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Abstract

Visible pigmentation phenotypes can be used to explore the regulation of gene expression
and the evolution of coat color patterns in animals. Here, we performed whole-genome and RNA
sequencing and applied GWAS, comparative population genomics and biological experiments to
show that the 2,809 bp long LINE-1 insertion in the ASIP (agouti signaling protein) gene is the
causative mutation for the white coat phenotype in swamp buffalo (Bubalus bubalis). This LINE-1
insertion (3’ truncated and containing only 5° UTR) functions as a strong proximal promoter that
leads to a 10-fold increase in the transcription of ASIP in white buffalo skin. The 165 bp of 5°
UTR transcribed from the LINE-1 is spliced into the first coding exon of ASIP, resulting in a
chimeric transcript. The increased expression of AS/P prevents melanocyte maturation, leading to
the absence of pigment in white buffalo skin and hairs. Phylogenetic analyses indicate that the
white buffalo-specific ASIP allele originated from a recent genetic transposition event in swamp
buffalo. Interestingly, as a similar LINE-1 insertion has been identified in the cattle ASIP gene, we

discuss the convergent mechanism of coat color evolution in the Bovini tribe.

Key words: white coat color, water buffalo, ASIP gene, LINE-1, transposon, convergent

evolution

Introduction

Animal pigmentation is one of the most visible and variable traits shaped by natural and/or
artificial selection. As a visible phenotypic marker, pigmentation has played an important role in
our understanding of inheritance, development and evolutionary theory (Hoekstra 2006; Mort et
al. 2015; Cuthill et al. 2017). In mammals, basic coat coloration is determined by the ratio of two
pigments — eumelanin and pheomelanin. There are almost 200 color genes identified in mice
(Mort et al. 2015). These genes act during developmental and cellular processes, including
melanocyte development, melanogenesis, pigment transport and transfer (Cieslak et al. 2011).
Coat color, an important form of camouflage in the wild ancestors of domestic animals, is likely
under strong purifying selection. The relaxation of natural selective constraints and human
mediated positive selection for different coat color phenotypes in domestic animals are believed to
be the primary driving mechanisms leading to their significantly enriched allelic variation in coat-
color-associated genes (Norris and Whan 2008; Fang et al. 2009; Cieslak et al. 2011; Henkel et al.
2019; Bruders et al. 2020). Domestic animal genetic resources provide an excellent opportunity to
study the causative mutations and regulatory mechanisms responsible for coat color diversity

(Henkel et al. 2019; Bruders et al. 2020).
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The domestic Asian water buffalo (Bubalus bubalis) is an important animal resource, with a
current global population of ca. 202 million supplying draught power, milk and/or meat in at least
67 countries on five continents (http://www.fao.org/faostat/). Two types have been recognized —
river and swamp (Zhang et al. 2020). River buffaloes are native to the Indian sub-continent and
have spread west as far as to the Balkans, Greece, Egypt and Italy within recorded historical times,
while swamp buffaloes are found throughout south-east Asia, from Assam in India and
Bangladesh in the west to the Yangtze valley of China in the east. Swamp buffalo is usually dark
gray to black with white chevrons (one or two white stripes on the throat) and socks, and relatively
straight, long and pale-colored horns. White swamp buffaloes (a common variant) have white
hairs over the entire body, overlying pink skin, but their eyes are dark, the same as those of black
buffaloes (supplementary fig. S1, Supplementary Material online). In some Asian countries, such
as China and Indonesia, white buffaloes are particularly valued because the white coat phenotype
is preferred for cultural (ceremonial slaughter at funerals) or religious reasons. Although a
dominant gene was shown to determine the white coat phenotype nearly 60 years ago (Rife &
Buranamanas 1959; Rife 1962), its molecular basis remains unknown.

In this study, we performed whole-genome and RNA sequencing using both next generation
sequencing (NGS) and long-read sequencing strategies, and applied genome-wide association
study (GWAS), population genomics and biological experiments to explore the genetic
mechanism underlying the white coat phenotype of swamp buffaloes. We demonstrated that a
transposable element (TE) insertion, functioning as the active promoter of the ASIP (agouti

signaling protein) gene, is the causal mutation for the white coat phenotype.

Results

Mapping of the white coat phenotype in swamp buffaloes

Whole-genome sequencing (WGS) was conducted for 22 white and 41 black swamp
buffaloes that were randomly sampled from five populations (supplementary table S1_A,
Supplementary Material online). In total, 2,003 Gb of sequence data were generated, resulting in
averages over the 63 animals for depth (11.95X) and coverage (98.27%) of the river buffalo
reference genome (UOA_WB_1, GCF _003121395.1, Low et al. 2019) (supplementary table S2,
Supplementary Material online). After quality control, 10,999,832 SNPs remained for GWAS
analysis of the white coat phenotype. We applied Fisher’s exact test with the dominant gene effect
model in the PLINK software v1.07 (Purcell et al. 2007) and identified the most significant peak
with the highest level of significance located on buffalo chromosome (BBU) 14 associated with
the white coat phenotype (fig. 1A). This region contained 407 genome-wide statistically
significant SNPs (Fisher’s exact test, Bonferroni-corrected P-value < 0.05, -logio P = 8.34; fig.
1B; supplementary table S3, Supplementary Material online), spanning 1.07 Mb
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(BBU14:19,332,562-20,392,733). It harbors five pseudogenes and 23 genes (16 protein-coding
genes and seven RNA genes), including the well-known color gene ASIP (fig. 1E; supplementary
table S4, Supplementary Material online).

Meanwhile, population genomic analyses were done to detect any signatures of selection
underlying the white coat phenotype. A genomic scan for population genetic differentiation
measured by Fst was conducted using a sliding window of 50 Kb length with an increment of 25
Kb. The results showed that the top 20 windows of Fst values were mainly located in a region on
BBU14 (BBU14:19,575,001-20,000,000), overlapping with the GWAS signals (figs. 1A, 1B;
supplementary table S5, Supplementary Material online). This finding suggested that this region
carried a signature of positive selection in white buffaloes. However, the measure of
polymorphism (nucleotide diversity (Pi)), showed similar patterns in the GWAS signal region in
white and black buffaloes (data not shown), which could largely be explained by the dominant

inheritance of white coat color, so that the majority of the white buffaloes were heterozygotes.

Validation of the GWAS signals using independent samples

The above analyses provided the first line of evidence that the peak on BBU14 likely
represented a candidate locus responsible for white coat color in swamp buffaloes. To validate the
GWAS signals, we performed an association analysis using a panel of 20 significant variants, but
based on a larger collection of samples, including 80 white and 122 black buffaloes that were
sampled from Thailand, Bangladesh and China (supplementary tables S1 A and S6,
Supplementary Material online). These variants were generally distributed evenly in the target
genomic region with relatively more variants falling in the location of AS/P, the strong candidate
gene. As expected, the larger sample size resulted in more significant associations with -logio P-
values of 18.7-50.2 (Fisher’s exact test) (supplementary tables S7 and S8, Supplementary
Material online). In particular, four adjacent SNPs located in the first intron and upstream of ASIP
(BBU14:19,970,628, BBU14:20,048,647, BBU14:20,098,786 and BBU14:20,111,204) showed
the strongest signals (supplementary table S8, Supplementary Material online). In addition,
linkage disequilibrium (LD) analysis indicated that 13 SNPs in this region were tightly linked,
forming an LD block that harbored ASIP (fig. 1C). As shown in a haplotype bifurcation diagram
(see Methods), the white buffalo-specific core haplotype in this region showed long-range
homozygosity, which was distinct from that of black buffaloes (fig. 1D). Taken together, these
evidences suggested that the genomic region harboring ASIP was strongly associated with the
white coat phenotype.

Given its critical role in mammalian pigmentation (Cieslak et al. 2011), we considered ASIP
as a candidate gene and explored for any functional mutations within this gene that may be
responsible for white coat phenotype. A total of 51 SNPs in 4SIP were significantly associated
with white coat phenotype (supplementary tables S3, S9, Supplementary Material online) in the
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GWAS analysis. However, none was predicted to have any functional effects on the agouti protein
(supplementary table S9, Supplementary Material online). Furthermore, as a validation, we used
Sanger sequencing to detect the variants of ASIP in three DNA pools (one for white buffaloes and
two for black buffaloes, see Methods). We identified 11 SNPs, of which nine were shared with the
WGS results while the other two showed no association with the white coat phenotype because
they occurred in only one of the two black buffalo DNA pools (supplementary table S10,
Supplementary Material online). The translation of 4SIP was validated to ensure that there was no
missense mutation that altered the agouti protein structure and led to the white coat.

We then sought to explore if large structural variants were associated with coat color in the
region of the GWAS signals. Three software tools, mrFAST v2.6.1.0 (Alkan et al. 2009),
CNVnator v0.3.3 (Abyzov et al. 2011) and BreakDancer v1.1.2 (Chen et al. 2009), were used (see
Methods), but based on our short-read WGS data, no structural variant private to white buffaloes

was detected (supplementary tables S11-14, Supplementary Material online).

Upregulated expression of ASIP in white buffalo skin

To track down the potential causative gene(s), we compared transcription profiles of the 23
genes annotated in the significant GWAS region. Skin biopsies of six animals (three each of white
and black swamp buffaloes) were used for whole transcriptome sequencing (RNA-seq)
(supplementary table S15, Supplementary Material online). Based on the RNA-seq data, ASIP
showed a 10.3-fold increase in transcription in the skin of white buffaloes (transcripts per million,
TPM: 28.04 + 6.34) as compared with black buffaloes (TPM: 2.96 + 0.73) (fig. 2A; supplementary
table S16, Supplementary Material online). This striking difference was further verified by real-
time quantitative PCR (relative expression: 1.25 + 0.75 for black buffaloes vs 12.86 + 4.88 for
white buffaloes; student t-test P < 0.001; fig. 2A; supplementary tables S17-18, Supplementary
Material online). Further, we characterized the tissue-specific expression profile using our newly
generated RNA-seq data and published data from 55 tissue and cell types of river buffaloes
(supplementary table S19, Supplementary Material online). Interestingly, among the genes in the
significant GWAS region, only ASIP showed tissue-specific expression in skin tissue
(supplementary fig. S2, Supplementary Material online). These findings showed that the white
coat phenotype in swamp buffaloes might be the result of a cis-regulatory variant that elevated

ASIP expression in the skin.
Identification of the white buffalo-specific ASIP transcript
To address whether ASIP transcripts were different between white and black buffaloes, we

initially visualized RNA-seq reads in IGV (Integrative Genomics Viewer, Robinson et al. 2017).

This revealed distinct patterns of overlapping reads that were mapped to ASIP exons
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(supplementary fig. S3, Supplementary Material online). In black buffaloes, as expected, reads
were aligned to both non-coding exons and coding exons with similar read counts (depth) across
all three coding exons. In white buffaloes, however, reads were mainly aligned to the coding
exons. In particular, read counts on exon 2 (the first coding exon) decreased gradually from the 5’
end to the 3’ end, implicating a distinct transcript. Transcript assembly and quantification based on
the RNA-seq data using the Stringtie software v2.0 (Pertea et al. 2015) showed two abundantly
expressed transcripts, one in black buffaloes and another in white buffaloes (fig. 2B).

To isolate full-length transcripts and characterize their transcription initiation sites, 5* and 3’
Rapid Amplification of cDNA Ends (RACE) PCR experiments for skin samples of one white
buffalo and one black buffalo were done (supplementary table S17, Supplementary Material
online). The RACE-PCR products were subject to conventional cloning, followed by Sanger
sequencing. Sequences were determined for multiple clones of white (16 clones in 3” end and 17
in 5’ end) and black (14 in 3’ end and 14 in 5’ end) buffaloes. Comparison of clones from black
buffalo showed six alternative transcripts that shared the same coding exons and 3’ UTR but
differed in 5° UTR (fig. 2C; supplementary fig. S4, Supplementary Material online). White
buffalo, however, had only one transcript. Interestingly, while sharing the same coding exons and
3’ UTR with black buffalo, the white buffalo-specific transcript contained an unknown 165 bp
sequence at 5° UTR that could not be aligned to the buffalo reference genome (fig. 2C;
supplementary fig. S4, Supplementary Material online).

To further characterize this white buffalo-specific transcript, a BLASTN search assigned this
unknown 165 bp fragment to a bovine LINE-1 transposon element (L1-BT, GenBank accession
no. DQ000238) with a sequence identity of 98%. This suggested that the presence of a LINE-1

insertion upstream of ASIP led to a chimeric transcript in white buffalo.

Genomic position of the white buffalo-specific LINE-1 insertion in ASIP

To position the LINE-1 insertion, we analyzed the soft-clipped reads that mapped upstream
of ASIP (BBU14:19,952,567-20,083,962) in our WGS data. In contrast to aligned reads, soft-
clipped reads were partially mapped to the buffalo reference genome and contained unmapped
sequences, suggestive of structural variants. To improve the efficiency of comparative analysis,
we pooled data of 10 randomly selected samples from each of the two coat color phenotypes, and
compared the counts of soft-clipped reads on each genomic position between white and black
buffaloes (supplementary file 1, Supplementary Material online). The position at
BBU14:19,996,806 showed the top signal (the difference of 38 in the counts of soft-clipped reads)
that was further verified in the IGV (supplementary fig. S5, Supplementary Material online). The
soft-clipped reads mapped to this position were divided into two categories: left soft-clipped reads
(truncated at BBU14:19,996,806) and right soft-clipped reads (truncated at BBU14:19,996,791).
The 16 bp fragment (TGCTACTTTCTTTTTG) between these two reads showed much higher
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read depth than its flanking regions in white buffaloes (supplementary fig. S5, Supplementary
Material online), indicating the presence of an insertion variant. Then, we de novo assembled all
the soft-clipped reads containing the 16 bp fragment, yielding two contigs: one of 269 bp on the
left connecting to the upstream flanking sequence at position BBU14:19,996,791 and another of
257 bp on the right joining the downstream flanking sequence at position BBU14:19,996,806 (fig.
2D; supplementary fig. S5, Supplementary Material online). The 165 bp 5° UTR of the white
buffalo-specific transcript was perfectly aligned to the contig on the right. Thus, we positioned the
white buffalo ASIP LINE-1 insertion at BBU14:19,996,791-19,996,806 and obtained its head- and
tail-end DNA sequences. This LINE-1 insertion was 44.2 Kb away from the first coding exon
(exon 2, located at BBU14:19,952,408-19,952,577) of ASIP.

Sequence of the complete LINE-1 insertion in white buffalo AS1P

To determine the complete sequence of the LINE-1 insertion, we sequenced one white
buffalo and one black buffalo using Nanopore long-read sequencing technology. We generated
80.64 Gb of filtered data, including 7,833,594 and 9,759,939 reads with mean lengths of 5,103 bp
and 4,166 bp in white buffalo and black buffalo, respectively. The reads aligned to the genomic
region of ASIP (BBU14:19946809-20113374) were extracted for de novo assembling. Using the
Canu assembler v1.8 (Koren et al. 2017), 33 contigs were assembled for the white buffalo with a
mean length of 12,024 bp, of which the longest contig was 67,524 bp (supplementary file 2,
Supplementary Material online). By aligning the two partial LINE-1 fragments (269 bp and 257
bp) assembled from short-reads to this longest contig, we resolved the complete structure of the
LINE-1 insertion. It was 2,809 bp in length flanked by the 16 bp direct repeat
(TGCTACTTTCTTTTTG) that was characterized as the target site duplication (TSD) of the
LINE-1 element (fig. 2C). In black buffalo, however, there was only one copy of this 16 bp
sequence and the LINE-1 fragment was not detected.

This LINE-1 was 3’ truncated and contained only 5* UTR of a full-length LINE element. It
was located upstream of the first coding exon and in the same orientation as that of the ASIP
transcription. Therefore, the promoter of LINE-1 could act as a strong alternative promoter to
drive ASIP expression in white buffaloes. The 165 bp of 5* UTR transcribed from the LINE-1 was
spliced into the first coding exon, creating the chimeric ASIP transcript in white buffaloes (fig.
20).

To validate the association of the presence of this LINE-1 element with the white coat
phenotype, we developed a genotyping assay and examined 91 white and 194 black buffaloes (fig.
2E; supplementary table S1 B, Supplementary Material online). The result showed that the LINE-
1 was perfectly associated with the white coat phenotype. All black buffaloes were wild-type
homozygotes. White buffaloes were either heterozygous or homozygous for the LINE-1 insertion,

confirming that the white coat phenotype is inherited as a dominant Mendelian trait.
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Effect of increased ASIP expression on melanocyte development

To explore the regulatory mechanism of the white coat phenotype, we investigated the gene
expression profiles based on skin RNA-seq data generated in the current study. Transcriptome
analysis revealed a total of 344 differentially expressed genes (DEGs), of which 148 DEGs were
down-regulated while 196 DEGs were up-regulated in white buffalo skin (FDR < 0.01 and fold
change > 2 as the thresholds). A functional annotation showed that the down-regulated DEGS
were enriched in melanocyte biology-related Gene Ontology (GO) terms (e.g., melanin metabolic
process, melanin biosynthetic process) and KEGG pathways (e.g., tyrosine metabolism,
melanogenesis), indicating that the melanocyte function might be diminished in white buffalo skin
(supplementary table S20, Supplementary Material online). We found that five out of the 11 skin-
color-associated genes (TYR, DCT/TYRP2, TYRPI, PMEL and OCA?2) showed significantly lower
or no expression (P < 0.01) in white buffaloes, five (KITLG, MITF, MCIR, EDNRB and SOX10)
displayed no difference (P > 0.05) between white and black buffaloes while only K/T had a
slightly higher expression (P < 0.05) in white buffalo skin (fig. 3A; supplementary table S16,
Supplementary Material online). We then focused on the tyrosinase-related family genes 7YRP2
and TYRP] that are consecutively expressed in melanocytes during their migration in the dermis
and maturation, as markers of early and late differentiation, respectively (Steel et al. 1992;
Botchkareva et al. 2003; Manceau et al. 2011). While TYRP2 was expressed in both white and
black buffaloes, TYRPI was expressed only in black buffaloes (fig. 3A; supplementary table S16,
Supplementary Material online), indicating that the melanocyte was fully differentiated in black
buffaloes but not in white buffaloes. This was further supported by the immunohistochemical
staining of skin samples. The fully differentiated (Trp1+) melanocytes were observed at the
dermal—epidermal junction in black buffaloes, while no Trp1+ signal was present in white
buffaloes (fig. 3B). Melanin pigment was present near the melanocytes in black buffaloes but not
in white buffaloes (fig. 3C). Collectively, these results indicated that the over-expression of ASIP
prevented melanocyte maturation, leading to the absence of pigment in white buffalo skin and
hairs (fig. 4).

Interestingly, the up-regulated DEGs in white buffalo skin were also overrepresented in the
growth-related GO terms, such as the development of skeletal system, tissue, organ and
connective tissue (supplementary table S20, Supplementary Material online), implicating possible

pleiotropic effect of ASIP over-expression on physiology and metabolism in white buffaloes.

Origin of the LINE-1 insertion in white buffalo ASIP

Mammalian genomes host hundreds of thousands of LINE-1 elements that have accumulated

since the origin of mammals (Boissinot & Sookdeo 2016). Although the great majority of LINE-
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1s are inactive, some retain the ability to retrotranspose (Sassaman et al. 1997; Richardson et al.
2015). To investigate if the LINE-1 insertion in white buffalo ASIP occurred recently in the
buffalo species or was shared with the other related bovine species, we explored its evolutionary
origin based on the sequence similarity at two levels — among and within species. First, full-length
LINE-1 elements were identified from the reference genomes of water buffalo and two related
species (taurine cattle and yak), using the RepeatMasker software v4.07
(http://www.repeatmasker.org) and compared with the bovine L1-BT transposon element
(GenBank accession no. DQ000238) as the reference library. A total of 6,986 full-length LINE-1
copies, including 2,516 from river buffalo, 1,571 from swamp buffalo, 1,617 from taurine cattle
and 1,282 from yak genomes (supplementary tables S21-24, Supplementary Material online), were
obtained and used to construct an approximately maximum-likelihood tree. A primary analysis
showed that the LINE-1 copies were closely related between swamp and river buffaloes
(supplementary fig. S6, Supplementary Material online). To improve the visualization of the
phylogeny of LINE-1s from different species, we used the same color for swamp and river
buffaloes in the tree (fig. SA). This tree held two major clades: (1) One on the left consisted of
water buffalo LINE-1 copies mixed with those of taurine cattle and yak. They all had comparably
long branch lengths, representing ancient and inactive LINE-1 copies; and (2) On the right another
clade was divided into several sub-clades of those with mixed LINE-1 copies of all three species,
but having relatively short branch lengths as well as three species-specific subclades. These
species-specific LINE-1 copies displayed the shortest branch lengths and tended to cluster tightly
to each other within species, suggesting their recent evolutionary origins. The LINE-1 copy in
white buffalo ASIP clustered with the water buffalo-specific subclade, indicating it to be a young
copy derived from the water buffalo-specific LINE-1 copies.

Next, we characterized water buffalo-specific LINE-1 copies and the evolutionary origin of
the ASIP LINE-1. Using the 2,809 bp long 4SIP LINE-1 as a probe, we identified 1,500 and 1,267
LINE-1 elements in the river and swamp buffalo reference genomes, respectively, of which 1,009
and 766 were retained after filtering based on their sequence identities (> 80%; supplementary
tables S25-26, Supplementary Material online). A minimum spanning (MS) tree analysis
categorized these LINE-1 elements into 21 distinct subfamilies, each containing from 51 to 139
copies (P-values for subfamily partition ranging from 8E-215 to 7E-124) (fig. 5B; supplementary
table S27, Supplementary Material online). The LINE-1 copy in white buffalo ASIP belonged to a
young subfamily (sub20 in fig. 5B).

Finally, we did a population genetics analysis to characterize the relationship of haplotypes in
the genomic region of 10 Kb flanking the insertion point of LINE-1 upstream of ASIP
(BBU14:19,991,854-20,001,504) in both white and black buffaloes. We identified 42 haplotypes
in 73 buffaloes (63 swamp buffaloes from our WGS data and 10 river buffaloes from published
data (Whitacre et al. 2017). A median-joining network defined three haplogroups — one for river
buffaloes and two for swamp buffaloes, namely SW1 and SW2. All white buffaloes were in the

10
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SW2 group (fig. 5C). This finding was also supported by the maximum likelihood evolutionary
tree and sequence alignment (supplementary fig. S7, Supplementary Material online). These
results indicated that the haplotype carrying the LINE-1 insertion was closely related to a
haplogroup of the non-white swamp buffaloes, in line with the scenario that white buffaloes
originated from a recent genetic transposition event within the swamp buffalo rather than due to

introgression from the river buffalo or another species.

Discussion

In this study, we combined evidence from GWAS, RNA-seq, long-read sequencing and
histological data to demonstrate that a LINE-1 insertion functioning as the active promoter of
ASIP is the causal mutation for the white coat phenotype in swamp buffaloes. To our knowledge,
this is the first morphological trait in water buffalo (Online Mendelian Inheritance in Animals
(OMIA) 000213-89462 at https://omia.org/OMIA000213/89462/) to have its molecular
mechanism uncovered.

White coat color, a common phenotypic variant in mammals, may be due to albinism or
leucism. The former results from a disruption of pigment synthesis, usually caused by mutations
of the tyrosinase gene (TYR), whereas the latter is caused by the absence of mature melanocytes in
skin (Cieslak et al. 2011). Mutations in genes involved in melanocyte development, such as KIT
(e.g., Haase et al. 2007) and MITF (e.g., Karlsson et al. 2007), can lead to leucism. ASIP encodes
the agouti signaling protein, which has been well characterized as having an important role in
melanin synthesis. It acts as an antagonist to the alpha-MSH (melanocyte-stimulating hormone)
for the melanocortin-1 receptor (MCIR), leading to an increased pheomelanin synthesis in
melanocytes (Furumura et al. 1998; Schiaffino 2010). The elevated expression of ASIP increases
pheomelanin production whereas its decreased expression or loss of function mutations tends to
result in the exclusive production of eumelanin and thus dark pigmentation (non-agouti
phenotype) in rodents (Kingsley et al. 2009; Hubbard et al. 2010; Tanave et al. 2019). Recent
studies also demonstrate that AS/P is involved in melanocyte development. It not only inhibits
forward differentiation of melanoblasts (unpigmented melanocyte precursors) (Sviderskaya et al.
2001), but also induces rapid dedifferentiation of cultured melanocytes to the morphology of
melanoblasts (Hida et al. 2009; Le Pape et al. 2009). ASIP is involved in the formation of a stripe
pattern and dorso-ventral patterning in mammals (Girardot et al. 2006; Manceau et al. 2011;
Mallarino et al. 2016), birds (Haupaix et al. 2018; Inaba et al. 2019; Robic et al. 2019) and teleost
fishes (Ceinos et al. 2015; Kratochwil et al. 2018; Cal et al. 2019). The cis-regulatory variation in
ASIP has also been shown to facilitate the adaptive winter camouflage polymorphism in snowshoe

hares (Jones et al. 2018). In this study, we illustrate that a regulatory mutation leading to the 10-
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fold increase of ASIP expression prevents melanocyte differentiation and thus results in the white
coat phenotype in swamp buffaloes.

TEs are a key source of genomic structural variations in both eukaryotic and prokaryotic
genomes. Recent evidence indicates that, in humans and model organisms, TEs play important
roles in gene regulation, by contributing promoters and transcription factor binding sites and by
affecting chromatin structures to change the expression of nearby genes (Merenciano et al. 2016;
Burns 2017; Jang et al. 2019; De Cecco et al. 2019; Diehl et al. 2020). For example, viable yellow
agouti (4") mice carry an intracisternal A-particle (IAP) retrotransposon inserted into the ASIP
locus and the cryptic promoter within the IAP 5’ long terminal repeat (LTR) acts to drive the
ectopic expression of ASIP, resulting in altered coat color, obesity and an increased incidence of
tumors (Duhl et al. 1994; Michaud et al. 1994; Klebig et al. 1995). However, the regulatory
function and evolution of TEs have not been well characterized in agricultural animals (Girardot et
al. 2006; Dreger & Schmutz 2011).

LINE-1 is the most abundant type of retrotransposon in mammalian genomes (Richardson et
al. 2015), and mounting evidence indicates that, in humans, the insertion of a LINE-1 element can
affect the expression of neighboring genes, causing phenotypic variation and diseases (Burns
2017; De Cecco et al. 2019; Jang et al. 2019). One potential mechanism by which LINE-1 affects
gene expression is by introducing regulatory elements or promoters (Faulkner et al. 2009;
Elbarbary et al. 2016). A full-length LINE-1 is typically 6-8 Kb and contains a promoter within its
5 UTR, two open reading frames (ORF1 and ORF2), a short 3> UTR and a poly(A) tail (Moran et
al. 1996). The 5° UTR of LINE-1 has bidirectional promoter activity — a sense promoter that
drives the transcription of the ORF-1 and ORF-2 proteins required for retrotransposition and an
antisense promoter that affects the transcription of its upstream genomic region (Speek 2001;
Nigumann et al. 2002; Beck et al. 2011). The transcribed 5* LINE-1 antisense sequences are
usually spliced to the exons of neighboring genes to form chimeric transcripts (Speek 2001).
Recent studies show that LINE-1 antisense promoter-driven transcriptions are common in humans
(Faulkner et al. 2009; Criscione et al. 2016). In this study, we identify a 2,809 bp long LINE-1
insertion upstream of the first coding exon of ASIP, which acts as an active proximal promoter
(~44 Kb away from the first coding exon) to initiate the transcription of 4SIP in white buffaloes.
In contrast, the wild type allele of ASIP initiates the transcription from a distal promoter (~72 Kb
away from the first coding exon) in black buffaloes. The promoter activity of LINE-1 could be
enhanced by the upstream flanking sequence (Lavie et al. 2004), inducing an increased expression
of ASIP. However, a different mechanism is found in white sheep, where Norris and Whan (2008)
identified a tandem duplication encompassing ASI/P and two neighboring genes, AHCY and ITCH,
which enhanced the expression of ASIP activated by a duplicated copy of the nearby /ITCH
promoter.

In nature, although convergence in phenotype is common, convergence at the molecular level

is rather rare (Zou and Zhang 2015). However, in cattle as in white buffaloes, a LINE-1 element

12

020Z J8quiaAoN 0 uo 1senb Aq 8892G6S/6/ZEeSW/ASGIOW/S60 L 01 /10P/eloie-a0uBApE/aqu/Woo dno-olWwspeoe//:sdny WoJj pspeojumoq



(L1-BT) located between the non-coding and coding exons of ASIP is associated with the brindle
coat color in Normande cattle (Girardot et al. 2006). Sequence comparisons indicate independent
origins of the LINE-1 elements in white buffaloes and cattle. First, the two LINE-1 insertions are
located in different genomic positions relative to ASIP, i.e., 44 Kb and 15 Kb from the first coding
exon in white buffaloes and in cattle, respectively (fig. 6). Second, they belong to species-specific
LINE-1 subclades (fig. 5A). Third, the two LINE-1 insertions have distinct TSDs to facilitate
independent transposition events. Although the DNA structures of the LINE-1 elements are
different in the two species, i.e., full-length LINE-1 (8.4 Kb) in cattle and 3’ truncated LINE-1
(2.8 Kb) in white buffaloes, they share significant functional similarities (fig. 6). First, both LINE-
1 elements have the same orientation as 4SIP and transcribe a conserved sequence (~160 bp, 98%
identity) from the LINE-1 that is spliced to the coding exons forming a chimeric transcript.
Second, consistent with that in white buffaloes, the LINE-1 insertion also led to the over-
expression of ASIP in cattle (Girardot et al. 2006; Albrecht et al. 2012). Therefore, the two
independent LINE-1 insertions in ASIP lead to similar functional impacts, and our study presents a
compelling case for a convergent mechanism affecting coat color evolution in the Bovini tribe
(Martin & Orgogozo 2013; Cuthill et al. 2017).

In the human genome, more than 99% of LINE-1 copies are unable to move due to 5’
truncation, rearrangement or mutation (Goodier and Kazazian 2008; Beck et al. 2011 Hancks and
Kazazian 2016), with only a few remaining capable of retrotransposition (Brouha et al. 2003;
Beck et al. 2011). Frequent 5’ truncation is explained by an integration mechanism of LINE-1
retrotransposon — target primed reverse transcription (TPRT) (Luan et al. 1993). During TPRT, the
LINE-1 endonuclease nicks genomic DNA, freeing a 3" hydroxyl that serves as a primer for
polymerizing the cDNA copy onto the host DNA. This process is frequently aborted, resulting in
5" truncated LINE-1 copies. However, the LINE-1 copy of white buffalo ASIP is 3’ truncated and
contains only 5 UTR, which might be generated by an unconventional integration mechanism.
This 3’ truncation could be a special consequence of TPRT coupled with a reverse
transcription/integration reaction to create an inversion in LINE-1 retrotransposition, a mechanism
called ‘twin priming’ by Ostertag and Kazazian (2001). This result also highlights the important

role that LINESs play in the evolution of many species.

Materials and Methods

Study samples

Three sets of swamp buffaloes were sampled from China, Thailand and Bangladesh
(supplementary table S1 B, Supplementary Material online): 63 from China that were used for
WGS and GWAS analysis, 202 from China, Thailand and Bangladesh that were used for an
association study to validate the GWAS signals and 285 that were used to verify the candidate
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causative mutation (LINE-1 insertion), which combined those used for WGS and the validation
experiment, plus samples used only for genotyping the LINE-1 insertion.

Genomic DNA was extracted from blood or ear tissue using the phenol/chloroform method.
The integrity and yield of genomic DNA were assessed and verified using agarose gel
electrophoresis and a Nanodrop™ spectrophotometer (Thermo Fisher Scientific, Waltham, USA),

respectively.

WGS data generation and variant detection

Paired-end short insert (350 bp) libraries were constructed from genomic DNA and
sequenced using the [llumina HiSeq X Ten system (Illumina, San Diego, CA, USA). Read pairs
were aligned to the river buffalo reference genome (UOA_WB_1) using the BWA-MEM
algorithm (http://bio-bwa.sourceforge.net/bwa.shtml) with the default parameters. PCR duplicates
were removed with the MarkDuplicates module in the Picard Tools package v2.9.0
(http://broadinstitute.github.io/picard/). Realignment around indels was done using the GATK
module IndelRealigner v3.8 (https://software.broadinstitute.org/gatk/). After variant calling by the
GATK module UnifiedGenotyper, variant filtering was done using the parameters “QUAL < 30,
QualByDepth (QD) < 2.0, RMS Mapping Quality (MQ) < 40.0, Mapping Quality Rank Sum Test
(MQRankSum) < —12.5, Read Pos Rank Sum Test (ReadPosRankSum) < —8.0, Haplotype Score >
13.0”.

GWAS and population genomics analyses

The VCFtools software v0.1.16 (Danecek et al. 2011) was used to convert the variant data
file from VCF format to Plink format. For quality control filtering, we removed SNPs with call
rates < 90% or with minor allele frequencies < 0.05 or departure from Hardy-Weinberg
equilibrium < 10" and discarded individuals with > 10% missing genotypes. GWAS analysis was
done using Fisher's exact test and the dominance gene effect model in the Plink software v1.07
(Purcell et al. 2007) with the parameters “—model —modeldom —Fisher”. The GWAS results were
visualized using the qqman R package v0.1.4 (https://CRAN.R-project.org/package=qqman).

Genetic differentiation (Fst) between the populations was calculated using a sliding window
approach (window size of 50 Kb with step size of 25 Kb) using the VCFtools. We reviewed the
plots of average F'st calculated using 50% overlapping windows of variable sizes (1 Kb, 10 Kb, 30
Kb, 50 Kb and 70 Kb) and found that the genome-wide pattern was reasonably smooth for the
larger window sizes (30 Kb, 50 Kb and 70 Kb) but relatively noisy for small window sizes (1 Kb

and 10 Kb). Therefore, we showed the results of 50 Kb window size from this analysis.

Variant genotyping using the KASP method
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For validation of the GWAS signals, we genotyped a panel of 19 SNPs and one indel that
showed significant associations with the white color phenotype in the target genomic region.
Following the KASP assay guidelines (https://biosearchcdn.azureedge.net/assetsv6/K ASP-
genotyping-chemistry-User-guide.pdf), the wild-type and mutant-type allele-specific upstream
PCR primers and a common downstream primer were designed for each variant (supplementary
table 6, Supplementary Material online).

The microfluidic-based IMAP™ platform (CapitalBio Technology, Beijing, China) was used
for PCR amplification. The final reaction was done in a total volume of 1 pL, which contained 0.3
pL DNA template (50 ng/pL), 0.14 pL primer mix (12 pM each of the two allele-specific forward
primers and 30 uM reverse primer), 0.5 uL 2x universal KASP Master Mix (LGC, UK) and 0.06
pL ddH>O. PCR thermocycling was done as follows: Initiation at 95°C for 15 min; 10 cycles of
denaturation at 95°C for 20 s and touchdown annealing from 61°C (—0.6°C/cycle) for 60 s;
followed by 26 cycles of denaturation at 95°C for 20 s and annealing at 55°C for 60 s and finished
by an extension at 37°C for 60 s. An end-point fluorescent read of the PCR products was done

using the LuxScan™-10K/D instrument (CapitalBio Technology, Beijing, China).

LD analysis

LD (pairwise 1* statistic) was calculated and visualized using the Haploview software v4.1
(Barrett et al. 2005). The R package rehh v3.0.1 (Gautier et al. 2017) was used to draw a
haplotype bifurcation diagram (Sabeti et al. 2002) that visualizes the breakdown of LD at
increasing distances from the focal core allele. The haplotypes used for drawing the bifurcation

diagram were phased using the Beagle software v4.1 (Browning & Browning 2007).
Variant annotation in the 1.07 Mb genomic region of GWAS signals

The Annovar program v2018Aprl6 (Wang et al. 2010) was applied to annotate each variant,
using an annotation file of GTF format prepared for the river buffalo reference genome
(UOA_WB 1).
Amplification and Sanger sequencing of ASIP exons and flanking regions

Primers (supplementary table 10, Supplementary Material online) were designed based on the
river buffalo reference genome (UOA_WB 1) to amplify and sequence the coding exons and

flanking regions (2,000 bp upstream of the first coding exon and 1,000 bp downstream of the last
coding exon) of ASIP. Three DNA pools (Guizhou (white), Guizhou (black) and Yanjin (black)
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buffalo breeds) were prepared as templates for PCR amplification. Each pool represented six

individuals with genomic DNA equally mixed. PCR products were used for Sanger sequencing.

Structural variation (SV) detection in the 1.07 Mb genomic region

SVs were detected using three software tools — the mrFAST v2.6.1.0 (Alkan et al. 2009), the
BreakDancer v1.1.2 (Chen et al. 2009) and the CNVnator v0.3.3 (Abyzov et al. 2011). For the
mrFAST analysis, paired-end sequencing reads were first mapped to the river buffalo reference
genome (UOA_WB_1) with the parameters “--search -- pe-e 57, followed by calculating read
depth to detect segmental duplications and deletions. SVs were detected using the BreakDancer
with the default parameters “-q 35-c 3-s 7-b 100-t-d” and using the CNVnator with bin size set to
500 bp (-tree -his 500 -stat 500 -partition500 -call 500). The statistic Vst was used to test the
difference in copy numbers at each SV between white buffaloes and black buffaloes: Vst = (Vt-
Vs) / Vt, where Vt is the overall variance of copy number and Vs the average variance within

populations.

RNA extraction and qPCR

Total RNA was prepared from ear skin samples using the TRIzol reagent (Thermo Scientific,
15596026) in accordance with the manufacturer’s recommendation. RNA purity, concentration
and integrity were assessed using the LabChip ® GX Touch™ Nucleic Acid Analyzer
(PerkinElmer, Waltham, MA, USA). Reverse transcription was done using the PrimeScript™ RT
Reagent Kit (TAKARA Bio, Mountain View, CA, USA). Real-time quantitative PCR was done
on the LightCycler® 480 Instrument II (Roche Diagnostics, Mannheim, Germany) using the
SYBR Green I Master (Roche) kit. The designed primers are listed in supplementary table 17,

Supplementary Material online. The 18S rRNA was used as the internal reference gene.

RNA-seq and data analysis

Sequencing libraries were constructed using the NEBNext® UltraTM RNA Library Prep Kit
(NEB, Ipswich, MA, USA) following the manufacture’s recommendations. The library
preparations were sequenced using the Illumina HiSeq X Ten system. After quality control, the
paired-end reads were mapped to the river buffalo reference genome (UOA_WB 1) using the
HISAT?2 software v2.6.1.0 (Kim et al. 2019). Transcripts were assembled and quantified with the
StringTie software v2.1.1 (Pertea et al. 2015). The Cuffcompare tool of the Cufflink suite v2.2.1
(Trapnell et al. 2012) was used to compare the alternative transcripts among individuals. The
results were visualized using the pheatmap R package v1.0.12 with Ward's hierarchical clustering

method (https://CRAN.R-project.org/package=pheatmap).
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The differential expression analysis was performed using the DESeq2 package v1.4.5 (Love
et al. 2014). The significance of the difference in gene expression was determined using a Wald
test in the DESeq2 package. The results with a false discovery rate (FDR) < 0. 05 were considered
noteworthy. A functional annotation of DEGs was conducted through Gene Ontology (GO)
enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
using the open access WebGestalt tool (http://www.webgestalt.org, Liao et al. 2019). The gene
expression level was quantified using TPM with the StringTie software v2.1.1 (Pertea et al. 2015).
It normalizes sequencing depth and gene length. To analyze gene expression profiles across
different buffalo tissues for the 23 genes in the genomic region of the GWAS signals, RNA-seq
data of six skin samples generated in this study were combined with published data of 248
samples from NCBI (PRJEB4351 (30 tissues of a male and a female Mediterranean buffalo calves
from Italy) and PRJEB25226 (218 of the 220 tissue and cell samples, except ERX2403664 and
ERX2403645 with no runs of data, of six Mediterranean water buffaloes from Italy and four river
buffaloes of Pandharpuri and Bhadawari breeds from India), Williams et al. 2017; Li et al. 2019;
Low et al. 2019; Young et al. 2019). The gene expression values (TPM) were log2 transformed
and then visualized using the pheatmap R package v1.0.12 with Ward’s hierarchical clustering

method.

5’ and 3’ RACE

The 5° and 3° RACE PCR experiments were done using the SMARTer® RACE 5'/3' kit
(Takara Bio, Mountain View, CA, USA) according to the manufacturer’s instructions. The Primer
Premier 5.0 software (http://www.premierbiosoft.com) was used to design specific primers
(supplementary table 17, Supplementary Material online). The PCR product was cloned into the
pClone007 vector using the pClone007 vector kit (Beijing TsingKe Biotech Co., Ltd., China) and

multiple individual clones were sequenced.

Genotyping of the LINE-1 insertion

Two pairs of primers were designed based on the assembled white buffalo-specific ASIP
sequence (supplementary table 17, Supplementary Material online). The PCR was set up in a final
volume of 25 ul containing 18 pl dd H,O, 5 pmol of each primer, 200 ng of genomic DNA, 2.5 puL
10xPCR buffer (TaKaRa, Dalian, China), 200 pM dNTP mixture (TaKaRa) and 1 U Tag
polymerase (TaKaRa). PCR conditions were: 94 °C for 5 min followed by 35 cycles of 94 °C for
30 s, 60 °C for 1 min, and 72 °C for 1 min, and the final extension for 7 min at 72 °C.

Immunohistochemistry and HE staining
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The skin samples were embedded in paraffin and then sectioned for Hematoxylin-Eosin (HE)
staining and immunohistochemical staining. The rabbit polyclonal antibody anti-TRP1 (ab83774,

Abcam, Cambridge, MA, USA) was used for immunohistochemical staining.

Nanopore long-read sequencing

DNA samples from one each of white and one black buffaloes were used for Nanopore long
read sequencing in accordance with the standard protocol provided by Oxford Nanopore
Technologies (ONT, Oxford, UK).

The FASTS files containing signal data generated by the Nanopore sequencer were converted
into the FASTQ format using the Albacore software in the MinKNOW package (ONT). Clean
reads were obtained by removing the adaptor sequences, low-quality sequence reads and short
reads (length < 500 bp). The Minimap?2 software v2.17 (Li 2018) was used to map clean reads to
BBU14 of the river buffalo reference genome (UOA_WB _1). Reads mapped to the target region
were extracted using the Samtools software v1.10 (Li et al. 2009). Regional de novo assembly was
done using the Canu software v1.8 (Koren et al. 2017) with the parameters “correctedErrorRate

0.144; CorOutCoverage 40”.

Phylogenetic analyses of LINE-1 repeats

LINE-1 repeat elements were extracted from the reference genomes of river buffalo
(UOA_WB 1), swamp buffalo (GWHAAJZ00000000,
https://bigd.big.ac.cn/search/?dbld=gwh&q=GWHAAJZ00000000, Luo et al. 2020), taurine cattle
(ARS-UCD1.2, GCA_002263795.2, Rosen et al. 2020) and yak (BosGru3.0, GCA_005887515.2),
using the RepeatMasker software v4.07 (http://www.repeatmasker.org) with the slow search
option, based on the Repbase repeat database v9.04 (http://www.girinst.org/). The
ParseRM_GetNesting.pl script was used to filter out the nested LINE-1 elements from the
RepeatMasker output. To extract the full-length LINE-1, the resulting non-nested LINE-1s were
aligned to the full-length bovine LINE-1 L1-BT transposon element sequence (DQ000238),
followed by a filtering to remove elements with length < 7,000 bp, truncation at 5° UTR < 200 bp,
and truncation at 3° UTR < 300 bp. Finally, to ensure that the LINE-1 elements were highly
homologous, a clustering-based approach was used to keep the LINE-1s with a sequence identity
of > 80%, implemented in the CD-HIT software v4.6.8 (Fu et al. 2012) with the parameter “-T 0 -
c0.8-M0-n5-p0”.

The Mafft software v7.407 (Katoh et al. 2019) was used for multiple sequence alignment of
the qualified full-length LINE-1s with the parameter “mafft --quiet --thread 24 --retree 1”. An
approximately maximum-likelihood phylogeny was constructed based on the output (aligned.fa)

from the Mafft alignment using the FastTree software v2.2.11 (Price et al. 2009) with the default
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settings “Nucleotide distances: Jukes-Cantor Joins; balanced Support: SH-like 1000; Search:
Normal + NNI + SPR (2 rounds range 10) + ML-NNI opt-each = 1; TopHits: 1.00*sqrtN close =
default refresh = 0.80; ML Model: Jukes-Cantor, CAT approximation with 20 rate categories” and
visualized using the iTOL online website (https://itol.embl.de/).

For evolutionary analysis within the water buffalo species, the LINE-1 elements homologous
with the 2,809 bp long white buftalo AS/P LINE-1 insertion were identified using the
RepeatMasker software. Sequence homology analysis was done using the cross_match software
v1.09 (http://www.phrap.org/consed/) with the parameters “-gap_init -25 -gap _ext -5 -minscore 10
-minmatch 6 -alignments -bandwidth 50 -word _raw”. The minimum spanning trees of LINE-1s
were constructed using the COSEG software v0.2.2 (http://www.repeatmasker.org/) to define the

subfamilies.
Haplotype network of the LINE-1 insertion region

SNPs in a genomic region of 10 Kb flanking the LINE-1 insertion point upstream of ASIP
(BBU14:19,991,854-20,001,504) were used for haplotype analysis. In addition to 63 swamp
buffaloes that were whole-genome sequenced in this study, we used 10 river buffaloes for
comparative purpose (NCBI Sequence Read Archive SRR4477876-SRR4477880, SRR4477882-
SRR4477884, SRR4477888 and SRR4477890, Whitacre et al. 2017). Haplotypes were phased
using the Beagle software v4.1 (Browning & Browning 2007). A median-joining network and a
maximum likelihood (ML) evolutionary tree based on Tamura-Nei model were constructed using
the Network software v5.0.1.1 (Bandelt et al. 1999) and the MEGA7 software (Kumar et al.
2016), respectively. To construct the ML tree, a discrete Gamma distribution (5 categories) was

used to model evolutionary rate differences among sites.

Data availability

Whole-genome sequencing data generated in this study have been submitted to the NCBI
Sequence Read Archive (SRA) as BioProject ID PRINA633919.

Supplementary Material

Supplementary data are available at Molecular Biology and Evolution online.
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Figure legends

FIG. 1. Whole-genome sequencing identifies that a 1.07 Mb long region including ASIP on
buffalo chromosome 14 (BBU14) is associated with the white coat phenotype. (A) Manhattan
plot showing a single genomic region on BBU14 significantly associated with the white coat
phenotype. (B) Zoomed association signals of GWAS and genetic differentiation (Fst) in the
significant region. (C) Validation of the strong association of the 1.07 Mb long region including
ASIP with the white coat phenotype, by genotyping 20 variants in an independent sample and
linkage disequilibrium analysis. The location of ASIP is indicated by a blue bar. (D) Genes in the
significant region. (E) Bifurcation diagram showing the distinct long-range haplotypes in white
(red) and black (blue) buffaloes. Moving from the core SNP (vertical dot line) in two directions,
the diagram divides if two alleles are present at the SNP. The x-axis is the chromosome location.

The thickness of the lines represents the counts of long-range haplotype in the sample.

F1G. 2. Identification of the LINE-1 insertion in ASIP of white buffaloes. (A) Significantly
higher expression of ASIP in white buffalo skin (W1, W2 and W3) than in black buffalo skin (B1,
B2 and B3) revealed by RNA-seq and qPCR. Three experimental replicates of qPCR are shown
separately (qPCR1, gPCR2 and qPCR3). (B) Distinct transcripts assembled from RNA-seq data of
skin samples of white (blue) and black (red) buffaloes. (C) Full-length transcripts of ASIP
generated using the RACE-PCR and characterization of the LINE-1 insertion in the white buffalo
ASIP. The structure of a full-length LINE-1 element from cattle (L1-BT; Girardot et al. 2006) is
shown as reference. (D) Schematic representation showing the chromosomal position of the
LINE-1 insertion determined by soft-clipped reads analysis and the partial sequences of the LINE-
1 insertion obtained by de novo assembling of the soft-clipped reads. (E) Genotyping the LINE-1
insertion using the allele-specific PCR and its perfect association with white coat phenotype. PCR
products of wild allele (Normal; 296 bp) and mutant allele (Ins; 387 bp) are separated for six

samples (S1-S6) using agarose gel electrophoresis.
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FIG. 3. Functional consequences of ASTP over-expression in white buffalo skin. (A)
Transcription levels of ASIP, TRY, DCT (TYRP2), TYRPI, KIT, KITLG, MITF, MCIR and
EDNRB. Error bars indicate standard deviation (SD). “**” shows significance level (P <0.01) of a
Wald test using the DESeq?2 package. (B) Immunohistochemical analysis of skin samples of black
(top) and white (bottom) buffaloes. Arrowheads indicate melanocytes with tyrosinase-related
protein 1 (TYRP1) expression (Trp+). (C) Haematoxylin Eosin (HE) staining of skin samples of
black (top) and white (bottom) buffaloes. Arrowheads indicate melanin pigment near the

melanocytes.

FIG. 4. Model of molecular mechanism for swamp buffalo white coat phenotype. The gene is

represented 3°-5 from left to right to be consistent with that shown in FIG. 2.

FIG. 5. Evolutionary analyses of LINE-1 elements in the genome and ASIP haplotypes. (A)
An approximate maximum-likelihood tree of 6,986 full-length LINE-1 elements in buffalo, cattle
and yak reference genomes. The buffalo includes both swamp and river buffaloes. The clade on
the left are LINE-1 copies that are mixed among species and have long branch lengths, indicating
that they are ancient and amplified before the split of these species. Species-specific clades are
found on the right, in which the buffalo-specific clade contains both swamp and river buffaloes.
One arrow points to the LINE-1 clustering with that of white buffalo AS/P and another to the
LINE-1 of cattle ASIP (L1-BT). The shared branch is shown in grey color. (B) A minimum
spanning (MS) tree showing the evolutionary relationship among LINE-1 subfamilies in the water
buffalo genomes. The AS/P LINE-1 insertion of white buffaloes belongs to the sub20 subfamily
(in the grey square), a relatively young subfamily. (C) Median-joining network of water buftalo
ASIP haplotypes. Colors: green = swamp buffalo; brown = river buffalo; and white = white

swamp buffalo.

FIG. 6. Two independent LINE-1 insertions occurred in ASIP of water buffalo (Bubalus

bubalis) and cattle (Bos taurus). The genomes, transcripts and LINE-1 elements are
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represented 3’-5 from left to right to be consistent with that in FIG. 2. The LINE-1 of cattle ASIP

is based on Girardot et al. (2006).

FIG. S1. The two coat color types in swamp buffaloes.

FIG. S2. Gene expression profile of 23 genes in 56 tissue and cell types of water buffaloes.

ASIP shows tissue-specific expression in skin. Data are given in supplementary table S19.

FIG. S3. IGYV illustration of the mapped RNA-seq reads showing the transcription

differences between white and black swamp buffaloes.

FIG. S4. Full-length transcripts of ASIP determined using the RACE-PCR followed by
Sanger sequencing of their clones. RACE-PCR products were inserted into plasmid vectors for
Sanger sequencing. (A) The full-length transcripts of 4SIP in white and black buffaloes. Length
and frequency are shown for six transcripts (B1~B6) of black buffaloes and one transcript (W1) of
white buffaloes. (B) cDNA sequence of the white buffalo ASIP transcript determined using the
RACE-PCR (W1). The 165 bp non-coding exon derived from a LINE-1 insertion was shown in

yellow color (L1 exon).

F1G. S5. Positioning of the white buffalo LINE-1 insertion and de novo assembling of its
partial sequences by soft-clipped read analysis of whole-genome sequencing data. (A)
Differences between white (pool of 10 individuals) and black buffaloes (pool of 10 individuals) in
soft-clipped reads along the chromosomal positions upstream of ASIP. The top signal is
highlighted by a red square. (B) IGV screenshot of the mapped reads surrounding the 16 bp
genomic region between BBU14:19,996,806 and BBU14:19,996,791 (in the box). (C) de novo
assembling of the soft-clipped reads generated a contig of 269 bp (blue) and a contig of 257 bp

(red). The duplication of the 16 bp region is shown in orange color. The unknown sequence is
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represented by a stretch of Ns. (D) Diagram to clarify the position of the insertion and two contigs

assembled from soft-clipped reads.

FIG. S6. The approximate maximum-likelihood tree of 6,986 full-length LINE-1 elements
extracted from water buffalo, cattle and yak reference genomes. Swamp buffalo and river

buffalo are shown in different colors.

F1G. S7. Phylogenetic analyses of ASIP haplotypes. (A) Alignment of ASIP haplotypes. There
are two haplogroups of haplotypes (SW1 and SW2) in swamp buffaloes. The white buffalo-
specific haplotypes belong to SW2. The LINE-1 insertion is shown by the red letter L. (B)
Maximum likelihood tree of ASIP haplotypes. The white buffalo-specific haplotypes are indicated

by red triangles.
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