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Abstract

Tan sheep (Ovis aries), a Chinese indigenous breed, has special curly fleece after birth, especially at one month old. However,
this unique phenotype disappears gradually with age and the underlying reasons of trait evolvement are still unknown. In
this study, skin transcriptome data was used to study this issue. In total 51,215 transcripts including described transcripts
and transfrags were identified. Pathway analysis of the top 100 most highly expressed transcripts, which included TCHH and
keratin gene family members, such as KRT25, KRT5, KRT71, KRT14 and others, showed pathways known to be relevant to
hair/fleece development and function. Six hundred differentially expressed (DE) transcripts were detected at two different
physiological ages (one-month-old with curly fleece and 48-month-old without curly fleece) and were categorized into
three major functional groups: cellular component, molecular function, and biological process. The top six functional
categories included cell, cell part, cellular process, binding, intracellular, metabolic process. The detected differentially
expressed genes were particularly involved in signal, signal peptide, disulfide bond, glycoprotein and secreted terms,
respectively. Further splicing isoform analysis showed that the metallothionein 3 isoform was up-regulated in Tan lamb skin,
indicating that it may be related to the conformation of curly fleece in Chinese Tan lamb. The hair-related important
differentially expressed genes (SPINK4, FGF21, ESRo, EphA3, NTNGT and GPR110) were confirmed by gPCR analysis. We
deduced that the differences existed in expressed transcripts, splice isoforms and GO categories between the two different
physiological stages, which might constitute the major reasons for explaining the trait evolvement of curly fleece in Chinese
Tan sheep. This study provides some clues for elucidating the molecular mechanism of fleece change with age in Chinese
Tan sheep, as well as supplying some potential values for understanding human hair disorder and texture changes.
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Early studies related to Chinese Tan sheep mainly focused on
genetic evaluation and breed development [1]. Subsequent
researchers studied the phenotypic variation between Chinese
Tan sheep and other different sheep breeds, including wool color,
length, density and shape [2]. In the past decades, various genetic
markers were described that characterized the curly fleece of
Chinese Tan sheep. Interestingly, a genetic polymorphism of

Introduction

Chinese Tan sheep (Ouvis aries) is one of the most important sheep
breeds used for production of high quality pelts in China. It is a
short-tailed indigenous sheep breed distributed in northwestern
China, such as Ningxia province. Tan sheep are hardy and well
adapted to a dry, cold and windy environment. The breed

originated from Mongolian sheep, an ancient horned sheep type,
and its domestication and breeding resulted in a production of
curly fleece. The lamb pelts from Tan sheep are characterized by a
natural white color and a lustrous curly fleece. The curly fleece
appears when Tan lambs are one month old. After processing, the
lamb pelts with curly fleece tend to be thin and light weight, which
are well suited for the production of fur coats, carpets, furniture
covering, and various forms of handicrafts (Figure 1). However,
the curly fleece disappears gradually with age and the mechanisms
behind the phenomenon are still unclear.
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hemoglobin(Hb)was found to be related to wool traits, specifically,
the Hb® allele was favorably associated with wool quality [3]. In
addition, polymorphisms in the KRT1.2 (keratin 1.2) and KAPI.3
(keratin associated protein 1.3) genes were related to the number
of wool curvature. Therefore, the researchers concluded that these
candidate genes could be used in molecular marker-assisted
selection to improve the fleece curvature number of Tan lambs [4—
5].

Currently, there are several studies that describe the transcrip-
tomes of fetal heart, fetal myofiber and some other tissues in sheep
[6-8]. However, there is very little transcriptome information
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Figure 1. The Chinese Tan sheep and its fleece. A: The Chinese Tan lamb (L); B: The pelt of Tan lamb at one month old; C: The Chinese adult Tan

sheep (A); D: The pelt of Tan adult sheep.
doi:10.1371/journal.pone.0071763.g001

related to curly fleece in sheep, except for two studies that
examined the cashmere characteristic in goat [9-10]. Many
different experiments have been carried out in humans and mice
that elucidated the formation mechanism of hair texture. These
data showed that formation of hair texture is a multistep,
complicated process due to many genes involved in multiple key
cellular pathways [11-12]. Many functional alternations have
been detected in related pathways including cell cycles, apoptosis
and some other important pathways [13]. To complete understand
the complexity of curly fleece formation will require comprehen-
sive cataloguing of gene expression changes at different physio-
logical stages. The objectives of this study, was to use high-
throughput sequencing technology to generate comprehensive
transcriptome profiles of Tan sheep at two different physiological
ages (one-month-old with curly fleece and 48-month-old without
curly fleece), and to use this information to investigate the
molecular genetic mechanism of its unique curly fleece. This
information will identify a repertoire of genes that are expressed in
the skin transcriptome and it also aids in the understanding of the
development of human hair and texture changes.

Materials and Methods

Animal collection and preparation

Experimental procedures were approved by the animal welfare
committee of the State Key Laboratory for Agro-biotechnology of
China Agricultural University. Twelve unrelated Tan sheep (no
common grandparents) at two different physiological stages (one-
month-old and 48-month-old) were selected and divided into lamb
(L) and adult sheep groups (A). Skin tissue was collected from the
shoulder of each sheep after slaughtering and immediately frozen
in liquid nitrogen or at —80°C until use.
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RNA extraction, library preparation and sequencing

Trizol® Reagent was used to isolate total RNA from tissues
according to the manufacturer’s instructions (Invitrogen, USA).
RNA degradation and contamination was assessed on 1% agarose
gels. RNA concentration was measured using Qubit® RNA Assay
Kit in a Qubit® 2.0 Fluorometer (Life Technologies, CA, USA).
RNA purity and integrity was checked using the NanoPhotome-
ter® spectrophotometer (IMPLEN, CA, USA) and the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA), respectively.

A total amount of 3 ug RNA was used as input material for the
RNA sample preparations. Finally, four samples with RNA
integrity number (RIN) values above 8 were used for libraries
construction. Sequencing libraries were generated using the
MluminaTruSeq™ RNA Sample Preparation Kit (Illumina, San
Diego, USA) following the manufacturer’s recommendations and
four index codes were added to attribute sequence to each sample.
Briefly, mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out using
divalent cations under elevated temperature in Illumina proprie-
tary fragmentation buffer. First-strand ¢cDNA was synthesized
using random oligonucleotides and SuperScript II. Second-strand
cDNA synthesis was subsequently performed using DNA poly-
merase I and RNase H. Remaining overhangs were converted into
blunt ends via exonuclease/polymerase activities and enzymes
were removed. After adenylation of 3* ends of DNA fragments,
Illumina PE adapter oligonucleotides were ligated to prepare for
hybridization. In order to select cDNA fragments of 200 bp in
length the library fragments were purified with the AMPure XP
system (Beckman Coulter, Beverly, USA). DNA fragments with
ligated adaptor molecules on both ends were selectively enriched
using [llumina PCR Primer Cocktail in a 10 cycle PCR reaction.
Products were purified (AMPure XP system) and quantified using
the Agilent high sensitivity DNA assay on the Agilent Bioanalyzer
2100 system.
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The clustering of index-coded samples was performed on a cBot
Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-
HS (Illumina) according to the manufacturer’s instructions. After
cluster generation, the library preparations were sequenced on an
Ilumina HiSeq 2000 platform and 90 bp paired-end reads were
generated.

Sequence reads mapping and assembly

Raw data (raw reads) of fastq format were firstly processed
through in-house perl scripts. In this step, the clean data (clean
reads) were obtained by removing reads containing adapter, reads
containing poly-N and low quality reads from raw data. At the
same time, quality parameters of clean data including Q20, Q30,
GC-content and sequence duplication level were used for data
filtering. All the succeeding analyses were carried out using high
quality clean data.

Reference genome and gene model annotation files were
downloaded from the sheep genome website at http://www.
sheephapmap.org/news/OARv2p0.php). The ovine reference
sequence from the GenBank database was used for complemen-
tary analysis. An index of the reference genome was built using
Bowtie v0.12.8 [14] and paired-end clean reads were aligned to
the reference genome using TopHat v1.4.0 [15]. TopHat was
chosen as the mapping tool because it can generate a database of
splice junctions based on the gene model annotation file, and thus
give a better mapping result than other non-splice mapping tools.
Clean reads were aligned to the reference genome through
SOAP2 [16], then duplicated reads and multi-mapped reads were
filtered from the alignment results in order to eliminate the PCR
(Polymerase Chain Reaction) interference and ambiguous map-
ping. The clean reads have been submitted to NCBI Short Read
Archive under the accession number of SRP018731.

The Cufflinks v1.3.0 [17-18] Reference Annotation Based
Transcript (RABT) assembly method was used to construct and
identify both known and novel transcript fragments (transfrags)
from TopHat alignment results. Astalavista v2.2 was used to
estimate the five basic alternative splices (ASs) events both in and
among the groups based on the results of Cuffmerge and
Cuffcompare modules in Cufflinks package [19]. As well
differentially expressed (DE) isoforms were estimated by Cufflinks
(isoform center).

Quantification and differential expression analysis of

transcripts

HTSeq +v0.5.3  (http://www-huber.embl.de/users/anders/
HTSeq) was used to count the reads numbers mapped to each
transcript. The parameter FPKM (Fragments Per Kilobase of
exon per Million fragments mapped) was used to quantify
transcripts expression. FPKM was calculated based on the mapped
transcript fragments, transcript length and sequencing depth.
Currently, this is the most commonly used method for estimating
transcript expression [17].

Differential expression analysis of two conditions/groups was
performed using the DESeq R package (1.10.1) [20]. DESeq
provides statistical routines to determine differential expression in
digital gene expression data using a model based on the negative
binomial distribution. The resulting P-values were adjusted using
the Benjamini and Hochberg’s approach for controlling the false
discovery rate [21]. Genes with an adjusted P-value<<0.05 found
by DESeq were assigned as differentially expressed.
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GO and KEGG enrichment analysis of differentially
expressed transcripts

Gene Ontology (GO) enrichment analysis of differentially
expressed transcripts was implemented by the GOseq R package
[22], in which gene length bias was corrected. GO terms with
corrected P-value less than 0.05 were considered significantly
enriched by DE transcripts.

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a
database resource for understanding functions and utilities of the
biological system, such as the cell, the organism and the ecosystem
from molecular information, especially for large-scale molecular
datasets generated by genome sequencing and other high-
throughput experimental technologies (http://www.genome.jp/
kegg/). We used KOBAS [23] software to test the statistical
enrichment of the top 100 most highly expressed transcripts, DE
transcripts and ASs in KEGG pathways, respectively.

Validation of differentially expressed genes by
quantitative real-time PCR

Differentially expressed genes identified by the above described
method were validated using quantitative real-time PCR (qPCR).
In all cases primers designed for qPCR spanned exon-exon
boundaries. GAPDH was used as a reference control. Real time
PCR was performed using 2x SYBR Green master mix (TianGen)
on the CFX96 Real-Time System (BioRAD, USA). The reaction
was performed using the following conditions: denaturation at
95°C for 3 min, followed by 40 cycles of amplification (95°C for
30s, 60°C for 30s, and 72°C for 30s). Relative expression was
calculated using the delta-delta-Ct method. Primer sequences can

be found in Table SI.

Results

Identification of expressed transcripts in the sheep skin
transcriptome

In this study, 49,647,050 to 60,551,510 raw reads were
generated for each sample (Figure S1 and Table S2). After quality
control, 51,215 transcripts (and transfrags) were obtained from the
two groups. Of these, 50,856 (99.3%) and 51,119 (99.8%)
expressed transcripts were identified in lamb and adult sheep
skin, respectively (Table S3), and there were 50,786 commonly
expressed transcripts between two groups. The obtained clean
transcripts were used for further analysis. Approximately 80% of
the total reads were mapped to sheep chromosomes and about
77% of the reads in each sample were uniquely mapped to the
sheep genome. The detailed reads density on each chromosome
can be found in the supplementary material (T'able S4). Chromo-
somal distribution of the annotated transcripts is shown in Table 1
and Figure S2.

The correlation of transcripts expression between samples is the
most important indicator for reliability of experimental results and
rationality of sampling. Generally, the correlation value should be
up to 0.92 (r*=0.92). In our study, the scatter plot showed that the
transcripts expression of two biological replicates at each stage
(lamb and adult) were similar based on the normalized FPKM
values (Figure S3).

The top 20 annotated transcripts, that ranged from 3,353 to
7,813 FPKM reads (Figure 2) were ranked by abundance and
included the keratin protein genes or keratin-associated protein
genes: RAP3.2 (keratin associated protein 3.2), KAP2.5, KRT25
(keratin 25), KAPI.1, KRT5, KRT71, KRTI14, KRT2.11, KRT83,
KRT31, KRT34, KRT35, KRT27, KRT55B, and TCHH (tricho-
hyalin gene), RPS8 (ribosomal protein gene), PRRY (proline rich 9),
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Table 1. The genetic information and variation on chromosome based on the skin transcriptome in Tan sheep.
Chromosome Annotated transcripts Transfrags Total No of splice variants
1 1540 1558 1154
2 1121 1431 878
3 1615 1652 1069
4 549 571 316
5 950 886 638
6 412 478 306
7 698 640 570
8 345 372 226
9 350 418 255
10 242 362 184
11 956 749 702
12 488 534 364
13 579 576 436
14 802 1056 603
15 687 514 362
16 229 286 152
17 385 551 325
18 349 553 260
19 396 460 339
20 546 473 308
21 461 378 252
22 299 250 207
23 212 348 172
24 531 558 327
25 235 193 193
26 171 208 85

X 541 477 420
Total 15689 16532 11103
Total No of splice variants: defined as more than one transcript for a ‘genic’ gene. Splice variants denote differences compared with annotated
ovine genes.

doi:10.1371/journal.pone.0071763.t001
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Figure 2. Expression of the top 20 most highly expressed genes in sheep skin. The x-axis shows gene ID; y-axis shows gene expression level
(FPKM).
doi:10.1371/journal.pone.0071763.g002
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cysteine-rich gene, CST6 (cystatin E/M), ASIP (agouti signaling
protein) and CO3 (cytochrome oxidase subunit 3).

Identification of differentially expressed genes and
isoforms between two different physiological
development stages

To better survey the biological mechanism of curly fleece, it is
important to identify the DE genes between two different stages.
There were 600 DE genes that were detected between the two
groups when fold changes =2 and P<<0.05 were used as cutoff
values. Further analysis showed that 87 DE genes were significant
with strict FDR<C0.05 (Table 2, Table S5). Of these, three DE
genes were up-regulated while 84 DE genes were down-regulated
in lamb skin tissue compared to adult sheep skin tissue.

Splice variants have been proposed as a primary driver of the
evolution of phenotypic complexity in mammals. In this study, the
chromosomal position of each sheep sequence was aligned with
the sheep genome and 6,983 and 6,866 splice variants were
identified in adult and lamb Tan sheep compared to the annotated
sheep genome. Further analysis identified 703 DE isoforms and
492 (69.9%) DE isoforms were annotated. There were 636 and
605 isoforms expressed in adult and lamb skin, respectively. We
particularly noticed that isoform metallothionein 3 (M73,
CUFF.20060) was up-regulated in Tan lamb skin, and its
expression was 4.56755 times (g-value =0.001173) higher than
that in adult sheep (Table S6).

Additional analysis showed that there were five different splice
patterns detected in sheep skin transcriptome data, which included
skipped exon (SE), retained intron (RI), alternative 5’ splicing site
(A5SS), alternative 3 splicing site (A3SS) and mutually exclusive
exon (MXE). The first three types, SE, RI and A5SS were the
major splicing patterns detected in our study, which represented
86% of the total splicing events; while MXE was a rare event
which occurred in only 1.2% of the total events (Figure 3). The
number of alternative transcripts distributed on individual
chromosome ranged from 85 to 1,154 and averaged 411 splice
variants on each chromosome.

Funtional distribution of differentially expressed genes
Differentially expressed genes were considered to be important
cause of curly fleece. To better survey the biological behavior of
curly fleece, it is necessary to understand the functional
distribution of these DE genes in one-month old sheep skin

Table 2. Hair-related important DE genes between two groups.

Skin Transcriptome at Different Stages in Sheep

compared to the adult sheep skin. Based on the GO categories a
total of 165 clusters were annotated with GO terms. The 600
identified DE genes were categorized into three major functional
groups: cellular component, molecular function, and biological
process. The abundant genes were categorized into 22 major
functional groups (percentage of expressed genes >30) based on
the GO categories. The top six functional categories included cell,
cell part, cellular process, binding, intracellular, and metabolic
process (Figure 4). Further enrichment analysis was related to
cellular functions and subcellular locations, and the detected DE
genes were enriched in different terms related to hair develop-
ment. For example, the DE genes SPINK4, FGF21, GPRII0,
EphA3 were enriched in signal, signal peptide, disulfide bond,
glycoprotein and secreted term, respectively (Table S7).

Real-time PCR validation of differential gene expression
in lamb and adult skin of Tan sheep

Real-time PCR was used to validate selected differentially
expressed genes identified from the RNA-seq data. Six differen-
tially expressed genes (SPINR4, FGF21, ESRo, EphA3, NINGI and
GPRI110) were selected from the DE genes, which included up-
and down- regulated genes between two groups. The results from
the real-time PCR confirmed the expression pattern of DE genes
at two different stages in Chinese Tan sheep (Figure 5).

Discussion

Sheep fleece is a distinguishing feature in domestic sheep
compared with other farm animals and it is also a hot research
topic in animal physiology. On one side, fleece can be processed
into goods for people’s lives, such as coat, hat and gloves, etc. On
the other side, it is an ideal biomedical model for elucidating the
mechanism of hair development in human. The shape and size of
fleece has been thought to be determined by the hardening of
mner root sheath layers inside the follicle. Large hair follicles
produce ‘terminal’ hairs such as those found on the scalp, and
curved follicles produce curly hair fibers [34]. However, hair/wool
development is a complex process, and the developmental
mechanism of fleece between different physiological stages was
unclear. In this study, we investigated the formation mechanism of
curly fleece in Chinese Tan sheep at two different physiological
stages using RNA-seq methods. Our data showed that among the
top 20 highly expressed genes in the skin transcriptome 70% (14)
of the genes belonged to keratin protein genes, which is consistent

CYP (Cytochrome P450)
skin

Spink4 (Serine peptidase inhibitor, Kazal type 4)
tissue homeostasis

Gene name Description Reference
Wnt2 Required for repopulation of pigment-producing melanocytes in the hair bulb [24]
ESRu(Estrogen receptor o) Regulates the telogen-anagen follicle transition [25]
GPR110(G protein-coupled receptor 110) Involved in determining hair texture in humans [26]

EphA3 (Ephrin-A3) Increases the density of hair follicles and accelerates anagen development. Increases [27-28]

proliferation of outer root sheath cells

Participates in the metabolism of endogenous and exogenous substrate metabolism in the[29]

Member of the Kazal type family of serine protease inhibitors and essential for epithelial [30]

KAP13.1(Keratin associated protein 13.1) Related to cashmere traits in goat [31]
MITF(Microphthalmia associated transcription factor) A newly recognized mediator of Wnt signaling [32]
GBP-1 (Guanylate binding protein 1) Mediator of the anti-proliferative effect of inflammatory cytokines in endothelial cells [33]

doi:10.1371/journal.pone.0071763.t002
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Figure 3. Statistics of mainly alternative splicing events. The first column shows the types of alternative transcript events; the second column
shows the splicing graphs and the third to fifth column shows the number of AS events in A and L combined group, A group and L group,

respectively.
doi:10.1371/journal.pone.0071763.g003

with previous reports that the keratin gene family plays an
important role in the fleece/hair development [35]. Some of the
top 20 expressed genes have previously been verified to play
functional roles in hair morphology. For example, the TCHH gene
is expressed in the developing inner root sheath of the hair follicle,
and is associated with hair texture in Europeans [36]. It also plays
a structural role within the hair follicle in sheep [37]. KRT71 (the
type II keratin protein), was also reported to be related to hair
curliness among species [38-39]. All of this evidence suggests that
the top genes between two groups may provide some clues to

Molecular function

understanding the development of curly fleece in Tan sheep.
Further pathway analysis of the top 100 highly expressed
transcripts revealed pathways known to be relevant to hair/fleece
development and function. Similar to the most highly expressed
transcripts, the list of the identified transfrags included transcripts
known to be central to hair/wool formation and development.
Taken together, these results indicate that we have generated high
quality sequence data that is representative of the skin transcrip-
tome in sheep.

Figure 4. Functional categorization of differentially expressed genes based on known genes in the Uniprot database. The x-axis
shows the 2nd level term of Gene Ontology; y-axis shows percent of genes in DE genes.

doi:10.1371/journal.pone.0071763.g004
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Six hundred DE genes were detected between curly fleece (one
month old) and non-curly fleece sheep groups (48 months old),
which may explain the formation of curly fleece since some
important DE genes at the two different physiological stages may
participate in hair formation or development. For example, one of
the detected DE genes, fibroblast growth factor 21 gene (FGF 21),
belongs to the FGF gene family which function in hair
development. Several different studies showed that FGF family
members (FGF1, 2,5, 7, 10, 13 and 22) were active in mouse skin
and their expression changed dynamically in different patterns
during the hair growth cycle [40—41]. The above information may
suggest that FGF21 also plays a significant role in the regulation of
hair growth and related events in Tan sheep. Another detected DE
gene, FphA3 (ephrin A3), a member of ephrins, may act as a hair
development promoter [27]. We speculate that FphA3 may have a
potential role in the wool structure of sheep. WNT2 was also found
as a DE gene in the current investigation, which functions in
initiating pigmented hair regeneration [24]. Put all together, we
conclude that the differentially expressed genes might be
important in the formation of different fleece shape at two
physiological stages.

The formation of curly fleece is not induced by one pathway,
but rather is a result of multiple key cellular pathways that are
influenced by many genes. During the formation of curly fleece,
involved pathways are mainly composed: EDA, WNT, Notch, VEGF
and MAPK signaling pathways [42—47]. The role of the EDA
pathway in hair follicle biology has been studied and revealed the
importance of £DA in initiation of hair morphogenesis, hair shaft
formation, and hair follicle cycling [43]. CXCLI0 is a functionally
important regulation gene in the £DA signaling pathway [42]. In
our analysis, CXCLI0 was up-regulated in adult skin and activated
the £DA pathway, which might lead to hair growth and loss of
curly fleece in adult skin. AMMP9 (Matrix metallopeptidase 9),
another enriched gene in the £DA pathway, plays a central role in
cell proliferation, migration, differentiation, angiogenesis, apopto-
sis, host defense, and controls keratinocyte growth. MMP9 was
reported to regulate hair canal formation [44] and may function
downstream of EDA in some other developmental context [42].
We speculated that both CXCLI0 and MMP9 have similar
functions in hair development, and activated the genes in EDA
pathway to prompt hair growth and loss of curly fleece in adult
sheep. WNT signaling molecules play essential roles in many
aspects of development, and it is required for the initiation of hair
follicle development. In our analysis, the up-regulated low-density
lipoprotein receptor-related protein (LRP) family activates a
conserved “canonical” signaling pathway that causes stabilization
of cytoplasmic f3-catenin, which is an essential regulation factor for
hair growth and development. The differentially expressed
Dickkopf 1 (DKKI) gene, functions by binding and inhibiting

PLOS ONE | www.plosone.org
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LRP co-receptors required for activation of canonical WNT
signaling [47]. Both LRP and DAKI function on hair growth by
activating a conserved “canonical” signaling pathway. Differently
expressed isoform analysis showed that the M73 isoform was up-
regulated in Tan lamb skin, suggesting that M 73 is related to the
conformation of curly fleece in Chinese Tan lamb skin, since the
metallothionein 1 was reported to regulate the Menkes kinky-hair
syndrome in mouse [48].

Compared with microarray data, RNA-seq generates absolute
gene expression measurements with greater resolution and
accuracy. These data are then validated by qPCR. Analysis of
the transcriptome profile can identify thousands of transfrags
variants/isoforms that are expressed in mammalian tissues or
organs. In our study, the skin transcriptome greatly accelerated
our understanding of gene expression regulation and networks in
hair/wool development in Tan sheep at different physiological
stages. These data as serve as important resource for revealing the
mechanism of genetic variation during Tan sheep fleece develop-
ment.

Conclusions

This study has greatly expanded our understanding of the
molecular repertoire of the fleece related genes that are involved in
the transcriptional response to different physiological stages.
Differences were found in expressed genes, splice isoforms and
pathways between the two different stages, which constitute the
major reasons for explaining the evolvement of curly fleece in
Chinese Tan sheep. These results are a valuable resource for
biological investigation of fleece evolvement in animals and also
supply some potential clues for understanding the molecular
mechanisms of human hair development.

Supporting Information

Figure S1 Classification of raw reads. The classification
and quality of raw reads from four samples are shown, including
clean reads, containing N, low quality, adapter related. Panel A is
for L1, B is for L2, C is for Al and D is for A2, respectively.
(TTF)

Figure S2 Reads density on chromosomes of the sheep
reference genome. X-axis shows the chromosome position of
mapped reads; y-axis, left shows the median of reads density (logy),
right shows the chromosome number. Panel A is for L1_L2 and
panel B is for A1_A2, respectively.

(TIF)

Figure 83 Correlation plots of the reads for two groups.
X-axis and y-axis shows the log;o (FPKM L1_L2) and log;o
(FPKM Al_A2), separately.

(TIFF)

Table S1 Primer sequences used in gPCR.
(DOC)

Table S2 The data quality analysis in investigated

samples.

(XLSX)

Table S3 The total transcripts data analyzed in inves-
tigated samples.

(XLSX)

Table S4 Summary of Illumina sequencing and map-

ping.
(XLSX)
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Table S5 Differentially expressed transcripts and iso-
forms between two groups.
(XLSX)

Table S6 Specifically expressed transcripts in investi-
gated groups.
(DOCX)

Table S7 Gene Ontology annotation of DE genes
between two groups.
(XLSX)

References

1.

20.

21.

22.

23.

Cui ZJ, Zhang YL, Jiang Y, Chen GN, Xu Z (1962) Breeding report of Tan
sheep. Part 1: The relationship of ecology and reproduction of Chinese Tan
sheep. China Anim Husb Veter Med 4: 1—5.

. Lu TA, Fan T, Zhang SD, Zhang HW, Ma ZY (1986) Fleece color inheritance

on Tan sheep. J Gansu Agri University 3: 14—19.

. Wei ZQ, Yu HC, Zhang ZH, Chen RX, Gong WH (2003) Comparison of

hemoglobin polymorphism of big size strain, fur strain and their hybrids in Tan
sheep. China Herbivore Sci 1: 57—58.

. Zhang R, Li AH, Yang LJ, Chen ZQ), Ren DX et al. (2010) Correlation between

KRT1.2 gene and properties of lamb fur qualities of Tan sheep in Ningxia. J Agri
Sci 31: 27—-30.

. Yang L], Li AH, Zhang R, Chen ZQ, Ren DX et al. (2010) Correlation between

KAP1.3 gene and fur quality characteristics in Ningxia Tan sheep. J Ningxia
University (Nat Sci Edition) 31: 381 —388.

. Cox LA, Glenn JP, Spradling KD, Nijland MJ, Garcia R et al. (2012) A genome

resource to address mechanisms of developmental programming: determination
of the fetal sheep heart transcriptome. Physiology 590: 2873 —2884.

. Ren H, Li L, Su H, Xu L, Wei C et al. (2011) Histological and transcriptome-

wide level characteristics of fetal myofiber hyperplasia during the second half of
gestation in Texel and Ujumqin sheep. BMC Genomics 12: 411.

. Jager M, Ott CE, Griinhagen ], Hecht J, Schell H et al. (2011) Composite

transcriptome assembly of RNA-seq data in a sheep model for delayed bone
healing. BMC Genomics 12: 158.

. Geng R, Yuan C, Chen Y (2013) Exploring Differentially Expressed Genes by

RNA-Seq in Cashmere Goat (Capra hircus) Skin during Hair Follicle
Development and Cycling. PloS One 8: ¢62704.

. Xu T, Guo X, Wang H, Du X, Gao X et al. (2013) De novo transcriptome

assembly and differential gene expression profiling of three capra hircus skin
types during anagen of the hair growth cycle. Inter J] Genomics 2013: 269191.

. McDermott BM, Baucom JM, Hudspeth AJ (2007) Analysis and functional

evaluation of the hair-cell transcriptome. PNAS 104: 11820—11825.

. Kurek D, Garinis GA, van Doorninck JH, van der Wees J, Grosveld FG (2007)

Transcriptome and phenotypic analysis reveals Gata3-dependent signalling
pathways in murine hair follicles. Development 134: 261—272.

. Okano J, Levy C, Lichti U, Sun HW, Yuspa SH et al. (2012) Cutaneous retinoic

acid levels determine hair follicle development and downgrowth. J Biological
Chemistry 287: 39304—39315.

. Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-

efficient alignment of short DNA sequences to the human genome. Genome Biol
10: R25.

. Trapnell C, Pachter L, Salzberg SL (2009) TopHat: discovering splice junctions

with RNA-Seq. Bioinformatics 25: 1105-1111.

. Li RQ, Yu C, Li YR, Lam TW, Yiu SM et al. (2009) SOAP2: an improved

ultrafast tool for short read alignment. Bioinformatics 25: 1966-1967.

. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G et al. (2010)

Transcript assembly and quantification by RNA-seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat Biotech 28:
511-515.

. Roberts A, Pimentel H, Trapnell C, Pachter L (2011) Identification of novel

transcripts in annotated genomes using RNA-seq. Bioinformatics 27: 2325-
2329.

Sammeth M, Foissac S, Guigoé R (2008) A general definition and nomenclature
for alternative splicing events. PLoS Comput Biol 4: ¢1000147.

Anders S, Huber W (2010) Differential expression analysis for sequence count
data. Genome Biol 11: R106.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J Royal Statistical Soc
Series B (Methodol) 57: 289-300.

Young MD, Wakefield MJ, Smyth GK, Oshlack A (2010) Gene ontology
analysis for RNA-seq: accounting for selection bias. Genome Biol 11: R14.
Mao XZ, Cai T, Olyarchuk JG, Wei LP (2005) Automated genome annotation
and pathway identification using the KEGG Orthology (KO) as a controlled
vocabulary. Bioinformatics 21: 3787-3793.

. Rabbani P, Takeo M, Chou W, Myung P, Bosenberg M et al. (2011)

Coordinated activation of Wnt in epithelial and melanocyte stem cells initiates
pigmented hair regeneration. Cell 145: 941-955.

PLOS ONE | www.plosone.org

Skin Transcriptome at Different Stages in Sheep

Acknowledgments

We thank Prof. Changxin Wu for his help in experiment performance. And
we also would like to thank the editor professor Shuhong Zhao and two
anonymous reviewers, for their valuable comments and suggestions.

Author Contributions

Conceived and designed the experiments: MYF. Performed the experi-
ments: XLK GL YFL QQX. Analyzed the data: XLK GL MZ MYF.
Wrote the paper: XLK MYF.

26.

27.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

. Oh HS, Smart RC (1996) An estrogen receptor pathway regulates the telogen-

anagen hair follicle transition and influences epidermal cell proliferation. Proc
Natl Acad Sci USA 93: 12525-12530.

Shimomura Y, Wajid M, Ishii Y, Shapiro L, Petukhova L et al. (2008)
Disruption of P2RY5, an orphan G protein—coupled receptor, underlies
autosomal recessive woolly hair. Nat Genet 40: 335-339.

Midorikawa T, Chikazawa T, Yoshino T, Takada K, Arase S (2004) Different
gene expression profile observed in dermal papilla cells related to androgenic
alopecia by DNA macroarray analysis. ] Dermatol Sci 36: 25—32.

Yamada Y, Midorikawa T, Oura H, Yoshino T, Ohdera M et al. (2008) Ephrin-
A3 not only increases the density of hair follicles but also accelerates anagen
development in neonatal mice. J Dermatol Sci 52: 178-185.

Ahmad N, Mukhtar H (2004) Cytochrome P450: a target for drug development
for skin diseases. J Invest Dermatol 123: 417-425.

Schroder N, Sekhar A, Geffers I, Miiller J, Dittrich-Breiholz O et al. (2006)
Identification of mouse genes with highly specific expression patterns in
differentiated intestinal epithelium. Gastroenterology 130: 902-907.

Fang Y, Liu W], Zhang FQ, Shao YG, Yu SG (2010) The Polymorphism of a
Novel Mutation of KAP13. 1 Gene and its Associations with Cashmere Traits on
Xinjiang Local Goat Breed in China. Asian J Anim Vet 5: 34-42.

Saito H, Yasumoto KI, Takeda K, Takahashi K, Yamanmoto Het al. (2003)
Microphthalmia associated transcription factor in the Wnt signaling pathway.
Pigment Cell Res. 16: 261-265.

Guenzi E, Tépolt K, Cornali E, Lubeseder-Martellato C, Jorg A et al. (2001)
The helical domain of GBP-1 mediates the inhibition of endothelial cell
proliferation by inflammatory cytokines. ] EMBO 20: 5568—5577.

Thibaut S, Bernard BA (2005) The biology of hair shape. Inter ] Dermatol 44:
2-3.

. Bawden CS, McLaughlan C, Nesci A, Rogers G (2001) A unique type I keratin

intermediate filament gene family is abundantly expressed in the inner root
sheaths of sheep and human hair follicles. J Invest Dermatol 116: 157-166.
Medland SE, Nyholt DR, Painter JN, McEvoy BP, McRae AF et al. (2009)
Common variants in the trichohyalin gene are associated with straight hair in
Europeans. The American ] Human Genetics 85: 750—755.

Fietz MJ, McLaughlan CJ, Campbell MT, Rogers G (1993) Analysis of the
sheep trichohyalin gene: potential structural and calcium-binding roles of
trichohyalin in the hair follicle. J Cell Biol 121: 855—865.

Kikkawa Y, Oyama A, Ishii R, Miura I, Amano T et al. (2003) A small deletion
hotspot in the type II keratin gene mK6irs1/Krt2-6g on mouse chromosome 15,
a candidate for causing the wavy hair of the caracul (Ca) mutation. Genetics 165:
721—733.

Cadieu E, Neff MW, Quignon P, Walsh K, Chase Ket al. (2009) Coat variation
in the domestic dog is governed by variants in three genes. Science 326:
150—153.

Nakatake Y, Hoshikawa M, Asaki T, Kassai Y, Itoh N (2001) Identification of a
novel fibroblast growth factor, FGF-22, preferentially expressed in the inner root
sheath of the hair follicle. Biochimica et Biophysica Acta 1517: 460—463.
Kawano M, Komi-Kuramochi A, Asada M, Suzuki M, Oki J et al. (2005)
Comprehensive analysis of FGF and FGFR expression in skin: FGF18 is highly
expressed in hair follicles and capable of inducing anagen from telogen stage hair
follicles. J Invest Dermatol 124: 877—885.

Wu XH, Fu Y, Yang DY, Zhang RH, Zheng WP et al. (2012) Detailed
transcriptome description of the neglected cestode taenia multiceps. PLoS One
7: e45830.

Mikkola ML (2008) TNF superfamily in skin appendage development. Cytokine
Growth Factor Rev 19: 219-230.

Sharov AA, Schroeder M, Sharova TY et al. (2011) Matrix metalloproteinase-9
is involved in the regulation of hair canal formation. J Invest Dermatol 131: 257
260.

. Bejsovec A (2000) Wnt signaling: an embarrassment of receptors. Current Biol

10: R919-R922.

Wodarz A, Nusse R (1998) Mechanisms of Wnt signaling in development. Annu
Rev Cell Dev Biol 14: 59-88.

Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C et al. (1998)
Dickkopf-1 is a member of a new family of secreted proteins and functions in
head induction. Nature 391: 357-362.

August 2013 | Volume 8 | Issue 8 | 71763



Skin Transcriptome at Different Stages in Sheep

48. Packman S, Palmiter RD, Karin M, O’Toole C (1987) Metallothionein
messenger RNA regulation in the mottled mouse and Menkes kinky hair
syndrome. J Clinical Invest 79: 1338-1342.

PLOS ONE | www.plosone.org 9 August 2013 | Volume 8 | Issue 8 | 71763



