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Abstract

Southern right whales (SRWs, Eubalena australis) are polymorphic for an X-linked pigmen-

tation pattern known as grey morphism. Most SRWs have completely black skin with white

patches on their bellies and occasionally on their backs; these patches remain white as the

whale ages. Grey morphs (previously referred to as partial albinos) appear mostly white at

birth, with a splattering of rounded black marks; but as the whales age, the white skin gradu-

ally changes to a brownish grey color. The cellular and developmental bases of grey morph-

ism are not understood. Here we describe cellular and ultrastructural features of grey-morph

skin in relation to that of normal, wild-type skin. Melanocytes were identified histologically

and counted, and melanosomes were measured using transmission electron microscopy.

Grey-morph skin had fewer melanocytes when compared to wild-type skin, suggesting

reduced melanocyte survival, migration, or proliferation in these whales. Grey-morph mela-

nocytes had smaller melanosomes relative to wild-type skin, normal transport of melano-

somes to surrounding keratinocytes, and normal localization of melanin granules above the

keratinocyte nuclei. These findings indicate that SRW grey-morph pigmentation patterns

are caused by reduced numbers of melanocytes in the skin, as well as by reduced amounts

of melanin production and/or reduced sizes of mature melanosomes. Grey morphism is dis-

tinct from piebaldism and albinism found in other species, which are genetic pigmentation

conditions resulting from the local absence of melanocytes, or the inability to synthesize

melanin, respectively.
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Introduction

Southern right whales (SRWs, Eubalaena australis) [1] can be individually identified from

complex patterns formed by raised patches of calloused skin (callosities) on their heads, and

sometimes from patterns of white skin pigmentation [2–4] (Fig 1). Callosities are grey in color

but appear white from afar because they are colonized by dense populations of whale lice

which are nearly white [3, 4]. These patterns are unique to individuals and are not associated

with any pigmentation phenotypes. Most SRWs are primarily black (wild-type) with white

belly patches that do not change through their lifetimes (Fig 1a). However, alternative pigmen-

tation phenotypes do occur (Fig 1b–1d). Grey morphs (previously referred as “partial albinos”)

are a distinctive phenotype unique to SRWs in which newborns appear mostly white with

splatterings of black ovals that are often clustered in dorso-lateral bands that extend around

the side of the animal (Fig 1b). Partial grey morph phenotypes also exist in which the calves

have lateral bands of white splatterings on their backs (Fig 1d) [5, 6]. The white areas of the

grey morph and partial grey morph skin gradually darken with age to a grey or light brown

color (Fig 1b mother, Fig 1c and 1d mother). Mothers of grey morphs exhibit either grey

morphism (Fig 1c) or partial grey morphism (Fig 1b and 1d).

The skin texture, thickness and eye color of grey-morph whales have not been reported to

differ from those of wild-type SRWs. In other mammals, pigmentation phenotypes can impact

cells of neural crest derivation and can affect internal organs, hearing, and other neurological

tissues, but grey-morph and partial grey-morph SRWs appear to have a normal lifespans, nor-

mal reproductive success, and normal behavior, suggesting that they do not suffer from neuro-

logical dysfunction [5–7]. Grey-morph and partial grey-morph phenotypes have been found

throughout the southern hemisphere, off South Africa, Australia and Argentina, but have not

been recorded in the other two right-whale species that live in the North Pacific and North

Atlantic oceans (E. japonica, E. glacialis) [8].

Schaeff et al. (1999) examined the inheritance pattern of the grey-morph and partial grey-

morph phenotypes by estimating the proportions of different pigmentation patterns in 1,739

cow-calf pairs and the sexes of a subset of those animals. All 42 grey-morph calves were off-

spring of grey-morph or partial grey-morph cows. Among 97 SRWs of known sex, all 32

Fig 1. Wildtype, grey-morph and partial grey-morph phenotypes of southern right whales. Wild-type

adults (panel a) have black skin and often have white skin patches on their bellies. Grey morphs (calf in panel

b) are primarily white at birth with splatterings of rounded black spots that extend dorso-laterally around their

bodies (calf in panel b). Their white skin becomes light grey or brown with age (panel c). Partial grey morphs

are primarily black with splatterings of white skin at birth (calf in panel d) which also darkens with age (adults in

panels b and d).. (Photos: J. Atkinson, Ocean Alliance).

doi:10.1371/journal.pone.0171449.g001
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partial grey-morph individuals were females and all 14 grey-morph individuals were males.

Based on these data, Schaeff et al. (1999) proposed an X-linked pattern of inheritance for grey

morphism (“G” representing the wild-type [black] allele and “g” representing the grey-morph

allele). Under this model, the XGXG and XGY genotypes would produce black females and

males, respectively; XGXg would produce partial grey-morph females; and XgXg and XgY

would produce grey-morph females and males, respectively. This model explained the pattern

of inheritance for the majority of cow-calf pairs, with the exception of two black calves that

were associated with grey morph-appearing cows that were identified after the original analysis

was complete (noted in proof). The authors suggest that this observation could result from

inaccurate phenotyping of those pairs, partial penetrance, X-inactivation, or from the existence

of an XD chromosome with a deleted G locus. Apart from these two anomalous cases, the cow-

calf associations imply that the grey-morph and partial grey-morph phenotypes are associated

with the same X-linked gene.

Forward genetic screening has often been used to investigate phenotypic variation, gene

function and dysfunction [9–10] in pigmentary disorders where the phenotypes can be readily

observed [11–15]. Pigmentation gene discovery in non-human species has frequently led to a

greater understanding of conserved pigment cell abnormalities in humans [16–17], including

piebaldism, Waardenburg syndrome [18], and albinism [11]. Many pigmentation genes have

been discovered through characterization of a pigmentary phenotype, identification of an

inheritance pattern, and evaluation of microscopic and electron microscopic features of the

skin and melanocytes from affected and unaffected individuals [19–22].

Additional pigmentation genes have been identified and characterized through the investi-

gation of the various stages of melanocyte development, including derivation from the neural

crest, migration and development of melanoblasts, the development of melanocyte stem cells,

and proliferation of melanocytes in the skin [23–24]. Although species-specific differences in

pigment cell development are likely to exist, the identification of regulators of the process may

be informative with respect to understanding pigmentation patterns in the SRW. Expression

of MITF (and activation of the molecular pathways downstream of this master regulator) is

critical for melanocyte development [25–26]. PAX3 and SOX10 activate MITF transcription

[27–29] whereas FOXD3 and SOX2 appear to repress MITF expression. Upregulation of

PAX3 and SOX10 and downregulation of FOXD3 and SOX2 all appear to be critical for devel-

opment of the melanoblast lineage [30–32]. FOXD3 expression is initiated by ZIC1 and PAX3

transcription factors [33] and maintained by SNAIL2 and SOX9 [31]. Upregulation of

WNT3A and downregulation of BMP4 appear to be key regulators of melanoblast formation

[34–35] whereas WNT3A, KIT/KIT-ligand, EDN3/EDNRB2 complexes, the EPHB2/Ephrin B

ligand complex, RAC1, and P-Rex-1 are critical factors in melanocyte migration and differen-

tiation [24]. Regulation of the process of differentiation of melanocytic cells from the neural

crest is a complex, well-choreographed process and disruption of any of these critical pathways

can lead to pigmentation abnormalities.

To date, three papers have been published that include investigation of melanocytes within

SRW skin, but no formal direct comparison between normal and grey-morph skin has been

performed. [36–38]. Histologically, SRW skin is similar to human skin, having a stratified

squamous epithelium consisting of stratum corneum, stratum spinosum (spinous cell layer),

and stratum basale (basal cell layer). The stratum corneum of SRWs is known to slough off or

desquamate continuously in multiple layers, leaving the pitted deeper layers of the epidermis

behind [36]. Martinez-Levasseur et al. [39] recently reported that fin, blue, and sperm whale

species develop a presumably protective “tan” in response to UV exposure. Although no histol-

ogy was described, the study reports that melanocytes seasonally increase the amount of pig-

mentation produced, and that blue whales may also have the capacity to increase melanocyte
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numbers. These features were associated with increased expression ofHSP70, P53, KIN, and

TYR, and were correlated with mitochondrial DNA damage, suggesting a functional UV-pro-

tective role for melanocytes in whales.

Schell et al. (2000) and Pfeiffer et al. (1996) examined SRW melanocytes using transmission

electron microscopy and found that melanocytes are located primarily in the basal cell layer,

have typical dendritic processes, and produce melanosomes with typical maturation and struc-

ture. Due to the challenges of sampling whales with relatively rare phenotypes, the affected

skin and melanocytes of grey-morph SRWs have not been evaluated. Reeb et al. (2007) men-

tion that grey-morph skin has fewer melanin “granules” than wild-type black skin, but this

study did not further characterize, quantify or compare the melanocytes in grey-morph skin.

A primary goal of the present study was to document histologic and ultrastructural differ-

ences between grey-morph and black skinned SRWs, and to use the resulting characterization

of grey-morph skin and melanocytes to restrict the range of plausible explanations for this syn-

drome. An improved understanding of the grey-morph phenotype in southern right whales

could provide insight into the pigmentation biology of many other mammalian species, espe-

cially cetaceans.

Materials and methods

Phenotypic evaluation and tissue collection

SRW skin samples were collected by the Southern Right Whale Health Monitoring Program

during necropsies of whales that died and stranded at Peninsula Valdes, Argentina in 2007–

2008 during a period of high calf mortality [40]. SRWs were considered an IUCN lower risk/

conservation dependent species at the time of sampling, and are now categorized as a species

of “least concern”; no additional regulatory process was required for sampling in this situation.

Samples were annotated and stored in 100% ethanol at -20˚C [41]. Samples used in the present

study were removed from ethanol and fixed in formalin (for paraffin embedding) or in glutar-

aldehyde paraformaldehyde (for electron microscopy). Samples came from six different indi-

viduals (four wild types and two grey morphs), as detailed in Table 1.

Light microscopic evaluation of SRW skin

Formalin-fixed samples were paraffin-embedded and 3–5 micron thick sections were cut and

stained with hematoxylin and eosin as described by Florell et al. (2001) [42]. Specimens were

visualized by light microscopy. Melanocytes were identified morphologically, as well as with

Fontana-Masson silver stain, and counterstained with Nuclear Fast Red, as described by Florell

Table 1. Identities and characteristics of sampled whales.

Stranding Whale ID Phenotype Date of Necropsy Age Gender Body Condition1 Location Skin Color

04–07 Wild-type 08-11-07 Adult Female Fresh Golfo Nuevo Black

05–07 Wild-type 08-11-07 Calf Female Fresh Golfo Nuevo Black

16–08 Wild-type 08-17-08 Adult Female Unrecorded Golfo Nuevo Black

28–08 Wild-type 08-24-08 Calf Female Unrecorded Golfo Nuevo Black

20–08 Grey Morph 08-19-08 Calf Male Advanced Decomposition Golfo Nuevo White

57–08 Grey Morph 09-19-08 Calf Male Moderate Decomposition Golfo San Jose White

1—Carcass conditions were graded subjectively with the following definitions: Fresh = freshly dead / Moderate Decomposition = moderately decomposed

but tissues largely intact / Advanced Decomposition = advanced decomposition with tissues little intact. Two other conditions existed, alive and

mummified/skeletonized, but none of the samples we used had those body conditions [40].

doi:10.1371/journal.pone.0171449.t001
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et al. (2001) [42]. Immunohistochemical staining with the melanocyte specific markers S100

and HMB45 did not generate consistent results in these archived whale specimens, so they

were omitted from the final analyses. These reagents are inferred to have failed owing to lack

of recognition of the whale proteins by the human antibodies, solubility of the antigens during

storage in ethanol, or lack of adequate antigen retrieval.

Semi-quantitative analysis of melanocyte count

Melanocyte counts were performed on Fontana-Masson stained slides to increase specificity

and sensitivity for detection of melanocytic cells. Positive cells were defined as those that

showed melanin staining and at least two visible dendrites. The area of highest melanocyte

density was identified by surveillance of the entire sample on each slide and cells were counted

within ten high-powered (400X magnification) fields within the highest density area. In five of

the high-powered fields, all of the melanocytes that met criteria were counted. In each of the

remaining five high-powered fields, a 0.25 mm length of basal layer of the epidermis was iden-

tified and melanocytes along this basal cell layer were counted. These measurements were used

to calculate the means and standard deviations of melanocyte numbers within each sample.

Differences between the numbers of melanocytes counted in wild-type and grey-morph skin

samples were assessed using T-tests.

TEM evaluation of right whale skin

One wild-type and two grey-morph SRW skin samples were dissected near the dermo-epider-

mal junction to examine areas of the basal layer of the epidermis where melanocytes reside.

Samples were minced and placed in glutaraldehyde-paraformaldehyde fixative, processed by

the University of Utah Electron Microscopy Core Facility and examined by standard transmis-

sion electron microscopic (TEM) techniques. TEM images were photographed for future mea-

surement of melanosome size.

Forty-five TEM images at eight magnifications (1100X, 1650X, 2100X, 2700X, 3200X,

4400X, 6500X, and 11,000X) were used to determine melanosome size and to evaluate melano-

some maturation (12 images from one wild-type whale and 33 images from two grey-morph

whales). In the wild-type and grey-morph specimens examined, a full range of immature, lami-

nated/granular, and fully mature darker and uniform melanosomes were seen, but there were

not enough melanosomes observed in all stages to permit a formal statistical analysis of grey-

morph melanosome maturation. Mature melanosome sizes were determined by collecting sets

of 15 images representing the largest, darkest melanosomes in each sample. The longest diame-

ter of each melanosome was measured on 1100X images and converted to actual size. Average

sizes and their standard errors were determined, and comparisons between the wild-type and

grey-morph samples were evaluated statistically using Mann-Whitney U and Newman-Keuls

tests (Statistica Software).

Results

Light microscopic evaluation of SRW skin

As expected, wild-type skin samples were dramatically darker than grey-morph samples (black

versus off-white to grey). Light microscopy of SRW melanocytes showed very similar anatomi-

cal structure of the skin with no apparent differences in rete ridge, dermal papilla, or vascular

structures. Fontana Masson melanin staining was substantially darker in wild-type animals,

though staining intensity was not quantified (Fig 2). The cellular morphology of melanocytes

from both grey-morph and wild-type animals was similar to benign human melanocytes.

Characterization of the grey-morph phenotype in southern right whales
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Specifically, all SRW melanocytes were located along the basal layer of the epidermis, had den-

drites that made contact with surrounding keratinocytes, and had keratinocytes that demon-

strated classic “capping” of nuclei in which melanosomes cluster above the nucleus

(presumably for protection against ultraviolet radiation, Fig 2).

Melanocyte counts are reduced in grey-morph relative to wild-type SRW

skin

Light microscopic fields with areas of highest melanocyte density at 400X magnification were

examined and the mean numbers of melanocytes in grey-morph skin were compared to wild-

type SRW skin (Fig 3). The number of melanocytes in grey-morph whales ranged from 2–9

melanocytes/hpf and 2–5 melanocytes/0.25 mm basement membrane. In contrast, wild-type

SRWs ranged from 12–22 melanocytes/hpf and 6–13 melanocytes/0.25 mm basement mem-

brane. Thus the largest number of melanocytes counted in any field for grey-morph whales

was less than the smallest number counted in any field for the wild-type whales, and these dif-

ferences were highly significant with p-values from the T-tests for each count method being

less than 1x10-5.

Grey-morph melanosomes are smaller than wild-type melanosomes

Identifying melanocytes in transmission electron microscopy (TEM) images was more difficult

in the grey-morph samples, providing additional evidence that fewer melanocytes are present

in grey-morph skin. Although it was not possible to determine whether grey-morph melano-

somes matured in an identical way to wild-type SRWs due to a small sample size of early-stage

melanomsomes, both of the grey-morph samples (20–08 and 57–08) examined by TEM con-

tained fully mature melanosomes, suggesting that the maturation process was functional,

though perhaps not completely normal since the melanosomes were smaller. Despite the

Fig 2. Light microscopy reveals reduced pigmentation and a decreased number of melanocytes in the

affected skin of grey-morph SRWs. A comparison of Fontana Masson melanin staining is shown in wild

type (Panels A, C, and E) versus grey-morph SRWs (Panels B, D, and F) at low-power (20X, Panels A and B),

high-power (400X, Panels C and D), and extra high-power (600X, Panels E and F) magnification. Low-power

magnification shows less melanin staining, particularly in the melanocytes distributed along the basal layer of

the epidermal rete ridges (arrowheads, Panels A and B). Rete ridges and dermal papillae appear similar in

grey-morph and wild-type whales. Dermal papillae are marked with “= >” in panels A, B and C. High-power

magnification shows reduced melanin content and fewer positively-stained cells in the grey-morph skin

(Panels C and D). Extra high-power magnification shows typical melanocyte dendrite morphology

(arrowhead, Panels E and F) and normal melanosome transfer and capping of keratinocyte nuclei (asterisks,

Panels E and F).

doi:10.1371/journal.pone.0171449.g002

Characterization of the grey-morph phenotype in southern right whales

PLOS ONE | DOI:10.1371/journal.pone.0171449 February 7, 2017 6 / 14



smaller average size of the grey-morph melanosomes, the shape and character of melanosomes

from both grey-morph and wild-type whales were similar. All samples had melanosomes that

were somewhat variable in size and shape, but were predominantly spherical with both vesicu-

lar and lamellar patterns, suggesting that the agouti status and maturation process was not dra-

matically different in the grey-morph animals [43]. TEM images of grey-morph melanosomes

showed them to be smaller qualitatively and quantitatively (Mann-Whitney U and Newman-

Keuls tests (Statistica Software, Fig 4)). The wild type whale 04–07 had an average melanosome

size of 0.685 μm (standard deviation 0.11 μm). Grey-morph 20–08 had an average melano-

some size of 0.444 μm (standard deviation 0.09 μm). The other grey morph, 57–08, had an

average melanosome size of 0.504 μm with a standard deviation of 0.1 μm. Mann-Whitney U

comparisons between wild-type 04–07 and grey morphs 20–08 and 57–08 gave p = 1.4x10-5

and p = 2.8x10-4, and Newman-Keuls tests p = 1.0x10-6 and p = 1.5x10-5, respectively. Samples

from the two grey-morph whales did not differ significantly (p = 0.14 and p = 0.11 for Mann-

Whitney and Newman-Keuls tests, respectively) (Fig 4).

Discussion

The goal of this study was to characterize differences between grey-morph and wild-type SRW

skin, to gain insight into the biology of the condition and to develop hypotheses regarding

potentially causative genes. The lighter skin of the grey morph is associated with fewer and

smaller melanosomes. We were unable to perform a direct, quantitative analysis of melanin in

the skin. It is possible that the absolute amount of melanin and/or number of melanosomes

produced by melanocytes may also be smaller, but this could not be quantified in this small

data set. Grey-morph skin had healthy, normal-appearing melanocytes with typical dendritic

morphology that was appropriately localized in the basal layer of the epidermis. The melano-

cytes also had melanosomes that appear to have matured normally by progressing through typ-

ical stages of development.

Decreased melanosome size in grey-morph skin could be caused by a reduction in the mel-

anin-producing capacity of melanosomes. Alternatively, the smaller sizes of grey-morph

Fig 3. Melanocyte counts are reduced in grey-morph relative to wild-type SRW skin. Bars represent the

absolute number of melanocytes counted in grey-morph and wild-type whales. Darkly shaded bars represent

the number of melanocytes in each of 5 high-powered fields and lightly shaded blue bars represent the

number of melanocytes along each 0.25 mm of the basement membrane measured. Data were compared for

both measurement methods using T-tests. Both tests yielded p-values smaller than 1x10-5.

doi:10.1371/journal.pone.0171449.g003
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melanosomes could be the primary defect, resulting in an inability to store normal amounts of

melanin. Lighter colored or earlier staged melanosomes were not abundant suggesting a pri-

mary defect in melanin synthesis. The melanin produced by grey-morph melanocytes appears

to be transferred and localized appropriately in keratinocyte nuclear caps, suggesting that the

melanocytes retain normal melanin transport and transfer activities. Several human disorders

of pigmentation are associated with reduced ability to completely assemble functional melano-

somes, including Hermansky Pudlak syndrome, Chediak-Higashi syndrome, and Griscelli

syndrome. All of these conditions are associated with systemic findings including bleeding dis-

orders, predisposition toward infections, and neurological defects secondary to abnormal bio-

genesis and trafficking of lysosomes (the pigmentation effect is caused by abnormal

functioning of the melanosome, a modified lysosome). It is unlikely that grey-morph individu-

als have one of these defects because other systemic abnormalities have not been noted in such

whales when observed alive or during necropsies. Grey-morph males, although not often

observed in adulthood, are assumed to survive as well as wild-type individuals because of the

consistent frequency of the phenotype within populations [6].

There are several possible causes for the reduced number of melanocytes seen in the

affected skin of grey-morph individuals. The decreased number of melanocytes could be due

to an inability to migrate effectively or to differentiate successfully during embryonic develop-

ment of the neural crest. A more complete picture of the process of melanocyte development is

beginning to emerge through the application of mathematical models to the process of mor-

phogenesis [44–45] and through the identification of genes that may act as morphogens in

melanocyte development [23–24]. Formal testing of these models, using relevant morphogens,

may allow further understanding of the normal and abnormal pigmentation patterns observed

in nature. For example, there is precedent for this pattern in piebaldism caused by inactivating

Fig 4. Transmission electron microscopy (TEM) reveals smaller melanosomes with normal

maturation in grey-morph (GM) skin. TEM from wild-type (WT, 04–07) and GM skin (57–08 and 20–08) are

shown at 1100X, 2700X, 4400X and 11,000X magnification. All skin samples showed apparently normal

melanosome maturation (stage II, III, and IV melanosomes indicated by Roman numerals). The

melanosomes in WT skin are larger than those found in GM skin (arrows). The mean size of fifteen Stage IV

melanosomes from each animal is shown (error bars represent standard error from the mean). Mann-Whitney

U and Newman-Keuls testing revealed statistically significant (p < 0.05) differences between WT and both GM

melanosomes, but not between the two GM animals.

doi:10.1371/journal.pone.0171449.g004
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mutations in KIT in mice and humans [46]. Piebaldism, also originally termed “partial albi-

nism,” is characterized by well-demarcated white patches of skin localized most distally along

the melanocyte migration pathway, primarily in the forelock area of the forehead and extensor

knee and elbow areas [47]. It is not associated with other neurologic or systemic symptoms

and the failure to migrate is believed to be caused primarily by a failure of these melanocytes to

survive long enough to completely migrate, or failure to proliferate enough to reach their

intended destination [48].

Grey morphism is similar to piebaldism in that there are no other associated systemic find-

ings or neurologic issues that have been identified. The band of black on the dorsal aspect of

grey morphs may represent the only successful area of melanocyte migration, but the scattered

black spots elsewhere suggest that this may not be a similar migration defect. However, pie-

baldism also frequently has areas of hyperpigmentation within the depigmented extensor

areas, which may represent partial success in migration with compensatory hyperpigmenta-

tion, and this could correspond to the scattered black spots seen in the grey morphs. The white

areas of piebaldism are typically devoid of melanocytes, whereas grey-morph skin has them.

KIT pathways have profound effects on melanocyte function. Inactivating mutations of KIT
lead to piebaldism, [46] whereas activating mutations in KIT lead to melanoma [49] and muta-

tions in the KIT ligand (KITLG) cause the Steel phenotype in mice and progressive familial

hyperpigmentation in humans [50]. Mutation of the zinc finger transcription factor SNAI2 has

also led to a piebald phenotype, but this gene is located on human chromosome 8q11.21 and

the mechanism by which the mutation leads to piebaldism is poorly understood [51]. The X

chromosome is relatively well conserved across mammalian species, implying that the causa-

tive gene in right whales is likely to be X-linked in other species as well [6]. The KIT gene is

located on human chromosome 4q12, not the X-chromosome, but two microRNAs (miR221

and miR222) that inhibit cKIT have been identified on the human X-chromosome. If these

miRNAs are conserved in whales and X-linked, they would be obvious candidate genes [52].

Other loss-of-pigment phenotypes resemble the grey-morph pattern, but to a lesser extent.

For example, four subtypes of Waardenburg syndrome have been described and are known to

be caused by mutations in PAX3 (chromosome 2q35), [53–56], MITF (chromosome

3p14-p13) [57–58], SOX10 (chromosome 22q13.1) [59–61], SNAI2 (chromosome 8q11.21)

[62], EDNRB (13q22) [63], and EDN3 (chromosome 20q13.32) [64–65]. None of these genes

are located on the X-chromosome and Waardenburg syndrome is almost always associated

with systemic findings that involve dysmorphic features, deafness and other neurologic abnor-

malities, or megacolon, none of which are seen in grey morphs. SOX10,MITF and EDNRB
have also been associated with additional pigmentary disorders including peripheral demyelin-

ating neuropathy (SOX10), Yeminite deaf-blind hypopigmentation syndrome (SOX10), Tietz

syndrome (MITF), and albinism, black lock, cell migration disorder of neurocytes and deaf-

ness syndrome (EDNRB); but these are clearly more debilitating and involve multiple organ

systems in a pattern not present in grey-morph SRWs [66].

Other syndromes that lead to generalized decreased or abnormal pigmentation include the

oculocutaneous albinism types 1–4 syndromes (TYR,OCA2,TYRP1, and SLC45A2, respec-

tively) [Montoliu et al. 2014], Hermansky-Pudlak syndromes (HPS1, AP3B1,HPS3,HPS4,

HPS5,HPS6,DTNBP1, BLOCK1S3, and PLDN) [67], Chediak-Higashi syndrome (LYST), Gris-

celli syndrome (MYO5A, RAB27A, andMLPH), and Menkes syndrome (ATP7A) [68]. How-

ever, none of these syndromes recapitulate the grey-morph phenotype. The process of

melanogenesis is also regulated by exposure to ultraviolet radiation and subsequent DNA

damage [69], and superimposed hormonal regulation of MC1R by MSH, ACTH and agouti

signaling protein (ASIP) [43]. However, defects in these pathways would presumably lead to a

generalized, rather than a fixed, patterned pigmentation defect. All of these syndromes have
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non-skin findings with striking features in the ocular, nervous, immune, clotting, or other

organ systems. In addition, the pigmentation feature in these syndromes is diffuse and is seen

throughout all the skin without spotting. With respect to the histologic features of oculocuta-

neous albinism, the melanocytes are present in normal numbers, but do not make pigment (or

the pigment made is of a lighter color). Moreover, only one of these conditions has a gene

defect located on the X-chromosome (Menkes disease, ATP7A). Finally, our data suggest that

the causal gene is probably not essential for melanin synthesis (as most of these albinism genes

are), otherwise a more dramatic difference would have been seen in the color of the melanin.

A final set of candidates includes genes that regulate cell survival, senescence, migration or

proliferation. X-chromosome candidates in this category include PIR (senescence), RAB-Fam-

ily members (migration) and FGF13 (proliferation).

Altered epigenetic interactions comprise another possible class of explanations for the grey-

morph pigmentation patterns. For example, altered patterns of X-chromosome inactivation

could be caused by mutation of an autosomal regulatory gene [70], or an X-linked epigenetic

regulator of pigmentation that affects an autosomal locus could be mutated. As the SRW

genome sequence becomes available, candidates from each of these categories should emerge,

enabling relatively direct “field genetic” tests for the cause of grey morphism.

Conclusions

Southern right-whale grey morphism is an X-linked condition in which skin that would be

black changes to white or various shades of grey, depending on the sex and age of the affected

individual. Although there is some hint of patterning of the residual black color in the affected

whales, this pattern is not consistent and it could represent a mosaic or embryonic migration

pattern. We found that the reduction of black pigment in grey-morph skin is associated with a

reduction in the number of melanocytes. Examination of the melanocytes in white grey-

morph skin shows that the melanosomes are smaller than the melanosomes seen in black skin

from wild-type whales. This suggests that the genetic defect is one that reduces the ability of

melanocytes to migrate, survive or expand in number. It is currently not known whether the

white skin in wild-type SRWs has a melanocyte density similar to grey-morph white skin, or

whether the black skin in grey morphs has as many melanocytes as the black skin in wild-type

individuals. More than fifty candidate genes have been identified on the human and bovine X-

chromosome that could be responsible for the grey-morph phenotype. Of these, miR221,

miR222, PIR, and Rab-family members are leading candidates for further study. To date there

has been little work on the molecular cell biology of skin and melanocytes in Cetacea. Identifi-

cation of the gene(s) responsible for gray morphism in SRWs could lead to insights about pig-

ment-cell biology that are relevant to human or other mammalian diseases.
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64. Edery P, Attié T, Amiel J, Pelet A, Eng C, Hofstra RM et al. 1996. Mutation of the endothelin-3 gene in

the Waardenburg-Hirschsprung disease (Shah-Waardenburg syndrome). Nat Genet. Apr; 12(4):442–4.

doi: 10.1038/ng0496-442 PMID: 8630502

65. Hofstra RM, Osinga J, Tan-Sindhunata G, Wu Y, Kamsteeg EJ, Stulp RP et al. 1996. A homozygous

mutation in the endothelin-3 gene associated with a combined Waardenburg type 2 and Hirschsprung

phenotype (Shah-Waardenburg syndrome). Nat Genet. Apr; 12(4):445–7. doi: 10.1038/ng0496-445

PMID: 8630503

66. Montoliu L, Grønskov K, Wei AH, Martı́nez-Garcı́a M, Fernández A, Arveiler B et al. 2014. Increasing

the complexity: new genes and new types of albinism. Pigment Cell Melanoma Res. Jan; 27(1):11–8.

doi: 10.1111/pcmr.12167 PMID: 24066960

67. Wei AH, Li W, 2013. Hermansky-Pudlak syndrome: pigmentary and non-pigmentary defects and their

pathogenesis. Pigment Cell Melanoma Res. Mar; 26(2):176–92. doi: 10.1111/pcmr.12051 PMID:

23171219

68. Dessinioti C, Stratigos AJ, Rigopoulos D, Katsambas AD, 2009. A review of genetic disorders of hypo-

pigmentation: lessons learned from the biology of melanocytes. Exp Dermatol. Sep; 18(9):741–9 doi:

10.1111/j.1600-0625.2009.00896.x PMID: 19555431

69. Kadekaro AL, Leachman S, Kavanagh RJ, Swope V, Cassidy P, Supp D et al. 2010. Melanocortin 1

receptor genotype: an important determinant of the damage response of melanocytes to ultraviolet radi-

ation. FASEB J. Oct 24(10):3850–60. doi: 10.1096/fj.10-158485 PMID: 20519635

70. Morey C and Avner P. Genetics and epigenetics of the X chromosome. Ann N Y Acad Sci. 2010 Dec;

1214:E18–33. doi: 10.1111/j.1749-6632.2010.05943.x PMID: 21382199

Characterization of the grey-morph phenotype in southern right whales

PLOS ONE | DOI:10.1371/journal.pone.0171449 February 7, 2017 14 / 14

http://dx.doi.org/10.1002/ajmg.1320400113
http://www.ncbi.nlm.nih.gov/pubmed/1887852
http://www.ncbi.nlm.nih.gov/pubmed/8447316
http://dx.doi.org/10.1038/ng0193-26
http://dx.doi.org/10.1038/ng0193-26
http://www.ncbi.nlm.nih.gov/pubmed/8490648
http://www.ncbi.nlm.nih.gov/pubmed/9499424
http://dx.doi.org/10.1038/ng1194-251
http://www.ncbi.nlm.nih.gov/pubmed/7874167
http://dx.doi.org/10.1086/522090
http://www.ncbi.nlm.nih.gov/pubmed/17999358
http://dx.doi.org/10.1038/ng0298-171
http://dx.doi.org/10.1038/ng0298-171
http://www.ncbi.nlm.nih.gov/pubmed/9462749
http://www.ncbi.nlm.nih.gov/pubmed/9722528
http://www.ncbi.nlm.nih.gov/pubmed/12444107
http://www.ncbi.nlm.nih.gov/pubmed/11891690
http://dx.doi.org/10.1038/ng0496-442
http://www.ncbi.nlm.nih.gov/pubmed/8630502
http://dx.doi.org/10.1038/ng0496-445
http://www.ncbi.nlm.nih.gov/pubmed/8630503
http://dx.doi.org/10.1111/pcmr.12167
http://www.ncbi.nlm.nih.gov/pubmed/24066960
http://dx.doi.org/10.1111/pcmr.12051
http://www.ncbi.nlm.nih.gov/pubmed/23171219
http://dx.doi.org/10.1111/j.1600-0625.2009.00896.x
http://www.ncbi.nlm.nih.gov/pubmed/19555431
http://dx.doi.org/10.1096/fj.10-158485
http://www.ncbi.nlm.nih.gov/pubmed/20519635
http://dx.doi.org/10.1111/j.1749-6632.2010.05943.x
http://www.ncbi.nlm.nih.gov/pubmed/21382199

