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ABSTRACT

Background: The multiple coat colors of yaks are mainly determined by melanin synthesized by melanocytes. Comparing the
amount and distribution of melanin and melanocytes in the skin of yaks with different coat colours has not yet been described;
moreover, studying the expression of melanin-related proteins in the skin of yaks with different coat colors will help to further
understand the molecular basis of the regulation of coat color in animals. This study observes the histomorphological structure of
white, brown and black yak skin and investigates the expression of melanocyte markers MITF, SOX10, PMEL, TYRP1, DCT, MC1R
and KIT, in white, brown and black yak skin.

Methods: HE staining and transmission electron microscopy (TEM) were performed for histomorphological observation.
Immunofluorescence analyses were performed to assess marker expression.

Result: Our results showed that there was no melanin in the skin of white yaks; whereas the melanin formation process was not
problematic in brown and black yaks and the formation of brown hair colour could be due to the low number of melanocytes and the

fact that melanocytes were mostly early in differentiation.

Key words: Coat colors, Melanin, Melanocytes, Melanosomes, Yaks.

INTRODUCTION

The domestic yak (Bos grunniens) is a dominant livestock
in the pastoral areas of the Tibetan Plateau in China (Wu
et al., 2022). Yak hair is of various colors, including black,
brown, blue, white and mixed colors.

Mammalian coat color is determined by the type,
quantity and distribution of melanin in the body. Melanin
formation includes the development and maturation of
melanocytes, morphogenesis of melanosomes (organelles
that synthesize melanin) and the anabolism and transport
of melanin (Schiaffino, 2010). The following signaling
pathways are mainly involved in melanin synthesis: a-MSH/
MC1R/cAMP, PI3K/Akt/GSK3B, Wnt/B-catenin and MAPK
signaling pathway (D’'Mello et al., 2016; Zou et al., 2021).
Melanocortin 1 receptor(MC1R) is a melanocyte surface
receptor. a-MSH/MC1R/cAMP signaling pathway is a core
molecular pathway for melanin synthesis. In PI3K/Akt/
GSK3p signaling pathway, the binding affinity between
Microphthalmia-associated transcription factor (MITF) and
M-box was enhanced, thereby upregulating TYR expression
and promoting melanin production. Wnt/B-catenin signaling
pathway is one of the pathways that regulate the expression
of MITF. By increasing the expression of MITF, this pathway
stimulates melanin synthesis (Ploper and De Robertis,
2015). The MAPK signaling pathway includes the stem cell
factor (SCF/c-Kit) signaling pathway, the endothelin (ET-1/
EDNRB) signaling pathway, the NRG1/ErbB signaling
pathway and the bone morphogenetic protein (BMPSs)
signaling pathway. Their final targets are all the MITF gene,
thereby regulating the production of melanin. Melanin
formation mainly involves three enzymes: Tyrosinase (TYR),
tyrosinase-related protein 1 (TYRP1) and tyrosinase-related
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protein 2 (DCT) (Wagatsuma et al., 2023). DCT and TYRP1
serves as markers of early and late melanocyte differentiation,
respectively (Manceau et al., 2011). MITF, a regulator of
pigmentation, upregulates the expression of these genes
by binding to M-box motifs in the promoter regions of TYR,
TYRP 1 and DCT (Vachtenheim and Borovanski, 2010). MITF
is the earliest melanoblast marker and it is regulated by
some molecules involved in neural crest and melanocyte
development, such as PAx3, SOx10 (Kawakami and Fisher,
2017; Thomas and Erickson, 2009). SRY-BOx10 (SOx10)
interacting proteins regulate the establishment of
melanocyte lineages as well as promote cell differentiation
(Marathe et al., 2017; Willis et al., 2015). The pre-melanosomal
protein PMEL is a melanosome-specific antigen that forms
a fibrous matrix in early melanosomes to facilitate melanin
deposition (Dean and Lee, 2021; Yamaguchi and Hearing,
2009). KIT, like MC1R, is a specific receptor for signaling
pathways that regulate melanin synthesis and it is involved
in the SCF/c-Kit-mediated melanin synthesis signaling
pathway (Liu et al., 2023a).
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Cattle coat color is controlled by a number of different
genes and their corresponding alleles, including ASIP, TYR,
TYRP1, KIT, PMEL, MC1R and MITF (Brenig et al., 2013).
Three common functional alleles of MC1R (i.e., wild-type
E*, dominant EP and recessive €) play a crucial role in
determining the primary coat color of cattle (Zhang et al.,
2014b). MC1R and PMEL alleles interact to regulate coat
color in Highland cattle (Schmutz and Dreger, 2013). (Zhang
et al., 2014a) showed that the brown coat color of domestic
yaks in Ganzihe County, Qinghai Province, China, was
caused by mutations in MC1R or PMEL and their all-white
phenotype was caused by sequence translocation of KIT
(Durkin et al., 2012). White hair variation in White Galloway
and White Park cattle is associated with KIT mutations
(Brenig et al., 2013). The white phenotype in a Black Angus
calf is caused by MITF mutations (Petersen et al., 2023).
The MITF gene variant is also associated with the white
spot phenotype in Brown Swiss cattle (Hofstetter et al.,
2019). Yaks have undergone natural selection, human
domestication and interspecific hybridization during the
evolutionary process. Liu et al. (2023b) unraveled the
mystery of the white yak’s origin, a new mutation caused
by the introgression of the color-sided taurine.

The aim of this study was to investigate the morphological
differences of yak skin tissues of white, brown and black
coat colours and the expression of melanin-related
proteins, namely, MITF, SOX10, PMEL, TYRP1, DCT, KIT
and MCI1R in yak skin tissues of different coat colors.

MATERIALS AND METHODS
Animal and sample collection

With the consent of the person in charge, the hip fur tissue of
healthy three-year-old white, brown and black yaks was
clipped from an abattoir in Xining City, Qinghai Province, China,
less than one hour after the yaks had died. The subcutaneous
tissue and hairs protruding from the skin surface were
removed and a number of small pieces of tissue with the size
of 1~5 mm?3 were cut. One part of the treated skin tissues was
fixed with 4% paraformaldehyde for HE staining and
immunofluorescence staining of tissue sections; the other
part was immersed in pre-fixing solution for electron microscopy
(2.5% glutaraldehyde) for hair follicle TEM analysis.

Preparation of paraffin sections

The treated white, brown and black skin tissues were fixed
with 4% paraformaldehyde or other fixative at room

Table 1: Protocols of the antibodies used in this study.

Antigen Cat no Dilution Distributor
MITF ab303530 1:200 Abcam
SOX10 ab216020 1:50 Abcam
PMEL PA5-101023 1:200 Invitrogen
TYRP1 ab235447 1:100 Abcam

DCT 13095-1-AP 1:50 Proteintech
MC1R YT2673 1:50 Immunoway
KIT A01335-1 1:50 Boster Bio

temperature for 24-48 hours. Trim-fixed tissues into
appropriate size and shape and placed in embedding
cassettes, dehydrated and then embedded with paraffin
blocks. Cut paraffin blocks at 5 um and place paraffin ribbon
in the water bath at about 40-45°C. Mount sections onto
slides and bake at 45-50°C oven overnight.

HE staining

Soak the baked paraffin section in xylene for 20 minutes
and lift once every 10 minutes. Then soaked in 100%
ethanol, 100% ethanol, 95% ethanol, 70% ethanol, 50%
ethanol, 30% ethanol and ultra-pure water for five minutes
each. Dye the paraffin section with hematoxylin for 60s, eosin
for 1-2s and let dry. Finally, the section was sealed with sealing
liquid, dried, viewed with a microscope and photographed.

Transmission electron microscopy (TEM)

The treated tissue was cut into small pieces, immersed in
pre-electron microscope fixative (2.5% glutaraldehyde) and
stored at 4°C for later use. The skin hair follicle tissue was
postfixed with 1% osmium tetroxide, dehydrated with acetone
series, infiltrated in Epox 812 for a long time and embedded.
The ultrathin sections were cut with a diamond knife, stained
with uranyl acetate and lead citrate and then examined by
JEM-1400-FLASH transmission electron microscopy.

Immunofluorescence staining

After dewaxing with gradient alcohol, the sections were
soaked in sodium citrate for antigen repair, boiled in a
microwave on high heat and then heated on low heat for 20
minutes. Subsequently, the slides were washed with PBS
and shaken for 5 minutes. After washing, the slides were
blocked with 3% H,O, for 30 minutes and incubated with
primary antibody (Table 1) overnight at 4!. After PBS
washing, the corresponding secondary antibody was
applied for 1 hour. The nuclei were stained with 4°C,6-
diamidino-2-phenylindole (DAPI). An Inverted epifluorescence
microscope (Olympus) performed fluorescence microscopy
and photo preservation.

RESULTS AND DISCUSSION
Skin morphology of white, brown and black yaks

To examine the localization and amount of melanin in white,
brown and black yak skin samples, we performed HE
staining of paraffin sections of skin tissues and observed
the epidermis and hair follicles. We observed no melanin in
the epidermis or hair follicles of white yaks, whereas
melanin was present in the epidermis and hair follicles of
both brown and black yaks. It could be observed that brown
yaks had less melanin in the epidermis than black yaks (Fig 1).

These results suggest differences in the localization
and amount of melanin in the skin of yaks with different
coat colors. Brown yaks and black yaks can synthesize
melanin normally, while white yaks do not. From this, we
thought that the white yak skin had very few melanocytes,
or the skin had melanoblasts which do not produce melanin
granules. Skin tissue slices of white and black yaks from
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others showed that only black yaks or cattles were observed
melanin deposition near melanocytes in the skin (Amakiri,
1979; Liu et al., 2023b; Oke et al., 2022). This is consistent
with our findings.

TEM of hair follicles of white, brown and black yaks

To clarify the differences in the number of melanocytes
and melanosomes in white, brown and black yak skin, we

performed TEM on yak hip skin samples to observe hair
follicles. There were no melanocytes and melanosomes
in the hair follicles of white yak skin and we only observed
keratinocytes (Fig 3A). On the contrary, melanocytes and
melanosomes were present in the hair follicles of both
brown and black yaks (Fig 2) (Fig 3). We also observed in
the microscope that there were fewer melanocytes in brown
yak hair follicles, whereas melanocytes were easily visible

Brown

A, —
(A) (D) (G) Skin tissue sections of white yak; (B)
(F) (1) Skin tissue sections of black yak. Ep. epidermis; De. dermis; HF. hair follicle. Scale bars

are 200 ym and 20 pm, respectively.

Black

(E )(H) Skin tissue sections of brown yak; (C)

Fig 1: Morphological structure of yak skin tissues of different coat colors.

The images showed melanocytes (M) containing melanosomes (Fig 2a,b, white arrowheads), separated from
surroundings and appeared brighter compared to keratinocytes (K). keratinocytes were rich in keratin
filaments (Fig 2B,*), harbored melanosomes and had desmosomes (Fig. 2B, white arrows) on their surface.
Magnified micrographs of insets A and B were shown in Figures a and b. De. dermis. Scale bars are 2 ym
and 500 nm, respectively.

Fig 2: Melanocytes in TEM of hair follicles of brown yak and black yak.
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in black yak hair follicles. In contrast, melanosomes were
abundantly and extensively distributed in the hair follicles
of black yaks (Fig 3C). In addition, melanosomes in brown
and black yaks were distributed in both melanocytes and
keratinocytes.

These results were consistent with the morphological
findings. This result shows that the reason for coat color
formation of white yaks might be that there were almost no
melanocytes in the hair follicles, resulting in the inability to
produce pigment. At the same time, there was no problem
with the process of melanogenesis of brown and black
yaks and the reason of brown coat color might be a small
number of melanocytes leading to fewer melanin granules,
resulting in lighter coat color. Studies have shown that an
increase in the expression level of the ASIP protein can
hinder the maturation of melanocytes, thereby resulting in
the absence of pigment in the skin and hair of white buffalo.
This conclusion is also helpful for our results (Liang et al.,
2021).

Localization expression of melanocyte-specific markers
in the epidermis and hair follicles of white, brown and
black yaks

In order to detect differences in the localized expression of
melanocyte markers in yaks with different coat colors
(Michalak-Mic¢ka et al., 2022), we performed immuno
fluorescence analysis on treated white, brown and black
yak skin specimens and melanocyte-specific markers
included MITF, SOX10, PMEL, TYRP1, DCT, MC1R and KIT
(Fig 4). We observed that on the epidermis, MITF was
expressed only in brown yaks; on the hair follicle, MITF
was expressed in all three coat colors yaks and MITF was
expressed on the outer root sheath (ORS) in white yaks,

while it was expressed in both the ORS and dermal papilla
(DP) in brown and black yaks (Fig 4A) SOX10 was not
expressed on the epidermis of white yaks and it was weakly
expressed in the DP of hair follicles (Fig 4 B1, B4); SOX10
was expressed in the epidermis, DP and hair matrix of
brown and black yak, while SOX10 was weakly expressed
in epidermis of black yak (Fig 4B). PMEL was expressed in
the epidermis and ORS of hair follicles of white, brown and
black yak and PMEL was relatively weakly expressed in the
hair follicles of white yak (Fig 4C). Next, we observed that
TYRP1 was not expressed in the epidermis and hair
follicles of white yaks and it was expressed in the epidermis
and hair matrix of brown and black yaks and for the
epidermis, black > brown (Fig 4D). DCT was not
significantly different in the epidermis of the three coat
colors yaks, with weak expression of DCT in the DP, hair
matrix and ORS of hair follicles of brown yaks and very
weak expression of DCT in the DP of hair follicles of black
yaks (Fig 4E). MC1R was expressed in the epidermis and
hair matrix and inner root sheath (IRS) of hair follicles of
white, brown and black yaks and relatively weakly in the
skin of white yaks (Fig 4F). KIT was expressed in the
epidermis and hair follicles of white, brown and black yaks
and in the hair matrix, IRS and DP of hair follicles (Fig 4G).

The immunofluorescence results showed significant
differences in the location of protein expression in yaks
with different coat colors. SOx10 was weakly expressed in
the hair follicles of white yaks, but strongly expressed in
brown and black yaks. SOx10 is a critical nuclear transcription
factor for differentiating neural crest progenitors into
melanocytes and it can regulate the expression of MITF
transcription factor. We analyzed the immunofluorescence
staining of MITF and the expression of MITF in the hair

P (L
-y s

" o . - -
keratinocytes (K) were enriched with keratin filaments (*), containing melanosomes (white arrowheads) and had desmosomes

(white arrows) on the surface. Enlarged micrographs of insets A, B and C were shown in Figures a, b and c. De. dermis.
Scale bars are 2 ym and 500 nm, respectively.

Fig 3: Keratinocytes in TEM of white, brown and black yaks hair follicles.
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Fig 4: Continue....
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Fig 4: Continue....

(A)(B)(C)(D)(E)(F)(G) Immunofluorescence staining of MITF, SOx10, PMEL,
TYRP1, DCT, MC1R and KIT in the epidermis and hair follicles of yaks of three
coat colors. Protein-positive cells (white arrows); Dapi, staining of cell nuclei.

Scale bars are 20 um and 50 ym, respectively.

Fig 4: Immunofluorescence expression of specific markers in white, brown and black yak skin tissues.

follicles of white yaks was relatively low. From the above
information, we hypothesized that less SOx10 transcription
factor in white yak skin contributed to fewer melanocytes
and reduced the expression of MITF. At the same time, the
decreased expression of MITF affected the expression of
critical enzymes for melanin formation, which blocked
melanin synthesis. In addition, less expression of MCIR in
white yak hair follicles resulted in a weakening of the
a-MSH/MC1R/cAMP signaling pathway, a core molecular
pathway for melanin synthesis. The expression of PMEL is

regulated by MITF, OA1, MSH, Rab7 and PH value, etc. (Hu
et al., 2021). The expression of PMEL was relatively low in
white yak hair follicles. PMEL is a component of the fibrillar
sheets, without which melanin cannot be deposited. Studies
have shown that in light-colored Highland cattle, there is a
mutation in the pmel gene (Schmutz and Dreger, 2013).
Mutations in the pmel gene can cause the hair color of cattle
to become lighter (Wang et al., 2023). In addition, we hardly
observed the expression of critical enzymes of melanin
synthesis, such as TYRP1 and DCT, in white yak hair follicles.

Indian Journal of Animal Research
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However, studies have shown that in domestic yak and
French breed cattle, TYRP1 has no relation to coat color
(Guibert et al., 2004; Zhang et al., 2014a). For fluorescence
staining of DCT, DCT was weakly expressed in the hair
follicles of black yaks and strongly expressed in brown
yaks. DCT has conducted relatively few studies on the coat
colors of black and brown yaks. DCT is a marker for
melanosomes in stages I-ll and we hypothesized that most
melanosomes in the hair follicles of black yaks were in
stages IlI-IV, while brown yaks contained melanosomes in
all stages, resulting in a slightly lighter coat color. DCT
serves as a marker for the early differentiation of
melanocytes, TYRP1 serves as a marker for late
differentiation of melanocytes. The study on melanin
production and related gene expression in the mouth and
nose of three native Hanwoo cattles indicated that L-
cysteine had a down-regulating effect on the genes Tyr,
Tyrp-2 and MC1R. Moreover, L-cysteine significantly reduced
the production of true melanin in the mouth and nose of
the black Hanwoo cattles, while increasing the production
of true melanin in the brown (Amna et al., 2012). We
hypothesized that there were more mature melanocytes in
black yaks’ hair follicles than in brown yaks, which might
contribute to the difference in coat color. Down-regulation
the expression of MITF and downstream genes TYR and
tyrosinase-related proteins inhibits melanogenesis (Zhou
et al., 2022). KIT was expressed in all three colors of yaks
(Salokhe, 2025; Rank et al., 2025; Upasani et al., 2025).

CONCLUSION

We reported the morphological differences in the skin
tissues of yaks with different coat colors and investigated
the protein expression of seven genes, namely, MITF,
SOx10, PMEL, TYRP1, DCT, MC1R and KIT, in the
epidermis and hair follicles of white, brown and black yaks.
Skin melanin formation in white yaks is impaired and the
formation of brown hair may be due to the low number of
melanocytes as well as the fact that most of the
melanocytes are in the early stage of differentiation, which
provides an important reference for further molecular
mechanisms of coat color regulation.
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