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            Abstract
Dun is a wild-type coat color in horses characterized by pigment dilution with a striking pattern of dark areas termed primitive markings. Here we show that pigment dilution in Dun horses is due to radially asymmetric deposition of pigment in the growing hair caused by localized expression of the T-box 3 (TBX3) transcription factor in hair follicles, which in turn determines the distribution of hair follicle melanocytes. Most domestic horses are non-dun, a more intensely pigmented phenotype caused by regulatory mutations impairing TBX3 expression in the hair follicle, resulting in a more circumferential distribution of melanocytes and pigment granules in individual hairs. We identified two different alleles (non-dun1 and non-dun2) causing non-dun color. non-dun2 is a recently derived allele, whereas the Dun and non-dun1 alleles are found in ancient horse DNA, demonstrating that this polymorphism predates horse domestication. These findings uncover a new developmental role for T-box genes and new aspects of hair follicle biology and pigmentation.
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                    Figure 1: Phenotypic characterization.[image: ]


Figure 2: Genetic analysis.[image: ]


Figure 3: Differential gene and protein expression in the croup skin of Dun and non-dun horses.[image: ]


Figure 4: Relationship between TBX3 expression and hair follicle symmetry and differentiation.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Dun phenotypes in domestic horses.
(a) Dun versus non-dun phenotype on eumelanic, eumelanic and phaeomelanic, and phaeomelanic backgrounds. Genotypes at the Dun (D, d), Extension (E, e) and Agouti (A, a) loci are indicated. In clockwise order from the upper left: blue Dun, bay Dun, red Dun, chestnut, bay and black. (b) Various primitive markings in Duns. (c) Red Dun (D/- e/e) as camouflage. (d) Non-dun chestnut (d/d e/e) failing as camouflage. (Photographs by Freyja Imsland and Páll Imsland.)


Supplementary Figure 2 non-dun1 and non-dun2 phenotypes in domestic horses.
(a) Three horses with different genotypes at the Dun locus on black base color (E/- a/a) and transverse sections through hairs from the dorsal stripe/midline and croup of each horse. Colored arrows indicate the sampling locations of hairs and punch biopsies: yellow, dorsal midline; red, croup. Scale bar, 50 μm. (b) Bay (E/- A/-) homozygous non-dun1/non-dun1 horse, shown from two different angles on the same day. (c) Bay (E/- A/-) heterozygous non-dun1/non-dun2 horse, showing faint dorsal stripe, pronounced leg barring and a faint shadow of a shoulder stripe. (Photographs by Freyja Imsland and Páll Imsland.)


Supplementary Figure 3 TBX3, TBX5 and KITLG mRNA expression in skin from Dun and non-dun horses.
(a) Relative mRNA levels (mean ± s.e.m.) for TBX3 and TBX5 as assessed by RT-qPCR from Dun/- (n = 7), non-dun1/non-dun1 (n = 3) and non-dun2/non-dun2 (n = 6) croup skin. (b) Relative mRNA levels (mean ± s.e.m.) for KITLG mRNA from Dun/- (n = 7) and non-dun/non-dun (n = 9; 2 d1/d1 and 7 d2/d2 samples) croup skin. The results of two tailed t tests are indicated in the figure.

                          Source data
                        


Supplementary Figure 4 TBX3 immunofluorescence in Dun and non-dun hair follicles.
(a) Five-micrometer serial sections from Dun/- croup skin. (b) Sections from dorsal midline skin of Dun/-, non-dun1/non-dun1 and non-dun2/non-dun2 horses. TBX3 immunofluorescence is shown in green, pigment is pseudocolored red in b, and white lines mark the basement membrane. Scale bars, 50 μm.


Supplementary Figure 5 MITF and KITLG immunofluorescence in Dun and non-dun skin.
(a) Immunofluorescence for MITF (green) on croup skin sections from Dun/-, non-dun1/non-dun1 and non-dun2/non-dun2 horses. Top panels show the pigmented epidermis (red, pseudocolor), and the white line marks the dermal (D)-epidermal (E) junction. Corresponding bright-field photomicrographs are on the right in the lower panel, White and black lines mark the basement membrane. (b) Immunofluorescence staining for KITLG (green) on Dun/- and non-dun2/non-dun2 croup skin. Bright-field images showing epidermal pigment are on the right. The white line marks the dermal-epidermal junction. DAPI staining is in blue. Scale bars, 50 μm (a) and 100 μm (b).


Supplementary Figure 6 TBX3 immunolocalization relative to markers of hair follicle differentiation.
(a) Anatomy of the hair bulb (left; Me, medulla; Co, cortex/hair cuticle; IRS, inner root sheath; Cp, companion layer; ORS, outer root sheath; Pro, proliferative cells; Dp, dermal papilla). Cellular compartments are marked by the hair follicle differentiation markers AE15, AE13 and K6 (KRT6, keratin 6). Ki-67 marks proliferative cells. Immunofluorescence for AE15 (green; middle) and K6 (green; right) on anagen hair follicles from non-dun (d2/d2) horses. (b) Immunofluorescence for TBX3 (green; left) and AE13 (red; middle) from Dun (D/-) horses. The merged image is on the right. Pigment is pseudocolored (red), and DAPI staining is blue in a. White lines mark the basement membrane in b. Scale bar in b, 100 μm.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1–6 and Supplementary Tables 1, 2, 4 and 7. (PDF 2069 kb)


Supplementary Table 3: Summary of results of SNP screen using 384 SNPs from the TBX3 region.
Genotypes of the SNPs most strongly associated with the dun and non-dun phenotypes, marked by red dots in Figure 2e. The results of three different association tests for dominant genotypes are reported: (i) Dun versus non-dun1 including both domestic and Przewalski's horses, (ii) Dun versus non-dun1 including only domestic horses and (iii) Dun versus non-dun (non-dun1 and non-dun2 combined) including both domestic and Przewalski's horses. All but four SNPs could be excluded as being causative on the basis of the genotypes of Przewalski's horses. Two of those four could also be excluded on the basis of the presence of a recombinant Dun haplotype in domestic horse 7. The genotype was confirmed via Sanger sequencing in this individual and in two related dun horses that also proved recombinant. "nc" indicates no call. (XLSX 62 kb)


Supplementary Table 5: Haplotype analysis of the 40-kb region centered at the non-dun2 deletion on the basis of the SNP screen.
Individuals shown are representative for the data set. "nc" indicates no call. (XLSX 65 kb)


Supplementary Table 6: Detailed results of the RNA-seq differential gene expression study in skin from dun and non-dun horses.
(a) Samples obtained from the croup. (b) Samples obtained from the dorsal midline. Four columns are included for each detected gene, displaying the average overall expression level (normalized gene counts) and a log2-transformed fold change between dun and non-dun samples, as well as the degree of statistical significance of the observed differences expressed as P values and q values (adjusted for multiple testing using the Benjamini-Hochberg correction approach). Genes are sorted according to the observed P values in the analysis of croup samples. (XLSX 2198 kb)
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