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Abstract Introduction

Melanin is a widespread pigment of the animal teg- Melanin is an important photoprotective pigment 
ument. Two variants of melanin exist: (1) eumela- due to its ability to absorb and disperse 50 to 70% 
nin, a dark brown pigment, and (2) pheomelanin, a of the solar ultraviolet (UV) radiation that pen-
reddish-orange pigment. While eumelanin is photo- etrates the epidermis (Brenner & Hearing, 2008; 
protective, pheomelanin has been linked to cellular Coelho et al., 2009). This pigment is synthesized 
damage and high cancer risk. Despite this negative by melanocytes, which are specialized skin cells 
effect, pheomelanin is present in many, but not all, that produce two different melanin variants: 
species, suggesting that it could confer an evolu- (1) the dark-brown eumelanin and (2) the reddish-
tionary advantage. To date, it is unknown whether orange pheomelanin. Both differ in their chemical 
the cetacean epidermis contains both melanin vari- structure and biosynthesis pathways (Yamaguchi 
ants. Herein, we implemented a simple technique, et al., 2007). Photoprotective capacity also varies 
previously developed for bird feathers, to quan- between the pigments, with eumelanin known to 
tify eumelanin and pheomelanin in blue whale confer better photoprotection than pheomelanin 
(Balaenoptera musculus) skin, and we explored the (Brenner & Hearing, 2008).
potential biological role of pheomelanin based on Eumelanin and pheomelanin are synthesized 
histological analysis and gene expression quantita- by the enzyme tyrosinase, so the amount of each 
tion. Both melanin variants were observed in the variant produced is determined mainly by the 
epidermis, with eumelanin being 42% more abun- catalytic activity of tyrosinase and the availability 
dant than pheomelanin. Blue whale skin pigmen- of cysteine (Sturm et al., 2001; Barsh, 2003; Lin 
tation or mottling type was predicted by the ratio & Fisher, 2007), a proteinigenic aminoacid that 
of eumelanin to pheomelanin (EPR), with darker contains sulphur. In humans, the pigmentation of 
whales showing a higher EPR. Tyrosinase tran- an individual’s skin is not only dependent on the 
scription levels influenced the EPR, with higher quantity of these pigments and the eumelanin to 
transcription being associated with higher EPR. pheomelanin ratio (EPR; Hennessy et al., 2005), 
Neither transcription of tumor suppressor gene but also on the number, distribution, and shape of 
p53 nor occurrence of epidermal photo-damage melanosomes (i.e., vesicles found in the epider-
were related to the concentration of melanin vari- mal keratinocytes that contain eumelanin and phe-
ants, although there appeared to be a trend in which omelanin) (Rana et al., 1999; Sturm et al., 2001; 
whales with blisters and microvesicles tended Costin & Hearing, 2007).
to have a lower EPR. Our study expands current Synthesis and storage of pheomelanin has been 
understanding of epidermal pigmentation and pho- considered to be detrimental at the cellular and 
toprotection of large cetaceans. organismal levels (Brenner & Hearing, 2008), 

namely due to the increased reactive oxygen spe-
Key Words: blue whale, Balaenoptera musculus, cies (ROS) associated with its synthesis (Nasti & 
melanin, eumelanin, pheomelanin, pigmentation, Timares, 2015). However, some have proposed 
photoprotection that this pigment could have a dermoprotective 
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function under certain physiological conditions vacuolation (Martinez-Levasseur et al., 2011). In 
(Greco et al., 2009; Galván & Solano, 2015). addition, the abundance of melanosomes in blue 
Regardless of this possibility, pheomelanogen- whales appears to be dependent on the number 
esis requires cysteine (Morgan et al., 2013) that of melanocytes in the skin (Martinez-Levasseur 
is obtained from glutathione, a major antioxi- et al., 2013). However, the presence and relative 
dant molecule and a crucial factor in nutrient proportion of both melanin variants in the ceta-
metabolism and cellular regulation (Wu et al., cean epidermis has yet to be investigated. We have 
2004). Thus, synthesis of pheomelanin depletes implemented a technique to quantify eumelanin 
glutathione stores in melanocytes, making them and pheomelanin in blue whale (Balaenoptera 
more vulnerable to oxidative stress and carcino- musculus) skin, and have explored the biological 
genesis (Morgan et al., 2013). In addition, after significance of these compounds. Determining 
an external (e.g., solar radiation) or internal (e.g., whether pheomelanin is present in cetaceans will 
oxidative stress) challenge, pheomelanin-derived expand current knowledge about their epidermal 
photoproducts are produced. These photoproducts physiology and might be relevant to better under-
include hydrogen peroxide, superoxide anions, stand the increasing incidence of skin lesions in 
and ROS, which are associated with epidermal cetaceans around the world (e.g., Wilson et al., 
oxidative stress, mutations, and DNA damage 1999; Van Bressem et al., 2009, 2014; Martinez-
(Lin & Fisher, 2007; Brenner & Hearing, 2008; Levasseur et al., 2011; Hart et al., 2012).
Yamaguchi et al., 2008; Greco et al., 2009). In 
fact, pheomelanin produces at least five times Methods
more peroxidase than eumelanin after exposure 
to solar UV radiation (Takeuchi et al., 2004). Sample Collection
Furthermore, pheomelanin induces the release We quantified both melanin pigments in skin 
of histamine, which contributes to skin erythema biopsies that had been collected from 26 appar-
and edema following such exposure (Brenner & ently healthy adult blue whales in the Gulf of 
Hearing, 2008). California, Mexico, between 2007 and 2009 

At the organism level, negative effects of high (Figure 1). These biopsies had been used in a 
pheomelanin concentration have been studied in previous study on UV-induced damage of blue 
birds in which they reportedly reduce development whales (Martinez-Levasseur et al., 2011). Briefly, 
of the bird’s brain (Galván & Møller, 2011) and samples were collected using a carbon fiber dart 
increase the risk of developing cataracts (Galván with a 7-mm stainless-steel cutterhead that was 
et al., 2012b). In humans, a higher ratio of phe- shot from a crossbow (see method explanation 
omelanin to eumelanin has been associated with in Costa Urrutia et al., 2013). Immediately after 
increased risk of melanoma (Hennessy et al., 2005; collection, skin samples were sectioned and pre-
Lomas et al., 2008). Recent studies have found that served in 10% buffered formaldehyde in alumi-
pheomelanin is not exclusive to terrestrial mammals num foil-wrapped glass vials that were kept in 
and birds as previously thought. Various insects a dark cooler to protect them from sunlight (see 
(Galván et al., 2015; García et al., 2016), mollusks Martinez-Levasseur et al., 2011). Prior to col-
(Speiser et al., 2014), amphibians (Wolnicka- lecting the skin biopsies, each whale was photo-
Glubisz et al., 2012), and reptiles (Roulin et al., graphed using a digital camera (Canon EOS20) 
2013) also have this pigment, although pheomela- for individual identification (Gendron & Ugalde 
nin has not been detected in the tegument of other de la Cruz, 2012).
organisms such as spiders (Hsiung et al., 2015) and As the samples had been collected as part of a 
fish (Ito & Wakamatsu, 2003). Its widespread dis- larger study on cetacean susceptibility to UV radia-
tribution across taxa would suggest that in spite of tion, biopsies had been subsampled for different 
its detrimental effects, pheomelanin is under posi- projects; and there was data available on various 
tive selection. A possible explanation for its high photographic, histological, and molecular aspects 
prevalence is that under non-stressful cellular con- for a number of the samples. Namely, for 18 of the 
ditions, pheomelanin can act as a major cysteine blue whales, information on the number of mela-
excretory system, thus helping to avoid its toxic nocytes and melanosomes per epidermal section 
effects when it oxidizes (Galván & Solano, 2015). was available (Martinez-Levasseur et al., 2011); 
In fact, pheomelanin seems to have some intrin- and for 25 of the blue whales, we had photographic 
sic stability to UV radiation and ROS degradation and histological data on the presence of gross 
(Greco et al., 2009). blisters, cytoplasmic vacuolation, microvesicles, 

Recent studies on the skin of three large whale and intracellular edema, which commonly occur 
species reported that the number of melanosomes during acute sunburn in humans (Nakaseko et al., 
is inversely related to UV-induced microscopic 2003) and have been associated with exposure to 
lesions such as microvesicles and cytoplasmic UV radiation in these whales (Martinez-Levasseur 



90 Morales-Guerrero et al.

Figure 1. Map of the Gulf of California; the black rectangle shows the study area where samples were collected. 

et al., 2011). We also had data on the relative tran- faced two problems. First, despite the majority 
scription levels of tyrosinase (TYR) and tumor of the biopsies being taken above the midline in 
suppressor protein (p53) genes in skin cDNA the dorsal flank (i.e., cranial to the dorsal fin), it 
(Martinez-Levasseur et al., 2013) for a subset of the was not possible to pinpoint in the photograph the 
samples (n = 9). Finally, for 13 of the blue whales, exact location where the biopsy was collected for 
we had data on the numerical value of their skin every individual. Second, the dorsal flank was not 
pigmentation type (hereafter, skin color value), uniform in color; generally, the upper dorsal flank 
which had been obtained by digital analysis of exhibited a darker pigmentation than the lower 
high-quality photographs of their dorsolateral sur- area (Paired t test: t = 2.622, df = 12, p = 0.022; 
face (see details below). see Figure 2). Even if the remote biopsy dart nor-

mally sampled the upper dorsal flank, it was pos-
Estimation of Skin Color Value sible that for some individuals, the remote biopsy 
A numerical value of skin coloration was deter- dart would have sampled the lower (lighter) dorsal 
mined for the individual blue whales based on flank. Thus, we developed a protocol that took 
lateral photographs taken with a digital camera these issues into account. For each photograph, 
(Canon EOS20) before or after remote biopsy we drew six matrices of 150 × 150 pixels (px), 
sampling. Initial criteria for inclusion of the pho- yielding an area of 135,000 px. Three matrices 
tographs included being in focus, having minimal were drawn from the beginning of the dorsal fin 
angle to the camera, and having no back illu- towards the head, and three matrices were drawn 
mination nor dim lighting (Urian et al., 2015). starting from where the proximal edge of the third 
Selected photos were uploaded in GNU Image top matrix ended (Figure 2).
Manipulation Program (GIMP2; license GPLv3; Only photographs for which it was possible to 
www.gimp.org) and were converted to a scale of draw the above-mentioned matrices were included 
grey to facilitate the measurement of color. We in the analysis. The frames resulting from the six 



91Blue Whale Skin Pigments

Figure 2. Location of matrices where the individual color value of whales was determined. As can be seen, the upper dorsal 
flank is darker than the lower dorsal flank. The dark grey rectangle shows the three matrices in the darker upper dorsal area, 
while the black rectangle shows the three matrices in the lighter lower area.

drawn matrices were selected, cut, and exported 
to Paint 6.2 (Microsoft, Redmond, WA, USA). 
The quadrant was adjusted to the trimmed frame 
to exclude any white areas outside the frame 
that would affect the results. Measurement of 
individual coloration was performed using the 
‘ReadImages’ package of R, Version 2.3.2, to 
assign a numerical value to the color of each px. 
A value of 1 was absolute dark, and 0 was abso-
lute white. In this way, six numerical matrices 
were generated for each photograph. To minimize 
errors derived from subtle variations in the ambi-
ent light, a correction factor was applied to each of 
the matrices with the following equation:

where f is the diaphragm aperture of the camera, 
t the exposure time, and Σnvc is the sum of the 
numerical value of the color of each px that com-
posed the matrix. The SC calculated for each of 
the three matrices was averaged to yield a single 
numerical value for each photograph.

Quantitation of Skin Pigments
To detect and quantify eumelanin and pheomela-
nin, we used a simple low-cost patented method 
(p200703395 in the European Union), which was 
developed originally for bird feathers and has 
been used for tissues from other animals (Galván 
et al., 2012a). As the method was developed for 
feather samples, we modified the protocol to 
optimize it for blue whale skin. Biopsy samples 

were first weighed in an HRB-203 precision 
scale (TREE Balances; LW Measurements LLC, 
Santa Rosa, CA, USA) with a precision of 0.001 g 
and then washed with 50 µL of phosphate buff-
ered saline (PBS) for 1 min prior to cutting the 
sample into small sections with a sterile scalpel 
blade and crushing them with a glass pestle. To 
avoid inter-sample transfer, the pestle was washed 
with NaOH 0.1N, rinsed with distilled water, and 
dried with a fresh paper towel between samples.

We performed an alkaline digestion of the 
skin sections with 1 ml of 20% NaOH. Samples 
were placed in a sonication water bath at 60ºC for 
40 min to complete sample digestion. The solu-
ble pheomelanin fraction was separated from the 
eumelanin fraction by centrifugation at 17,500 g 
for 15 min at 4ºC. The supernatant, which con-
tained soluble pheomelanin, was transferred into a 
new microtube, and its absorbance was measured 
at 450 and 600 nm in a spectrophotometer, using 
NaOH at 20% as a blank. The arbitrary units of 
pheomelanin per sample (AU) divided by sample 
mass were calculated as follows:

where A450 is the absorbance measured at 450 nm, 
A600 is the absorbance at 600 nm, and W is the 
mass of the skin sample (mg) (Negro et al., 2009).

Next, we quantified eumelanin. For this, we 
added 1 ml of 20% NaOH to the black pellet from 
the previous step and resuspended it by agitation 
prior to precipitating the sample by centrifugation 
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at 17,500 g for 15 min at 4ºC. The supernatant was 
removed, and the pellet was resuspended and pre-
cipitated once more as indicated above. Once the 
supernatant was removed, the pellet was dried at 
60ºC. We added 1 ml of 20% NaOH and 20 µl of 
30% H2O2 to oxidize the eumelanin. The mixture 
was vigorously mixed with a vortex shaker and 
placed in a sonicated bath at 60ºC for 10 min. The 
oxidation reaction was stopped by adding 50 µl 
of 40% NaHSO3. The samples were centrifuged at 
17,500 g for 15 min at 4ºC, and the absorbance at 
450 and 600 nm were measured immediately. The 
arbitrary units of eumelanin per skin sample mass 
were calculated as indicated above. The method 
was repeatable as observed from processing and 
measuring values in duplicate in a set of six sam-
ples (eumelanin concentration: r2 = 0.88, F1, 4 = 
31.80, p = 0.005; pheomelanin concentration: r2 = 
0.86, F1, 4 = 26.55, p = 0.007).

We calculated the total amount of melanin 
pigments per individual by summing the value 
recorded for both variants. Finally, we calculated 
the eumelanin to pheomelanin ratio (Nakagawa & 
Imokawa, 1996; Hennessy et al., 2005; hereafter 
EPR). This ratio is a measure of the relationship 
between both melanin variants. In humans, the 
EPR is related to an individual’s skin color value 
and to the degree of microscopic skin damage fol-
lowing exposure to solar UV radiation (Hennessy 
et al., 2005).

Statistical Analyses
We initially explored our dataset graphically to 
establish the spread and distribution of each vari-
able. Continuous response variables were exam-
ined with Shapiro-Wilk tests, and equality of 
variance was assessed with Levene’s test. Skin 
color value, EPR, and the total amount of mela-
nin conformed to the expectations of a normal 
distribution, while eumelanin and pheomelanin 
concentrations revealed a slightly right-skewed 
distribution and were log-transformed to achieve 
normality (Shapiro Wilk normality test: eumela-
nin: W = 0.96, p = 0.496; pheomelanin: W = 0.95, 
p = 0.272). We compared the means of eumelanin 
and pheomelanin in the skin biopsies with a two-
tailed t test. We calculated Pearson’s correlation 
coefficient to explore whether the concentrations 
of both melanin variants were related as occurs in 
human skin (Hennessy et al., 2005).

We used linear regressions to examine whether 
the number of melanocytes and melanosomes 
predicted the total amount of melanin pigments 
in a skin biopsy. We also used linear regressions 
to examine whether a whale’s skin color value 
(response variable) was determined by the amount 
of melanin pigments—eumelanin, pheomelanin, 
and EPR, in turn.

Figure 3. Relationship between the concentrations of 
eumelanin and pheomelanin in blue whale skin biopsies. 
Eumelanin and pheomelanin concentrations are shown as log-
transformed values of the arbitrary units per skin sample mass.

We explored the biological relevance of the epi-
dermal pigments by using linear and logistic regres-
sions. First, we investigated whether the relative 
transcription levels of TYR helped explain the total 
amount of melanin pigments (sum of eumelanin 
and pheomelanin) and the EPR. We next explored 
whether tumor suppressor gene p53 transcription 
was predicted by EPR. This research question 
was based on the fact that a previous study found 
that blue whale p53 transcription levels increased 
according to the UV radiation index (Martínez-
Levasseur et al., 2013), and this gene is known to 
be involved in DNA repair, cell cycle arrest, and 
apoptosis in response to stressors, including UV 
radiation (Latonen & Laiho, 2005). For the logis-
tic regression models, the presence (or absence) 
of previously identified lesions (e.g., gross blis-
ters, cytoplasmic vacuolation, microvesicles, and 
intracellular edema) was modeled as the response 
variable, while EPR, eumelanin, and pheomela-
nin were modeled as explanatory variables. As we 
had a modest number of data points, each model 
included only one explanatory variable at a time. 
For all statistical analyses, significance was consid-
ered at an alpha level of 0.05. R, Version 3.3.2 (R 
Development Core Team, 2016) was used to run all 
analyses and create all graphs.

Results

The total amount of melanin pigments per sample 
averaged 0.0053 (± 0.0024 SD). Eumelanin and 
pheomelanin were detected in all of the skin 
biopsies. The mean concentration of eumelanin 
(0.0032) was 1.42 times higher than that of phe-
omelanin (0.0022) (two-tailed t test: t = -2.06, df = 
42.28, p = 0.045). Inter-sample variation (SD) was 
0.0019 for eumelanin and 0.0013 for pheomelanin. 
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Figure 4. Blue whale skin color value is influenced by melanin pigments: (a) Relationship between the eumelanin to 
pheomelanin ratio (EPR) and the color value of the skin, and (b) relationship between the concentration of pheomelanin (log 
[arbitrary units per skin sample mass]) and the color value of the skin. 

The concentrations of eumelanin and pheomela- photoprotective traits that this taxonomic group 
nin were highly correlated (Pearson’s correlation exhibit have not been detected in terrestrial mam-
= 0.53, t = 3.07, df = 24, p = 0.005; Figure 3). mals (Morales-Guerrero et al., 2017), and that 

The total amount of melanin was not related to other vertebrates that inhabit the marine environ-
the number of melanocytes (R2 adj. = -0.05, df = 16, ment, such as marine fishes, do not appear to have 
p = 0.722) or the number of melanosomes (R2 adj. = pheomelanin (Ito & Wakamatsu, 2003), it was 
-0.06, df = 16, p = 0.839). Skin color value was pre- possible that whale skin would not contain phe-
dicted by its EPR (R2 adj. = 0.24, df = 11, p = 0.049; omelanin. Based on our observations, it appears 
Figure 4a) and pheomelanin concentration (R2 adj. that despite inhabiting the oceans for at least 50 
= 0.25, df = 11, p = 0.047; Figure 4b) but not by its million years (Berta et al., 2015), blue whales pre-
eumelanin concentration (p = 0.128). served pheomelanin, suggesting that pheomelanin 

Transcription levels of TYR predicted the EPR, was present in their common terrestrial ancestor.
with whales with higher transcription levels of In humans and other terrestrial mammals, 
TYR tending to have higher EPR (R2 adj. = 0.34, skin color appears to be partially determined 
df = 8, p = 0.05; Figure 5). However, TYR tran- by the EPR of an individual (Rana et al., 1999; 
scription levels did not explain the total amount of Hennessy et al., 2005; Yamaguchi et al., 2007; 
melanin pigments in the skin sections (p > 0.05). Wolnicka-Glubisz et al., 2012; Roulin et al., 

None of the markers of epidermal damage 2013; Speiser et al., 2014; Galván et al., 2015; 
nor p53 transcription levels were related to the García et al., 2016), and we found a similar pat-
concentrations of either of the melanin variants tern. Pheomelanin concentrations and the ERP 
or to the EPR (in all cases, p > 0.05). However, explained 25% of the variation in skin color value, 
there was an apparent but nonsignificant trend in regardless of the number of melanosomes in the 
which whales with gross blisters, microvesicles, skin section. Thus, although other factors could 
and intracellular edema tended to have lower EPR influence skin color, the relationship between skin 
(Figure 6). color and melanin pigments certainly appears to 

be important for the blue whale. For instance, age 
Discussion and seasonal variation could certainly influence 

skin color (Martinez-Levasseur et al., 2011, 2013). 
Pheomelanin is known to be absent in most marine However, our limited sample size precluded fur-
organisms, including fishes (Ito & Wakamatsu, ther exploration of this possibility. Future studies 
2003). As mammals, it would be expected that that target animals across different age classes and 
cetaceans would present both kinds of pigments seasons could provide additional information to 
in their skin. However, given that some of the build upon our findings. 
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Despite a previous study having demonstrated a 
positive association between the number of mela-
nocytes and the quantity of melanosomes in 115 
large whales, including blue whales (Martinez-
Levasseur et al., 2011), we failed to find a rela-
tionship between any of these variables and the 
total amount of melanin pigments synthesized. It 
is possible that the apparent discrepancy between 
both studies is due to the difference in the sample 
sizes and/or the methods used to measure pig-
mentation. While the previous study inferred the 
amount of melanin by counting melanosomes, 
we quantified both epidermal melanin pigments 
directly. The lack of an association between mela-
nocytes and the total amount of melanin con-
curs with what has been reported for humans for 
whom the number of melanocytes remains equal 

regardless of skin color; and, thus, it is melano-
genic activity that is responsible for variations 
in skin color (Barsh, 2003; Brenner & Hearing, 
2008). Furthermore, rather than the number of 
melanin-containing vesicles per se, it is the dis-
tribution and shape of melanosomes that has an 
influence on human skin pigmentation (Costin & 
Hearing, 2007; Brenner & Hearing 2008). It was 
not possible to examine differences in the distribu-
tion and shape of melanosomes in the whale skin 
biopsies with the samples available for our study. 
Future work should aim to explore this possibility. 

Genetic factors also play a role in shaping the 
amount of eumelanin and pheomelanin produced. 
The TYR gene, in particular, is known to play 
a key role in the initiation of melanin synthesis 
(Oetting, 2000; Sturm et al., 2001; Barsh, 2003; 
Lin & Fisher, 2007; Yamaguchi et al., 2007). 
Interestingly, despite our modest sample size, we 
found that levels of TYR transcription explained 
variation in the EPR, but TYR transcription levels 
did not predict the total amount of melanin pig-
ments. It would appear that for blue whales, TYR 
influences the type of pigment synthesized, as 
has been described for humans (Oetting, 2000; 
Sturm et al., 2001; Barsh, 2003; Lin & Fisher, 
2007; Yamaguchi et al., 2007), but other genes, 
such as tyrosinase-related protein 1 (TYRP-1), 
dopachrome tautomerase (DCT; also known as 
tyrosinase-related protein 2), premelanosome 
protein (PMEL), melanocortin receptor (MC1R), 
and membrane-associated transporter (SLC45A2) 
might play a role in cetacean melanogenesis 
as occurs in other species (Braasch et al., 2007; 
Deng & Xu, 2017). Furthermore, post-transcrip-
tional modification of TYR can also influence 
the production of melanin pigments (Okamura 

Figure 5. Relationship between transcription levels of TYR 
and the EPR

Figure 6. EPR in blue whale skin biopsies with (1) and without (0) UV-related lesions; the bold lines show the median 
responses, the boxes encompass the quartiles, and the whiskers indicate the endpoint data. 
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et al., 2017), further complicating the relation-
ships between gene transcription and melanin 
synthesis. In addition, the catalytic activity of 
TYR can be determined by the allelic variants of 
this gene (Sata et al., 2000). While well known 
for humans, little is known about TYR polymor-
phism in cetaceans, although one study reported 
that skin color variants such as mottled skin and 
albinism are related to allelic variations of TYR in 
the humpback whale (Megaptera novaeangliae; 
Polanowski et al., 2012). To the best of our knowl-
edge, studies on genetic polymorphisms of TYR 
have yet to be conducted in blue whales. Such 
studies should aim to investigate if allelic variants 
of TYR exist in the population and whether they 
influence the type and amount of pigment synthe-
sized in the blue whale.

In terms of investigating the photoprotective 
role of eumelanin and the harmful role of phe-
omelanin in blue whale skin, we had data, albeit 
limited, with which to explore such potential 
biological significance. In humans, UV-related 
lesions, such as microvesicles, cytoplasmic 
vacuolation, edema, and leukocyte infiltration 
are more common in individuals with lower 
EPR (see Brenner & Hearing, 2008), and we 
expected to find a similar pattern based on pre-
vious observations that show that UV-related 
lesions are prevalent in blue whales (Martinez-
Levasseur et al., 2011). It is possible that in blue 
whales, pheomelanin does not exert a detrimen-
tal effect. In fact, the widespread presence of 
this melanin variant in different species implies 
that it is not necessarily under negative selection 
(Galván, 2017). However, our failure to find a 
significant relationship between the ratio of both 
melanin variants and UV-associated damage 
could arise because cellular responses can have 
a marked individual component (Westerhof 
et al., 1990), which is related to factors such as 
senescence (Kammeyer & Luiten, 2015), physi-
ological status, and immune activity (McKee 
et al., 2014). However, despite the lack of sta-
tistical significance, plausibly driven by our 
modest sample size, there was an apparent pat-
tern in which whales that had gross blisters and 
microvesicles, previously linked to UV-related 
lesions (Martinez-Levasseur et al., 2011), tended 
to have lower EPR. If this pattern were to be 
confirmed with a larger sample size, it would 
imply that individuals with higher pheomela-
nin concentrations would be more likely to have 
epidermal damage due to solar UV radiation as 
occurs in humans (Takeuchi et al., 2004), and the 
EPR could be considered an index to predict sus-
ceptibility to UV-related damage in blue whales. 
Future studies that include more individuals 
across age classes could help to understand the 

functional significance of cetacean pheomela-
nin better. Potentially, older whales would have 
been exposed to more UV over the course of 
their lives, and, presumably, UV-repair mecha-
nisms would be less efficient; thus, in these ani-
mals, the EPR could be linked to UV-associated 
damage more clearly.

In conclusion, our study has shown that both 
melanin variants are synthesized in the blue whale 
epidermis and that skin color is influenced by the 
proportion of both melanin variants, similar to 
what occurs in other organisms (Rana et al., 1999; 
Yamaguchi et al., 2007; Wolnicka-Glubisz et al., 
2012; Roulin et al., 2013; Speiser et al., 2014; 
Galván et al., 2015; García et al., 2016). To the 
best of our knowledge, ours is the first study to 
identify and quantify pheomelanin in the skin of 
any cetacean and, thus, adds to our understand-
ing of cetacean melanogenesis. However, taking 
into consideration that cetacean photoprotective 
strategies appear to be species-specific (Martinez-
Levasseur et al., 2013; Morales-Guerrero et al., 
2017), similar studies should be conducted across 
a range of species to fully understand the bio-
logical significance of cetacean eumelanin and 
pheomelanin.

Acknowledgments

BMG was funded by a CONACYT PhD student-
ship 337722. This work was partially funded by 
the Society for Marine Mammalogy (Grants in 
Aid of Research) awarded to BMG.

Ethical Approval

All applicable international, national, and/or 
institutional guidelines for the care and use of 
animals were followed. Sampling of all whales 
had been conducted between 2007 and 2009 by 
DG and LMM under permit numbers SGPA/
DGVS/00506/08, SGPA/DGVS/09760/08, and 
SGPA/DGVS/08021/06, which were issued by the 
Mexican Secretary of the Environment. Sampling 
was conducted as part of research projects SIP 
20060945, 20070803, and 20080846 at the 
Instituto Politecnico Nacional, and WLE/0474 at 
the Institute of Zoology, and was approved by the 
Bioethics Committee of the Zoological Society of 
London. Our study was approved by the Bioethics 
Committee of the School of Natural Sciences at 
the Autonomous University of Queretaro. All 
procedures adhered to guidelines stipulated by 
national and international laws of animal research, 
where animal handling and sampling were under-
taken, and to those outlined by the Autonomous 
University of Queretaro in their ethics statement 
on the use of animals for research and teaching.



96 Morales-Guerrero et al.

Author Contributions juvenile plumage patterns. Scientific Reports, 7, 9138. 
https://doi.org/10.1038/s41598-017-09771-4

BMG and KAW conceived the idea and wrote the Galván, I., & Møller, A. P. (2011). Brain size and the 
manuscript. BMG performed eumelanin and phe- expression of pheomelanin-based color in birds. Journal 
omelanin quantitation, calculation of the numeri- of Evolutionary Biology, 24(5), 999-1006. https://doi.
cal value of skin color, and statistical analyses. org/10.1111/j.1420-9101.2011.02232.x 
DG and LMM obtained the skin biopsies. DG Galván, I., & Solano, F. (2015). Melanin chemistry and 
supervised fieldwork and conducted photographic the ecology of stress. Physiological and Biochemical 
sampling of the whales. LMM performed the gene Zoology, 88(3), 352-355. https://doi.org/10.1086/680362 
transcription quantitation assays and histological Galván, I., Alonso-Alvarez, C., & Negro, J. J. (2012a). 
assessment of skin biopsies. All authors discussed Relationships between hair melanization, gluthatione 
the results and commented on the manuscript. levels, and senescence in wild boars. Physiological 

and Biochemical Zoology, 85(4), 332-347. https://doi.
Data Availability org/10.1086/666606

Galván, I., Erritzøe, J., Wakamatsu, K., & Møller, A. P. 
The datasets used for the current study are avail- (2012b). High prevalence of cataracts in birds with phe-
able from the corresponding author on reasonable omelanin-based colouration. Comparative Biochemistry 
request. and Physiology Part A: Molecular & Integrative 

Physiology, 162(3), 259-264. https://doi.org/10.1016/j.
Literature Cited cbpa.2012.03.012

Galván, I., Jorge, A., Edelaar, P., & Wakamatsu, K. 
Barsh, G. S. (2003). What controls variation in human (2015). Insects synthesized pheomelanin. Pigment Cell 

skin color? PLOS Biology, 1(1), 19-22. https://doi. & Melanoma Research, 28(5), 599-602. https://doi.
org/10.1371/journal.pbio.0000027 org/10.1111/pcmr.12397 

Berta, A., Sumich, J. L., & Kovacs, K. M. (Eds.). (2015). García, A. J., Polidoru, C., & Nives-Aldrey, J. L. (2016). 
Marine mammals: Evolutionary biology (3rd ed.). Pheomelanin in the secondary sexual characters of 
San Diego, CA: Academic Press/Elsevier. https://doi. male parasitoid wasps (Hymenoptera: Pteromalidae). 
org/10.1016/B978-0-12-397002-2.12001-0 Arthropod Structure & Development, 45(4), 311-319. 

Braasch, I., Schartl, M., & Volff, J. N. (2007). Evolution of https://doi.org/10.1016/j.asd.2016.05.001
pigment synthesis pathways by gene and genome dupli- Gendron, D., & Ugalde de la Cruz, A. (2012). A new clas-
cation in fish. BMC Evolutionary Biology, 7, 74. https:// sification method to simplify blue whale photo-identi-
doi.org/10.1186/1471-2148-7-74 fication technique. Journal of Cetacean and Research 

Brenner, M., & Hearing, V. J. (2008). The protective Management, 12(2), 79-84.
role of melanin against UV damage in human skin. Greco, G., Wakamatsu, K., Panzella, L., & D’Ischia, M. 
Photochemistry and Photobiology, 84(3), 539-549. https:// (2009). Isomeric cysteinyldopas provide a (photo)
doi.org/10.1111/j.1751-1097.2007.00226.x degradable bulk component and a robust structural 

Coelho, S. G., Choi, W., Brenner, M., Miyamura, Y., element in red human hair pheomelanin. Pigment Cell 
Yamaguchi, Y., Wolber, R., . . . Hearing, V. J. (2009). & Melanoma Research, 22(3), 319-327. https://doi.
Short- and long-term effects of ultraviolet radiation on org/10.1111/j.1755-148X.2009.00561.x 
the pigmentation of human skin. Journal of Investigative Hart, L. B., Rotstein, D. S., Wells, R. S., Allen, J., 
Dermatology Symposium Proceedings, 14(1), 32-35. Barleycorn, A., Balmer, B. C., . . . Schwacke, L. H. 
https://doi.org/10.1038/jidsymp.2009.10 (2012). Skin lesions on common bottlenose dolphins 

Costa-Urrutia, P., Sanvito, S., Victoria-Cota, N., Enriquez- (Tursiops truncatus) from three sites in the Northwest 
Paredes, L., & Gendron, D. (2013). Fine-scale popula- Atlantic, USA. PLOS ONE, 7(3), e33081. https://doi.
tion structure of blue whale wintering aggregation in the org/10.1371/journal.pone.0033081 
Gulf of California. PLOS ONE, 8(3), e58315. https:// Hennessy, A., Oh, C., Diffey, B., Wakamatsu, K., Ito, S., & 
doi.org/10.1371/journal.pone.0058315 Rees, J. (2005). Eumelanin and pheomelanin concentra-

Costin, G., & Hearing, V. J. (2007). Human skin pigmen- tions in human epidermis before and after UVB irradia-
tation: Melanocytes modulate skin color in response to tion. Pigment Cell & Melanoma Research, 18(3), 220-
stress. The FASEB Journal, 21(4), 976-994. https://doi. 223. https://doi.org/10.1111/j.1600-0749.2005.00233.x 
org/10.1096/fj.06-6649rev Hsiung, B-K., Blackledge, T. A., & Shawkey, M. D. 

Deng, L., & Xu, S. (2017). Adaptation of human skin color (2015). Spiders do have melanin after all. Journal of 
in various populations. Hereditas, 155, 1. https://doi. Experimental Biology, 218, 3632-3635. https://doi.org/ 
org/10.1186/s41065-017-0036-2 10.1242/jeb.128801

Galván, I. (2017). Condition-dependence of pheomelanin- Ito, S., & Wakamatsu, K. (2003). Quantitative analysis 
based coloration in nuthatches Sitta europaea suggests a of eumelanin and pheomelanin in humans, mice and 
detoxifying function: Implications for the evolution of other animals: A comparative review. Pigment Cell 



97Blue Whale Skin Pigments

& Melanoma Research, 16(5), 523-531. https://doi. the reddish juvenile plumage of black-shouldered 
org/10.1034/j.1600-0749.2003.00072.x kites. Comparative Biochemistry and Physiology B: 

Kammeyer, A., & Luiten, R. M. (2015). Oxidation events Biochemistry and Molecular Biology, 153(3), 296-299. 
and skin aging. Ageing Research Reviews, 21, 16-29. https://doi.org/10.1016/j.cbpb.2009.03.013 
https://doi.org/10.1016/j.arr.2015.01.001 Oetting, W. S. (2000). The tyrosinase gene and oculocu-

Latonen, L., & Laiho, M. (2005). Cellular UV damage taneous albinism type 1 (OCA1): A model for under-
responses—functions of tumor suppressor p53. standing the molecular biology of melanin formation. 
Biochimica et Biophysica Acta, 1755(2), 71-89. https:// Pigment Cell & Melanoma Research, 13(5), 320-325. 
doi.org/10.1016/j.bbcan.2005.04.003 https://doi.org/10.1034/j.1600-0749.2000.130503.x 

Lin, J. Y., & Fisher, D. E. (2007). Melanocyte biology and Okamura, K., Hayashi, M., Abe, Y., Araki, Y., Hozumi, 
skin pigmentation. Nature, 445, 843-850. https://doi. Y., & Suzuki, T. (2017). Microsatellite polymorphism 
org/10.1038/nature05660 located immediately upstream of the phosphatidylino-

Lomas, J., Martín-Duque, P., Pons, M., & Quintanilla, M. sitol glycan, class K gene (PIGK) affects its expression, 
(2008). The genetics of malignant melanoma. Frontiers in which correlates with tyrosinase activity in human mela-
Bioscience, 13, 5071-5093. https://doi.org/10.2741/3065 nocytes. Journal of Dermatological Science, 85(2), 131-

Martinez-Levasseur, L. M., Gendron, D., Knell, R. J., 134. https://doi.org/10.1016/j.jdermsci.2016.10.012 
O’Toole, E. A., Singh, M., & Acevedo-Whitehouse, Polanowski, A. M., Robinson-Laverick, S. M., Paton, D., 
K. (2011). Acute sun damage and photoprotective & Jarman, S. N. (2012). Variation in the tyrosinase gene 
responses in whales. Proceedings of the Royal Society B: associated with a white humpback whale (Megaptera 
Biological Sciences, 278(1711), 1581-1586. https://doi. novaeangliae). Journal of Heredity, 103(1), 130-133. 
org/10.1098/rspb.2010.1903 https://doi.org/10.1093/jhered/esr108 

Martinez-Levasseur, L. M., Birch-Machin, M., Bowman, R Development Core Team. (2016). R: A language and 
A., Gendron, D., Weatherhead, E., Knell, R. J., & environment for statistical computing. Vienna, Austria: 
Acevedo-Whitehouse, K. (2013). Whales use dis- R Foundation for Statistical Computing. 
tinct strategies to counteract solar ultraviolet radia- Rana, B. K., Hewett-Emmett, D., Jin, L., Chang, B. H., 
tion. Scientific Reports, 3, Article 2386. https://doi. Sambuughin, N., Lin, M., . . . Li, W. H. (1999). High 
org/10.1038/srep02386 polymorphism at the human melanocortin 1 receptor 

McKee, S. J., Mattarollo, S. R., & Leggatt, G. R. (2014). locus. Genetics, 151(4), 1547-1557.
Immunosuppressive roles of natural killer T (NKT) cells Roulin, A., Mafli, A., & Wakamatsu, K. (2013). Reptiles 
in the skin. Journal of Leukocyte Biology, 96(1), 49-54. produce pheomelanin: Evidence in the eastern Hermann’s 
https://doi.org/10.1189/jlb.4RU0114-001R tortoise (Eurotestudo boettgeri). Journal of Herpetology, 

Morales-Guerrero, B., Barragán-Vargas, C., Silva-Rosales, 47(2), 258-261. https://doi.org/10.1670/12-028
G. R., Ortega-Ortiz, C. D., Gendron, D., Martinez- Sata, F., Sapone, A., Elizondo, G., Stocker, P., Miller, V. P., 
Levasseur, L. M., & Acevedo-Whitehouse, K. (2017). Zheng, W., . . . Gonzalez, F. J. (2000). CYP3A4 allelic 
Melanin granules, melanophages and a fully-melanized variants with amino acid substitutions in exon 7 and 
epidermis are common traits of odontocete and mysti- 12: Evidence for an allelic variant with altered catalytic 
cete cetaceans. Veterinary Dermatology, 28(2), 213-e50. activity. Clinical Pharmacology & Therapeutics, 67(6), 
https://doi.org/10.1111/vde.12392 8-56. https://doi.org/10.1067/mcp.2000.104391

Morgan, A. M., Lo, J., & Fisher, D. E. (2013). How does Speiser, D. L., DeMartini, D. G., & Hoakley, T. H. (2014). 
pheomelanin synthesis contribute to melanomagenesis? The shell-eyes of the chiton Acanthopleura granulata 
BioEssays, 35(8), 672-676. https://doi.org/10.1002/bies. (Mollusca, Polyplacophora) use pheomelanin as a screen-
201300020 ing pigment. Journal of Natural History, 48(45-48), 

Nakagawa, H., & Imokawa, G. (1996). Characterization 2899-2911. https://doi.org/10.1080/00222933.2014.959
of melanogenesis in normal human epidermal melano- 572 
cytes by chemical and ultrastructural analysis. Pigment Sturm, R. A., Teasdale, R. D., & Box, N. F. (2001). Human 
Cell & Melanoma Research, 9(4), 175-178. https://doi. pigmentation genes: Identification, structure and con-
org/10.1111/j.1600-0749.1996.tb00106.x sequences of polymorphic variation. Gene, 277(1-2), 

Nakaseko, H., Kobayashi, M., Akita, Y., Tamada, Y., & 49-62. https://doi.org/10.1016/S0378-1119(01)00694-1
Matsumoto, Y. (2003). Histological changes and involve- Takeuchi, S., Zhang, W., Wakamatsu, K., Ito, S., Hearing, 
ment of apoptosis after photodynamic therapy for actinic V. J., Kraemer, K. H., & Brash, D. E. (2004). Melanin 
keratoses. British Journal of Dermatology, 148(1), 122- acts as a potent UVB photosensitizer to cause an atypi-
127. https://doi.org/10.1046/j.1365-2133.2003.04898.x cal mode of cell death in murine skin. Proceedings of 

Nasti, T. H., & Timares, L. (2015). MC1R, eumelanin and the National Academy of Sciences of the USA, 101(42), 
pheomelanin: Their role in determining the susceptibi- 15076-15081. https://doi.org/10.1073/pnas.0403994101
lity to skin cancer. Photochemistry and Photobiology, Urian, K., Gorgone, A., Read, A., Balmer, B., Wells, 
91(1), 188-200. https://doi.org/10.1111/php.12335 R. S., Berggren, P., . . . Hammond, P. S. (2015).

Negro, J. J., Bortolotti, G. R., Mateo, R., & García, I. M. Recommendations for photo-identification methods 
(2009). Porphyrins and pheomelanins contribute to used in capture-recapture models with cetaceans. Marine 



98 Morales-Guerrero et al.

Mammal Science, 31(1), 298-321. https://doi.org/10.1111/
mms.12141

Van Bressem, M-F., Minton, G., Sutaria, D., Kelkar, N., Peter, 
C., Sulkarnaen, M., . . . Rajamani, L. (2014). Cutaneous 
nodules in Irrawaddy dolphins: An emerging disease in 
vulnerable populations. Diseases of Aquatic Organisms, 
107, 181-189. https://doi.org/10.3354/dao02689 

Van Bressem, M-F., Raga, J. A., Di Guardo, G., Jepson, P. D., 
Duignan, P. J., Siebert, U., . . . Van Waerebeek, K. (2009). 
Emerging infectious diseases in cetaceans worldwide and 
the possible role of environmental stressors. Diseases of 
Aquatic Organisms, 86, 143-157. https://doi.org/10.3354/
dao02101

Westerhof, W., Estevez-Uscanga, O., Meens, J., Kammeyer, A., 
Durocq, M., & Cario, I. (1990). The relation between con-
stitutional skin color and photosensitivity estimated from 
UV-induced erythema and pigmentation dose-response 
curves. Journal of Investigative Dermatology, 94(6), 812-
816. https://doi.org/10.1111/1523-1747.ep12874671

Wilson, B., Arnold, H., Bearzi, G., Fortuna, C. M., Gaspa, 
R., Ingram, S., . . . Hammond, P. S. (1999). Epidermal 
diseases in bottlenose dolphins: Impacts of natural and 
anthropogenic factors. Proceedings of the Royal Society 
of London, Series B: Biological Sciences, 266(1423), 
1077-1083. https://doi.org/10.1098/rspb.1999.0746 

Wolnicka-Glubisz, A., Pecio, A., Podkowa, D., Kolodziejczyk, 
L. M., & Plonka, P. M. (2012). Pheomelanin in the skin 
of Hymenochirus boettgeri (Amphibia: Anura: Pipidae). 
Experimental Dermatology, 21(7), 535-561. https://doi.
org/10.1111/j.1600-0625.2012.01511.x 

Wu, G., Fanf, Y., Yang, S., Lupton, J., & Turner, N. D. 
(2004). Glutathione metabolisms and its implications 
for health. The Journal of Nutrition, 134(3), 489-492. 
https://doi.org/10.1093/jn/134.3.489 

Yamaguchi, Y., Berr, J. Z., & Hearing, V. J. (2008). Melanin 
mediated apoptosis of epidermal cells damaged by 
ultraviolet radiation: Factors influencing the incidence 
of skin cancer. Archives of Dermatological Research, 
300(Supp. 1), s43-s50. https://doi.org/10.1007/s00403-
007-0807-0 

Yamaguchi, Y., Brenner, M., & Hearing, V. J. (2007). 
The regulation of skin pigmentation. The Journal of 
Biological Chemistry, 282, 27557-27561. https://doi.
org/10.1074/jbc.R700026200




