of plumage coloured by melanins and

occurrence of testicular melanization. Whereas future experimental studies

should test these hypotheses, our study highlights for the first time that

melanization patterns in animals may evolve as a response to historical

mutation rates.
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melanoblasts that probably take other routes (Brito &

Kos, 2008). Furthermore, the function of melanins

produced by nonclassical melanocytes, except that of

ocular and ear melanins (e.g. Steel & Barkway, 1989;

Zadlo et al., 2006), remains unclear (Ito, 2008).

Extracutaneous melanin can also be found in the

testes. In vertebrates, the presence of testis melanin has

been reported in fish (Louiz et al., 2009), amphibians

(de Oliveira & Zieri, 2005; Zieri et al., 2007), reptiles

(Guillette et al., 1983), mammals (Scott & Fritz, 1979;

Poole & Lawton, 2009) and birds (Serventy & Marshall,

1956). However, the frequency and causes of melanin

appearance in the testes, as well as its possible function,

have never been investigated in any of these groups,

making testicular melanin one of the poorest known

types of melanins.

Although the function of testicular melanin is

unknown like most extracutanous melanins, the so far

known functions of some melanins produced by non-

classical melanocytes are all related to protection against

factors that generate physiological stress. First, melanin

of the retinal pigment epithelium, iris and choroid

protects the eye from oxidative damage caused by solar

radiation (Liu et al., 2005; Zadlo et al., 2006; Zareba et al.,

2006). Second, melanin of the stria vascularis, in addition

to playing an important role in normal cochlea develop-

ment (Steel & Barkway, 1989), protects the inner ear

from toxic compounds and noise-induced stress (Laurell

et al., 2007; Murillo-Cuesta et al., 2010). Third, although

the function of melanin associated with dopaminergic

neurons (i.e. neuromelanin) is still not fully understood,

this internal pigment seems to be important for the

survival of neurons by protecting them from reactive

quinones and toxic metals (Solano et al., 2000; Hearing,

2009). Fourth, heart melanocytes may contribute to

maintain the balance of oxidative stress in the myocar-

dium, thus contributing to avoid atrial arrythmias (Levin

et al., 2009). Lastly, it has been suggested that the

melanin of the visceral adipose tissue may protect

adipocytes from oxidative damage (Randhawa et al.,

2009) and that melanin of the muscle may have an

antioxidant role (Tu et al., 2009). Given the importance

that different types of extracutaneous melanin seem to

have in protecting tissues from oxidative damage and

toxic agents, it is therefore likely that testicular melanin

fulfils a similar function.

Sperm is particularly sensitive to DNA damage caused

by oxidative stress, i.e. the imbalance between the

production of reactive oxygen species and antioxidant

molecules tipped towards the former. This is because the

male germ line suffers from large numbers of cell

divisions, long cell production periods and a lack of

repair mechanisms in the late stages of cell formation,

and the spermatozoa demand a high respiratory activity

and present large amounts of polyunsaturated fatty acids

prone to oxidation in their plasma membranes (reviewed

in Velando et al., 2008). Oxidative stress can modify the

structure of DNA and cause mutations in the genome

of mitochondria and membranes of male germ cells

(Velando et al., 2008). Therefore, testicular melanin may

protect male germ cells from oxidative stress and

decrease the impact of mutations. Thus, testicular mel-

anization would be open for natural selection. If this

phenomenon protects individual males from the occur-

rence of mutations, selection would favour the evolution

of melanization in species that experience high mutation

rates. This is likely, as species differ in susceptibility to

mutagens or ability to repair DNA (reviews in Hoffmann

& Parsons, 1991; Friedberg et al., 2006; Halligan &

Keightley, 2009).

In birds, testicular melanin has been found in the

interstitium, wall of seminiferous tubules, tunica albu-

ginea and epididymis (Anthony & Buss, 1974; Aire, 1979;

López & Paramio, 1980; Agrawal & Bansal, 1983). The

occurrence of bird testicular melanin has been suggested

to be associated with the gonadal cycle, melanogenesis

being absent during the period of spermatogenic activity

and appearing during the regression period (Anthony

& Buss, 1974; Lake, 1981; Agrawal & Bansal, 1983; Hore

et al., 1994). However, the so far published reports of

testicular melanization in birds can be considered almost

anecdotal and limited to a few species as in the other

classes of vertebrates, and our own observational expe-

rience with several birds indicates that there are species

in which testicular melanization can be observed both

during breeding and nonbreeding, others in which it is

only observed in either of these periods, and others in

which it has never been observed. Therefore, the

suggested seasonal variation in testicular melanization

may not be a general pattern in birds, and there is high

variability in the occurrence of testicular melanization

among species, which is what would be expected from

natural selection acting with variable intensity among

individuals of different species (Darwin, 1859).

The aim of this study was to investigate a possible

relationship between mutation rates, measured as DNA

base pair substitution rates in the mitochondrial cyto-

chrome b gene (Nabholz et al., 2008, 2009), and occur-

rence of testicular melanization in a large set of species of

birds during different parts of their annual cycle.

Although mitochondrial DNA (mtDNA) is strictly mater-

nally transmitted, mutations in mtDNA accumulate in

tissues and cause dysfunction of the mitochondria (e.g.

Kujoth et al., 2005), which in turn generates oxidative

stress (Esposito et al., 1999) and causes sperm dysfunc-

tion (Spiropoulos et al., 2002). High mutation loads may

also result from the accumulation of mutations during

the lifespan of an individual, but a previous study found

no effects of longevity on the mutation rate of mtDNA

in birds (Møller et al., 2010). Thus, males that have

inherited through the female germline a mitochondrial

genome that has suffered a high mutation rate will

benefit from protecting their spermatozoa from oxidative

stress and dysfunction that would induce the inherited
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mutated genome on the numerous mitochondria carried

by them. If testicular melanins can protect male germ

cells from oxidative stress as other extracutaneous mel-

anins do in different tissues, selection would favour

testicular melanization in males of species with high

historical mtDNA mutation rates. We thus predicted that

substitution rate should explain the observed variability

in testicular melanization across species and should be

higher in species with testicular melanization.

As body size is an important predictor of substitution

rate (reviews in Nabholz et al., 2008, 2009), we tested for

a relationship between testicular melanization and sub-

stitution rates while controlling for the potentially

confounding effect of body size. In addition, we searched

for a possible relationship between testicular melaniza-

tion and melanin-based plumage colouration exhibited

by the species, because associations between coat and

skin melanin-based colour and heart and cochlear mela-

nocyte abundance have been reported in mice and

humans (Schrott & Spoendlin, 1987; Tachibana et al.,

1992; Motohashi et al., 1994; Yajima & Larue, 2008).

Therefore, a similar pattern may exist in other types

of extracutaneous melanin in birds. Furthermore, plum-

age colour generated by other pigments (i.e. carotenoids)

can signal the capacity to protect sperm against oxidative

stress (Helfenstein et al., 2010). We predicted that species

with testicular melanization would also have more

intense melanin-based plumage colouration than species

that do not melanize their testes.

Materials and methods

Testicular melanization

By visually examining the testes of freshly killed speci-

mens delivered to a taxidermist (J.E.), we considered that

they contained melanin when their colour was black or

grey (see Appendix S1). Previous authors have deter-

mined that the presence of these colours in the testes of

birds is because of melanin granules (Anthony & Buss,

1974; Aire, 1979; López & Paramio, 1980; Lake, 1981;

Agrawal & Bansal, 1983; Hore et al., 1994). Otherwise,

the testes were white or pale yellow, and such testes

were considered to not contain melanin (Appendix S1).

We only used information on adult males to avoid

potential confounding effects of age. We asked an

independent observer to score the colour of testes in

photographs of 25 birds from different species, and there

was a 100% of correct hits, which indicates that the

repeatability of colour scores is very high.

We collected information on the breeding season of

temperate birds from Cramp & Simmons (1977–1992),

Cramp & Perrins (1993–1994), Ridgely & Tudor (1989),

Howell & Webb (1995), del Hoyo et al. (1992–2002,

2003–2007) and Brazil (2009), and information on

testicular melanization was thus divided as derived from

testes during the breeding season, during the nonbreed-

ing season, collected on unknown dates (i.e. date of

collection was unavailable), and collected during any

period (i.e. presence or absence of testicular melanization

independent of collection date). Although the reproduc-

tive activity of some species of tropical birds presents

certain levels of seasonality (Wikelski et al., 2000), these

species do not breed during particular annual season,

but their reproductive activity depends strongly on local

environmental conditions (Wyndham, 1986). Thus, we

did not differentiate information collected during breed-

ing and nonbreeding seasons for tropical birds, and to

be conservative we considered that all information on

testicular melanization for these species was collected on

unknown dates.

Information on testicular melanization for the species

considered in this study is provided in Appendix S2. We

obtained information on both testicular melanization and

substitution rate of adult males from a total of 134 species

of birds. There was information from 49 species for the

breeding season (testicular melanization was present in

12 species; 24.5%), 55 species for the nonbreeding

season (testicular melanization was present in 15 species;

27.2%) and 62 species with collection dates that could

not be assigned to a specific phase of the reproductive

cycle (testicular melanization was present in 24 species;

38.7%).

Mitochondrial DNA substitution rates

Species-specific mtDNA base pair substitution rates were

used as reported by Nabholz et al. (2008, 2009). Briefly,

complete cytochrome b sequences for 1571 avian species

were aligned, and changes in the third base pair of amino

acid encoding codons were used as a measure of genetic

divergence (Nabholz et al., 2009). Such changes in the

third base pair of amino acid encoding codons are most

often synonymous with respect to amino acid changes

and are thus not usually under selection. The third codon

position substitution rate provides a good approximation

of synonymous substitution rate for two different rea-

sons. First, the vast majority of the cytochrome b

divergence is synonymous (the ratio nonsynony-

mous ⁄ synonymous divergence is close to 2% (Stanley

& Harrison, 1999; Nabholz et al., 2008). Second, all the

transition substitutions (AMG and TMC) of the cyto-

chrome b third codon position are synonymous, and

most of the substitution are transitions (the ratio tran-

sition ⁄ transversion being typical >15 in the dataset).

Substitution rates for the species considered in the study

are provided in Appendix S2.

Melanin-based plumage colouration

Using colour plates, we obtained information on mela-

nin-based plumage colouration of the 134 bird species.

Several authors have used this method previously

(see, e.g. John, 1995; Yezerinac & Weatherhead, 1995;
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Badyaev, 1997; Badyaev & Hill, 2000; Badyaev et al.,

2002; Galván, 2008; Biard et al., 2009; Caro, 2009; Stang

& McRae, 2009), and it has been shown to be a reliable

method of quantifying different components of plumage

colour that is even correlated with the avian perception

of colour (del Val et al., 2009; Seddon et al., 2010).

In the integument of vertebrates, melanin is mainly

produced in two forms, eumelanin and pheomelanin

(Ozeki et al., 1997). Eumelanic and pheomelanic traits

are generally of distinctive colours, the former being

responsible for black and grey colours and the latter for

yellowish, reddish, chestnut and brown colours (Toral

et al., 2008). Eumelanin and pheomelanin normally

occur simultaneously in the tissues (Ozeki et al., 1997),

but the darker colours conferred by eumelanin (Toral

et al., 2008) make evident the lower content of this

pigment in chestnut and brown colours when compared

with black and grey colours (Galván & Alonso-Alvarez,

2009). Furthermore, many bird species present feather

melanin contents of high purity (>90% of either eumel-

anin or pheomelanin; McGraw & Wakamatsu, 2004; J.J.

Negro, pers. comm.). Therefore, we considered that black

and grey plumage colours were predominantly generated

by eumelanin, whereas chestnut and brown colours were

predominantly generated by pheomelanin. We did not

consider blue, green, yellow or red colourations assumed

to be generated by other pigments (i.e. carotenoids,

porphyrins or psittacofulvins) or by feather structures,

unless chemically identified as being melanin-based by

Toral et al. (2008). We neither considered the brownish

crest patch of the violet turaco Musophaga violacea because

it contains turacin (Moreau, 1958). Owls (Order Strigi-

formes) were not scored because their feathers contain

both melanins and porphyrins and, although porphyrins

photodegrade rapidly (Negro et al., 2009), the colour

effect of these pigments may remain for longer periods in

owls than in diurnal birds whose feathers also contain

both melanins and porphyrins such as bustards (Order

Gruiformes) (With, 1978). Although the score developed

here only provides a rough approximation to the real

proportion of eumelanic and pheomelanic plumage, the

assumption that black-grey colours are eumelanic and

brown-chestnut colours are pheomelanic should be

adequate for comparative purposes (Owens & Hartley,

1998).

Thus, we quantified the proportion of melanic plum-

age parts by examining illustrations in Cramp & Simmons

(1977–1992), Cramp & Perrins (1993–1994), Ridgely &

Tudor (1989), Howell & Webb (1995), del Hoyo et al.

(1992–2002, 2003–2007) and Brazil (2009). Illustrations

of both resting and flying adult males in breeding

plumage birds were examined. The method used by

Beauchamp & Heeb (2001) and Galván (2008) was

followed to obtain estimates of the proportion of eu- and

pheomelanic colour present in the plumage of each

species, assigning scores that ranged from 0 (total lack of

melanic colour) to 5 (all melanic). When a species had

different subspecies or colour morphs differing in extent

or type of melanin-based colouration, we used the

nominate subspecies or the most common morph,

respectively (e.g. the Gouldian finch Chloebia gouldiae;

Franklin & Dostine, 2000). It must be noted that eu- and

pheomelanic colour patches can coexist in the same

feathers, and thus the sum of both colour scores, in a

species that presents both colour types, is not always

necessarily five, but higher values are also possible.

Information on eu- and pheomelanic plumage colour

scores for the species used in the study is provided in

Appendix S2.

Body mass

J.E. weighed most of the specimens that were examined

for testicular melanization. When body mass was

unavailable for a species, we obtained it from Lislevand

et al. (2007) and Dunning (2008). Body mass values

for the species used in the study are provided in

Appendix S2.

Data analyses

Bird species are evolutionarily related as reflected by

phylogeny, and therefore, they should not be treated as

independent sample units (Felsenstein, 1985; Harvey &

Purvis, 1991). Thus, the effect of common ancestry

among taxa can lead to an overestimation of degrees of

freedom if phylogenetic relationships are not taken into

account. We used phylogenetic eigenvector regression

(PVR) to quantify the amount of phylogenetic signal and

to correct for it in the analysis of the relationship

between the occurrence of testicular melanization and

substitution rates (Diniz-Filho et al., 1998). Diniz-Filho &

Torres (2002) and Martins et al. (2002) have tested

several comparative methods [Felsenstein’s independent

contrasts, autoregressive method, PVR and phylogenetic

generalized least squares (PGLS)] and have found that

PVR yields good statistical performance regardless of the

details of the evolutionary mode used to generate the

data and provides similar results to other methods, with

very good (i.e. low) error types I and II. Moreover, PVR

does not assume any a priori evolutionary model (an

advantage if the true evolutionary model is unknown or

if it is too complex) and has similar statistical perfor-

mance even under evolutionary processes distinct from

Brownian motion. For these reasons, PVR is a compar-

ative method that is widely used with a diversity of taxa

and ecological questions (e.g. Giannini, 2003; Kriloff

et al., 2008; Montoya et al., 2008; Bisson et al., 2009).

We first performed a principal coordinates analysis

(PCORD) on the matrix of pairwise phylogenetic dis-

tances between the 134 bird species (after a double-

centred transformation). In a second step, we selected the

first nine eigenvectors obtained by the broken-stick rule

to account parsimoniously for the phylogenetic signal.
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Eigenvectors extracted from double-centred phylogenetic

distance matrices are able to detect the main topological

features of the cladogram under different sample sizes or

number of taxa used in the analyses (Diniz-Filho et al.,

1998). We found that the original matrix of phylogenetic

distances between the 134 bird species and the repro-

duced matrix of distances estimated based on the first

nine eigenvectors were very similar (Mantel test with

999 randomized matrices to estimate significance:

r = 0.828, P < 0.0001; test carried out using POPOPTOOLSOOLS

3.2.3; Hood, 2010). These eigenvectors were used as

additional predictor variables in the generalized linear

models (see below) to control for phylogeny.

The phylogenetic hypothesis (see Appendix S3) was

constructed from the species-level supertree made by

Davis (2008), with additional information from other

sources for some species not covered by Davis (2008):

Drovetski et al. (2004), Outlaw & Voelker (2006) and

Alström et al. (2008). Although the vinous-throated

parrotbill Paradoxornis webbianus was not covered by

Davis (2008), we considered this species as the sister

group of Sylvia warblers as reported for the other

Paradoxornis species (Paradoxornis gularis, Paradoxornis

guttaticollis, Paradoxornis davidianus and Paradoxornis

nipalensis) in this phylogeny (Davis, 2008). Because we

used different phylogenies that employed different

methods, we set all branch lengths equal to unity in

our compiled phylogeny, thus assuming a speciational

model of evolution.

We regressed the occurrence of testicular melanization

on substitution rate, body mass (log10-transformed),

eu- and pheomelanic plumage colour scores (log10-

transformed) and the first nine phylogenetic eigenvectors

(EV1–EV9 hereafter), using a generalized linear model

with a binomial response variable (for the response codes

0, absence of testicular melanization, and 1, presence of

testicular melanization) and a logit link function. The

phylogenetic signal (i.e. amount of variance or deviance

exclusively explained by phylogeny) in testicular melan-

ization and substitution rate was calculated by regressing

these variables on EV1–EV9, using the above-mentioned

generalized linear model for testicular melanization and a

general linear model for substitution rate. Because there

was a high variability among species in the number of

individual birds that were examined for testicular mel-

anization (see Appendix S2), and this could lead to

violations of the assumptions of phylogenetic compara-

tive analyses (Freckleton, 2009; Garamszegi & Møller,

2010), we weighted the models by number of individuals

examined per species, thus given more importance to

determinations of presence or absence of testicular

melanization in species for which we had information

for many individuals.

As some authors have suggested that testicular mel-

anization is associated with the gonadal cycle of birds

(Anthony & Buss, 1974; Lake, 1981; Agrawal & Bansal,

1983; Hore et al., 1994; see however references in

Anthony & Buss, 1974 for exceptions), we determined

whether prevalence of testicular melanization was cor-

related between breeding and nonbreeding seasons in 20

species for which two or more adult males (range: 2–38

specimens) were examined in both periods. In these

species, prevalence of testicular melanization in both

periods was strongly positively correlated (Kendall

tau = 0.68, P < 0.0001). Therefore, we combined infor-

mation on all periods in subsequent analyses. However,

we controlled for possible seasonal effects by assigning

each species a score that resulted from giving to each

specimen a score of 0 if collected during the breeding

season, 1 if collected during the nonbreeding season, and

0.5 when the season of collection was unknown. This

seasonality score (log10-transformed) was added as a

covariate to the generalized linear model described

earlier.

In our case, neither eumelanin- nor pheomelanin-

based plumage colour score was significantly related to

substitution rate (generalized linear regression with an

ordinal multinomial response variable and log10 body

mass as covariate: eumelanin-based colour score: b =

)5.34, v2
1 = 2.25, P = 0.133; pheomelanin-based colour

score: b = 5.47, v2
1 = 2.88, P = 0.090), thus avoiding

problems of collinearity between these variables. Gener-

alized models were checked for deviations from canonical

assumptions using the over-dispersion coefficients. An

over-dispersion value different from unity appears when

the deviance of an observed response variable exceeds

the nominal deviance, given the respective assumed

distribution of errors and the proper link function.

Therefore, parameter estimates and related statistics must

be computed taking into account the over-dispersion.

Over-dispersion coefficients were relatively high in some

of our analyses (ranging from 3.5 to 3.8). This condition

frequently occurs when fitting generalized linear models

to categorical response variables, and the assumed

distribution is binomial or ordinal multinomial. To solve

this problem, we allowed the variance function of the

binomial distributions to have a multiplicative over-

dispersion factor computed as deviance v2 ⁄ d.f. (Long,

1997). On the other hand, the assumption of normality

in the general linear model was checked by exploring the

distribution of residuals.

We corroborated the results of the PVR analyses

explained above with generalized estimating equation

(GEE) models corrected for phylogeny (Paradis & Claude,

2002). The GEE approach is an extension of PGLS

(Martins & Hansen, 1997), but the dependence among

observations is specified with a correlation matrix instead

of a variance–covariance matrix as in PGLS, and non-

normal distributions can be modelled. GEE models were

performed in R statistical environment with the library

‘geepack’ and the function ‘geeglm’, specifying a bino-

mial response distribution with a logit link function, and

a correlation structure determined by the matrix of

phylogenetic distances.
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Results

From the total of 134 species, we found instance of

testicular melanization in 42 different species (31.3%).

The phylogenetic signal in prevalence of testicular mel-

anization was relatively high (20.5%) and significant

(v2
9 = 131.84, P < 0.0001). The phylogenetic signal in

substitution rate was also significant (F9,124 = 3.82,

P < 0.001) and of similar magnitude (21.7%) to that for

testicular melanization. Thus, both the prevalence of

testicular melanization and substitution rate significantly

depended on the effect of phylogenetic inertia.

The full model for prevalence of testicular melaniza-

tion (Table 1) was significant (v2
14 = 170.56, P < 0.0001)

and explained 28.8% of deviance. The effects of substi-

tution rate and body mass were positive, i.e. species with

testicular melanization had higher substitution rates and

were larger than species without testicular melanization,

whereas the seasonal effect was negative, i.e. testicular

melanization tended to be more common during the

period of reproductive activity (Table 1). The phyloge-

netic effect was significant, especially because of the

influence of EV9 (Table 1). By contrast, neither eumel-

anin-based nor pheomelanin-based plumage colour

scores significantly contributed to explain variation in

testicular melanization across species (Table 1).

As nonsignificant terms may obscure the effects of

other variables, we removed the melanin-based scores

from the model. This reduced model was also significant

(v2
12 = 202.8, P < 0.0001) and explained 31.5% of devi-

ance in prevalence of testicular melanization. The effect

of substitution rate was positive and significant with an

increase in substitution rate by 20% when comparing

species with and without melanization of the testes

(Table 1; Fig. 1a), as well as the effect of body mass,

whereas the seasonal effect was negative and significant

(Table 1, Fig. 1b). EV9 was the main phylogenetic vector

contributing to the significant effect of phylogeny

(Table 1). The results of this model were corroborated

by the GEE model, as mutation rate, body mass

and seasonality score all contributed significantly

(all P < 0.001) to explain variability in prevalence of

testicular melanization. Furthermore, a model without

Table 1 Results of the generalized linear models explaining inter-

specific variation in prevalence of testicular melanization of adult

male birds in relation to mtDNA substitution rate, body mass, eu-

and pheomelanin-based plumage colour scores, seasonal effects and

phylogeny. For each variable, the fitted regression coefficient (b) and

its corresponding significance (P-values for partial effects) are

shown. Phylogenetic effects are computed from the first nine

eigenvectors (EV1–EV9) obtained from a principal coordinates

analysis applied to the matrix of pairwise phylogenetic distances

between bird species. The results of the full and reduced (i.e. without

melanin-based plumage colour scores) models are shown. Signifi-

cant effects are in bold.

Effect

Full model Reduced model

b P b P

Substitution rate 10.21 0.034 10.44 0.023

Body mass 1.89 0.022 1.79 0.019

Eumelanin-based

plumage colour score

)1.91 0.155 – –

Pheomelanin-based

plumage colour score

)0.37 0.741 – –

Seasonality score )9.93 0.003 )8.52 0.008

Phylogeny <0.0001 <0.0001

EV1 )0.13 0.345 )0.13 0.292

EV2 0.09 0.289 0.07 0.378

EV3 0.16 0.069 0.17 0.045

EV4 )0.05 0.691 )0.03 0.821

EV5 0.02 0.872 0.01 0.914

EV6 0.15 0.288 0.15 0.305

EV7 )0.12 0.507 )0.19 0.171

EV8 )0.09 0.654 )0.08 0.668

EV9 )0.74 <0.0001 )0.78 <0.0001
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Fig. 1 mtDNA substitution rate (a) and seasonality score (b) in

relation to occurrence of testicular melanization in adult males of

134 species of birds. The seasonality score decreases as the propor-

tion of specimens examined during the breeding season increases.

Means ± SE are shown. Data are weighted by sample size.
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EV1–EV9 included significant effects of substitution rate

(b = 10.06, v2
1 = 4.14, P = 0.041) and body mass

(b = 0.87, v2
1 = 8.64, P = 0.003), implying that the

positive effect of substitution rate on the occurrence of

testicular melanization remained significant when the

effects of phylogeny were not considered.

The most negative scores of EV9 corresponded to

species of the families Strigidae (Asio flammeus, Asio otus,

Bubo bubo, Strix aluco), Accipitridae (Buteo buteo, Milvus

milvus), Muscicapidae (Cyanoptila cyanomelana, Ficedula

albicollis, Ficedula hypoleuca, Ficedula zanthopygia, Muscica-

pa striata) and Turdidae (Cossypha niveicapilla, Monticola

solitarius, Stiphrornis erythrothorax), and the most positive

scores to species of the families Apodidae (Apus apus),

Psittacidae (Amazona finschi, Poicephalus gulielmi), Corac-

iidae (Coracias caudatus), Laniidae (Lanius excubitor, Lanius

cristatus), Corvidae (Garrulus glandarius, Pica pica, Corvus

frugilegus), Paridae (Lophophanes cristatus, Parus major) and

Estrildidae (Chloebia gouldiae, Euplectes afer, Mandingoa

nitidula, Pyrenestes sanguineus, Uraeginthus bengalus, Vidua

chalybeata). Thus, males of species of the families Strigi-

dae, Accipitridae, Muscicapidae and Turdidae have a

higher phylogenetic inertia to present testicular melan-

ization, and this phylogenetic inertia was independent of

their mitochondrial substitution rates.

Discussion

Testicular melanization is observed in bird species with

high mtDNA substitution rates. This finding was obtained

after controlling for the confounding effects of body mass

(Nabholz et al., 2008, 2009) and phylogeny (Felsenstein,

1985; Harvey & Purvis, 1991), and for seasonal effects in

testicular melanization. This was the prediction on the

basis that natural selection should favour testicular

melanization in males of species with high historical

rates of mtDNA mutations, as males that receive highly

mutated mitochondrial genomes through the female

germ line should have a higher probability of sperm

dysfunction because of oxidative stress (Esposito et al.,

1999; Spiropoulos et al., 2002), and testicular melanin

may protect sperm from oxidative stress like other

extracutaneous melanins do in other tissues (Solano

et al., 2000; Liu et al., 2005; Zadlo et al., 2006; Zareba

et al., 2006; Laurell et al., 2007; Hearing, 2009; Levin

et al., 2009; Randhawa et al., 2009; Tu et al., 2009;

Murillo-Cuesta et al., 2010).

Although a certain level of oxidative stress is necessary

for the maturation of male germ cells (Maiorino & Ursini,

2002), the presence of melanin may help control this

mechanism by limiting oxidative stress experienced by

the spermatozoa. The high variability in susceptibility to

mutagens or ability to repair DNA that exists among

species of animals (reviews in Hoffmann & Parsons, 1991;

Friedberg et al., 2006; Halligan & Keightley, 2009) should

allow natural selection to act on individual birds and

hence produce differences among bird species. The fact

that the amount of phylogenetic signal was similar in

testicular melanization and substitution rate indicates

that the intensity of phylogenetic constraint is similar in

both traits.

An alternative, nonexclusive explanation is that higher

substitution rates in species with testicular melanization

may not (only) constitute an adaptive strategy, but is a

constraint imposed by oxidative stress. A close relation-

ship between mtDNA mutation and oxidative stress is

widely recognized (e.g. Esposito et al., 1999; Barja, 2002;

Wei & Lee, 2002), so it is likely that bird species with high

mtDNA mutation rates experience high levels of endog-

enous oxidative stress. It is also known that oxidative

stress depletes levels of an important intracellular anti-

oxidant (i.e. glutathione, GSH), whose oxidation is

indeed a requisite for the maturation of sperm cells

(e.g. Maiorino & Ursini, 2002). GSH inhibits the synthesis

of eumelanin (i.e. the darkest form of melanin) and

enhances the synthesis of pheomelanin (i.e. the lightest

form of melanin) (Ozeki et al., 1997; Galván & Alonso-

Alvarez, 2008, 2009; Galván & Solano, 2009). Although

the chemical composition of testicular melanin has not

been determined, its dark colour suggests that its pheo-

melanic content may not be relatively high (Toral et al.,

2008). Therefore, testicular melanization in species with

high substitution rates may be a physiological conse-

quence caused by high levels of endogenous oxidative

stress in these species. This alone, however, cannot

explain the evolution of testicular melanocytes, which

requires a functional explanation like that provided

above.

Some authors have suggested that testicular melano-

genesis in birds does not take place during the period of

spermatogenesis (Anthony & Buss, 1974; Lake, 1981;

Agrawal & Bansal, 1983; Hore et al., 1994; and see

references in Anthony & Buss, 1974 for exceptions). Our

more extensive study cannot confirm that pattern, as we

did not only observe testicular melanization during both

breeding and nonbreeding periods, but even detected a

higher probability of occurrence during the period of

reproductive activity (i.e. when spermatogenesis is likely

to occur). Indeed, the presence of melanin in testes has

been associated with reproductive activity in lizards

(Guillette et al., 1983) and mammals (Poole & Lawton,

2009). This finding is consistent with our hypothesized

role of testicular melanin in protecting sperm cells from

oxidative damage. Thus, the hypothesized adaptive

pattern may be a general trend that can be detected

beyond possible seasonal variation in testicular melano-

genesis. It is worthwhile mentioning that variation in the

abundance of extracutaneous melanin has been associ-

ated with stressful responses in other vertebrates. In fish,

melano-macrophages (i.e. cells of the unspecific immune

system that contain melanin) appear in testes when

exposed to toxic compounds (Louiz et al., 2009). In

humans, melanin seems to appear in the prostate only

when lesions are present (Farid & Gahukamble, 1995;
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Di Nuovo et al., 2002). Importantly, Parkinson disease is

associated with a depletion of neuromelanin (Zucca et al.,

2004) and with high levels of neuronal mtDNA muta-

tions (Bender et al., 2006) in the human substantia nigra,

so that neuromelanin may protect neurons from the

effects of these mutations. These findings are consistent

with our adaptive explanation for the observed relation-

ship between testicular melanization and high mtDNA

substitution rates in birds.

If testicular melanin protects male germ cells from

oxidative stress, the question then arises why testicular

melanization has not evolved in all species. The answer

may be related to the fact that melanization also

generates physiological costs, whose magnitude depends

on levels of oxidative stress. Under conditions of low

oxidative stress, eumelanogenesis can be costly because it

would require the absence of GSH synthesis that there-

fore cannot be used for antioxidant activity (Galván &

Alonso-Alvarez, 2009; Galván & Solano, 2009). Under

conditions of high oxidative stress, pheomelanogenesis

can be costly because it demands GSH resources that

cannot be used in antioxidant activity by other processes

(Galván & Alonso-Alvarez, 2009; Galván & Solano,

2009). Extracutaneous melanins can also sequester and

accumulate toxic metals and this, while protecting cells

from these compounds, can represent a toxicological risk

because of later releases of the metals (Lindquist et al.,

1988; Mårs & Larsson, 1999). These factors may consti-

tute selective pressures acting against testicular melan-

ization that would only be avoided in cases of strong

needs, for example as a consequence of high mitochon-

drial mutation rates.

We found that some species belonging to certain bird

families are more prone to have evolved testicular

melanization only through phylogenetic inertia. Because

this effect was independent of mitochondrial substitution

rates, phylogenetic inertia of genomic origin different

from the mitochondria, or at least different from the

mitochondrial cytochrome b gene, might be constraining

the evolution of testicular melanization in birds. The

origin of this inertia may be in the genes that control

melanin synthesis. For example, nucleotide diversity in

the melanocortin-1 receptor gene (MC1R), a nuclear

gene that plays a key role in the regulation of melano-

genesis, is independent from mtDNA diversity in birds

(Bensch et al., 2006), so that MC1R may be a candidate

gene at the origin of the phylogenetic inertia detected

in testicular melanization. This possibility should be

explored in the future.

On the other hand, the proportion of plumage

coloured by melanins did not predict variation in occur-

rence of testicular melanization across species. In mice

and humans, heart and cochlear melanocyte abundance

has been associated with coat and skin colour (Schrott &

Spoendlin, 1987; Tachibana et al., 1992; Motohashi et al.,

1994; Yajima & Larue, 2008). Thus, our results suggest

that a correspondence between the activity of cutaneous

and extracutaneous melanocytes may only occur in

certain extracutaneous melanin types, and variation

may exist in the degree of similarity between these

melanin types regarding the molecular bases that control

their functioning. Therefore, melanin-based plumage

colour differs from colour generated by other pigments

(i.e. carotenoids) that can signal the capacity to protect

sperm from oxidative stress (Helfenstein et al., 2010).

This difference may be because of the fact that carote-

noids, in contrast to melanins, are not synthesized by

organisms, so there are no different pathways of carot-

enoid production in different tissues (Parker, 1996).

In conclusion, testicular melanization has evolved in

relation to mtDNA substitution rates in birds. We realize

that our study raises more questions than answers, but

we emphasize this is the first time that the occurrence of

testicular melanization in any animal group is investi-

gated in an extensive comparative study. Our findings

open new avenues for research, suggesting that the

evolution of melanogenesis may be linked to historical

mutation rates in the maternally inherited genome.
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