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Abstract
Sex reversal has been studied extensively in vertebrate species, particularly in domestic goats, because polled intersex syn-
drome (PIS) has seriously affected their production efficiency. In the present study, we used histopathologically diagnosed 
cases of PIS to identify correlated genomic regions and variants using representative selection signatures and performed 
GWAS using Restriction-Site Associated Resequencing DNA. We identified 171 single-nucleotide polymorphisms (SNPs) 
that may have contributed to this phenotype, and 53 SNPs were determined to be located in coding regions using a general 
linear model. The transcriptome data sets of differentially expressed genes (DEGs) in the pituitary tissues of intersexual and 
nonintersexual goats were examined using high-throughput technology. A total of 10,063 DEGs and 337 long noncoding 
RNAs were identified. The DEGs were clustered into 56 GO categories and determined to be significantly enriched in 53 
signaling pathways by KEGG analysis. In addition, according to qPCR results, PSPO2 and FSH were significantly more 
highly expressed in sexually mature pituitary tissues of intersexual goats compared to healthy controls (nonintersexual). 
These results demonstrate that certain novel potential genomic regions may be responsible for intersexual goats, and the 
transcriptome data indicate that the regulation of various physiological systems is involved in intersexual goat development. 
Therefore, these results provide helpful data for understanding the molecular mechanisms of intersex syndrome in goats.
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Introduction

The spontaneous absence of horns (hornless) is a desirable 
characteristic of many livestock species, because it renders 
animals easier to handle and less likely to injure each other 
or their handlers without requiring surgical horn removal; 
however, the presence of this trait can also lead to female-
to-male sex reversal, potentially resulting in intersexual 
syndrome (Pailhoux et al. 1994). It is well established that 
the genetic basis of intersex syndrome in goats is associ-
ated with the deletion of an 11.7 kb region on chromosome 
1 (Pailhoux et al. 2001a; Schibler et al. 2000). While this 
region contains no known coding sequences, it is known 
to be involved in the transcriptional regulation of two adja-
cent genes, PISRT1 and FOXL2, in goats (e.g., Pailhoux 
et al. 2001b, Crisponi et al. 2001). However, chromosome 
karyotype structural analysis revealed that, in some cases, 
many intersexual goats are XX/XY chimeric organisms (e.g., 
Bongso et al. 1982; Vallenzasca and Galli 1990). These data 
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suggest a complex regulatory mechanism for intersexual 
development in goats.

A similar condition, sex reversal syndrome, is frequently 
reported in humans worldwide (e.g., Pang et al. 2016; Juni-
arto et al. 2016), and there are a large number of studies 
exploring its pathogenic molecular mechanisms (Gonen 
et al. 2018; Harris et al. 2018). However, these studies reveal 
the complexity of sex development and indicate that multiple 
mechanisms may coexist. Thus, a multiangle genetic analy-
sis of intersexual goats is necessary to further understand 
the underlying molecular genetics of sex development and 
reversal.

In this study, to discover the specific genetic mechanism 
of Chinese intersexual goats, we comparatively analyzed 
Chinese intersexual indigenous goats and histopathologi-
cally diagnosed using genome-wide sequencing.

Materials and methods

Preparation of animals

We collected four sexually mature (> 1 year of age) inter-
sexual goats (Sample_305, Sample_307, Sample_313, and 
Sample_315) and five female control individuals (Sam-
ple_0308, Sample_1265, Sample_005, Sample_0302, 
Sample_002; > 1 year of age) with the same bloodlines as 
those of the previous intersexual goat samples according 
to a farm survey from Tieshan farm of Chongqing, China 
(N29°41′20.78″, E105°33′48.95″). Experimental ani-
mals were euthanized by sodium pentobarbital injection 
(0.5–1 mg/kg). The experimental conditions of this study 
were approved by the Committee on the Ethics of Animal 
Experiments of Southwest University (no. [2007] 3) and the 
Animal Protection Law of China.

Histopathological examination

The reproductive organs were excised, and tissue sam-
ples from areas similar to the testis, epididymis, ovaries, 
uterus, and vagina were collected from Sample_0305, Sam-
ple_0307, Sample_0313, and Sample_0315. These collected 
tissue samples were fixed with 10% neutral-buffered forma-
lin and embedded in paraffin. Sections 3 µm in thickness 
were stained with hematoxylin and eosin (H.E.) for histo-
pathological examination.

Genome‑wide correlation analysis and population 
analysis using RAD resequencing

Genomic DNA from the nine individuals was extracted from 
blood using a Genomic DNA Purification Kit (Thermo Sci-
entific™). RAD library construction, sample indexing and 

pooling procedures, and sequencing were performed by 
Shanghai BIOZERON Biotechnology Co., Ltd. (Shanghai, 
China) using the Illumina HiSeq2500.

Raw sequencing data were generated by CASAVA v1.8.2. 
Sickle (Joshi and Fass 2011) with default parameters was 
used to yield clean data for this study.

The clean reads were aligned to the Capra hircus genome 
(ARS1) using BWA software (Li and Durbin 2009). Sin-
gle-nucleotide polymorphisms (SNPs) were detected using 
GATK, and ANNOVAR (see Table 1).

Phylogenetic relationships for all individuals were deter-
mined by neighbor-joining phylogenetic analysis (Tamura 
et al. 2011), principal component analysis (PCA) (Price 
et al. 2006), and STRU​CTU​RE analysis which were per-
formed using the SNPs. General linear modeling (GLM) 
was performed using TASSEL v5.2 (Bradbury et al. 2007) 
to identify the SNPs associated with an intersex phenotype 
in goats (Wichura 2006).

Genome‑wide differential expression analysis 
of the transcriptome

Pituitary tissues were collected from the eight goats and 
stored in liquid nitrogen. Total RNA was extracted using 
TRIzol® reagent according to the manufacturer’s protocol 
(Invitrogen, USA). The RNA quality was determined using 
a 2100 Bioanalyzer (Agilent, US), and RNA was quantified 
using the ND-2000 spectrophotometer (NanoDrop Technol-
ogies). Equal amounts of RNA from four different individu-
als were combined into mixed pools [intersexual goat group 
(IG) and a healthy goat group (HG)]. Ribosomal RNA was 
removed using the Epicentre Ribo-zero rRNA Removal Kit 
(Epicentre, Madison, WI, USA). High strand-specific librar-
ies were then generated by NEBNext Ultra Directional RNA 
Library Prep Kit for Illumina (NEB, Ipswich, MA, USA).

Libraries were sequenced on the Illumina Hiseq 2500 
platform by Gene Denovo Technologies (Guangzhou, China) 
with paired-end reads. Trimming and quality control analy-
sis of raw data were conducted using SeqPrep and Sickle 
with default parameters to prepare clean reads. The clean 
reads of each pool were separately aligned to the C. hircus 
genome (ARS1) in orientation mode using Bowtie v2.0.6 
software and TopHat v2.0.9. Coding potential and conserved 
analyses of long noncoding RNAs (lncRNAs) and mRNAs 
were conducted using CNCI v2, iPfam, and PhyloCSF to 
identify the final candidate RNAs for further analysis.

Differential expression analysis and functional 
annotation

The differentially expressed transcripts of coding RNAs and 
lncRNAs were analyzed separately. Differential expression 
analysis of the two groups was performed using the DESeq 
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R package (1.10.1). DESeq provides statistical routines 
for determining the differential expression of digital gene 
expression data using a model based on the negative bino-
mial distribution. The resulting P values were adjusted using 
Benjamini and Hochberg’s approach for controlling the false 
discovery rate (FDR). Genes with an adjusted P value < 0.01 
and an absolute log2 value (fold change) > 1 as determined 
by DESeq were deemed differentially expressed. Differential 
expression analysis of the two data sets was performed using 
the EBseq R package. The P value was adjusted using the Q 
value. A Q value < 0.01 and a |log2 (foldchange)| >1 were 
set as the threshold for significant differential expression. 
GO functional enrichment and KEGG pathway analyses 
were carried out using Goatools and KOBAS with a Bon-
ferroni-corrected P value was less than 0.05.

Quantitative real‑time RT‑PCR (qPCR)

The samples used in the qPCR analyses were the same as 
those used in the RNAseq experiment. cDNA was syn-
thesized using the First Strand cDNA Synthesis Kit (GE 
Healthcare) and 1 mg of total RNA. The primers are shown 
in Table 2. After a general reverse transcription reaction, 
PCR analyses were performed in 20 µl amplification reac-
tions containing 10 µl of 2 × SYBR Green PCR Master Mix 
(Tiangen Biological Technology Co., Ltd, Beijing, China), 
20 ng of cDNA, and 0.5 µl (10 mM) of each primer under 
the following conditions according to the manufacturer’s 
instructions: 95 °C for 10 min for 1 cycle, followed by 40 
cycles of 95 °C for 15 s and 60 °C for 45 s (Table 2). The 
transcripts were quantified using the standard curves with 
tenfold serial dilutions of cDNA (10− 7–10− 12 g). Melting 
curves were constructed to verify that only a single PCR 
product was amplified. Within runs, the samples were 
assayed in triplicate, with standard deviations of the thresh-
old cycle (CT) values not exceeding 0.5; each qPCR run was 
repeated at least three times. Negative (without template) 
reactions were performed within each assay. Significant dif-
ferences were determined by ANOVA.

Results

Histopathological examinations

In Sample_0305, the seminiferous tubules were lined by Ser-
toli cells, and no spermatogenic cells were observed in the 
testis (Fig. 1A-a). Similarly, there were no spermatogenic 
cells in the duct of the epididymis (Fig. 1A-b). In addition, 
endometritis with epithelial hyperplasia and inflamma-
tory cell infiltrates were observed in the stroma and gland 
lumens (Fig. 1A-c). In Sample_0307, we observed dilated 
epididymis tubules with no sperm, and the uterine glands Ta
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Table 2   Information 
regarding primers used for the 
amplification of interesting 
genes using Q-PCR

Gene Primer name Sequences (5′–3′) Tm (℃)

FSHBA FSHB-F GCG​AGA​CCC​AAT​ATC​CAG​AA 58
FSHB-R GGT​AGG​CAG​CTC​AAA​GCA​TC

PENKA PENK-F GCT​TGC​ACT​CTG​GAA​TGT​GA 58
PENK-R ACC​TCC​ATT​TGC​CTC​TTC​CT

SYNE1A SYNE1-F TGA​CAG​CCA​CTT​TCA​GAT​GC 58
SYNE1-R ACA​CCA​GCT​GTT​TGG​GTT​TC

CDH2A CDH2-F CCC​TCT​CCT​CTG​AAC​ACT​CG 60
CDH2-R ATG​GGA​GGG​ATA​ACC​CAG​TC

TPD52A TPD52-F AAG​CAC​CTA​GCG​GAG​ATC​AA 60
TPD52-R GAG​CCA​ACA​GAC​GAA​AAA​GC

PLP1A PLP1-F GGC​GAC​TAC​AAG​ACC​ACC​AT 60
PLP1-R AGG​TGG​TCC​AGG​TGT​TGA​AG

REREA RERE-F AAG​ACC​CGT​ACT​GCA​TCC​AC 60
RERE-R CAG​TCT​TTG​GAG​GTG​GTG​GT

PHF21AA PHF21A-F CCA​AAG​CAA​GAG​GCA​AGA​AC 60
PHF21A-R TCA​TTT​TCA​GGG​GAG​TCA​GG

GBF1A GBF1-F ACA​AAA​GCC​TCG​AGG​AGA​CA 60
GBF1-R GGG​TTG​CTT​CCA​AAC​ACA​GT

XR_001295696.2A XR_001295696.2-F ATG​AGA​GCG​AAG​TGG​AGG​AA 60
XR_001295696.2-R GTG​GTC​AAG​GCG​ATC​AGA​AT

XR_001919910.1 A XR_001919910.1-F CCC​GTA​ACA​GAA​GCT​CAA​GG 58
XR_001919910.1-R GGA​CAT​CAA​GGT​TGG​CAC​TT

XR_001296733.2A XR_001296733.2-F ATC​CCT​GAA​TCC​CTG​AAT​CC 58
XR_001296733.2-R ACT​CAA​CTC​AGC​TCC​CCA​GA

XR_001919137.1A XR_001919137.1-F AAT​ATC​ACC​ACG​CAG​GAA​GG 60
XR_001919137.1-R AGG​GTG​GTG​TTT​CCA​CAG​AG

XR_309775.3A XR_309775.3-F GCC​ATC​GCT​TAT​TGA​GCT​TC 60
XR_309775.3-R CCG​CAA​TCT​GCT​TAT​CCA​TT

PISRT1B PISRT1-F CTG​CTG​GGC​TGA​AGT​CAT​GTC​ 60
PISRT1-R GGC​ATC​AGA​CTG​ACC​CTG​AGTC​

PISRT2 set1B PISRT2 set1-F TGG​AAA​TCA​CCT​GCC​CAC​TA 60
PISRT2 set1-R GCT​CAT​CAC​AGG​ACC​GTC​AG

PISRT2 set2B PISRT2 set2-F AGG​CTC​TCA​GAT​GAC​ACC​AAA​ 60
PISRT2 set2-R CCT​GAA​ACT​GAG​CCA​AAG​GA

PFOXICB PFOXIC-F CCT​ACG​GGT​TGG​ACG​TAC​GC 60
PFOXIC-R AAC​TGT​CCC​CCA​AAG​CCC​C

SOX9B SOX9-F ACC​GCC​TTG​TCG​TTA​GAC​CG 58
SOX9-R TCC​ACG​CTC​GCT​TTG​AAG​GT

AMHB AMH-F ACA​TAC​CAG​GCC​AAC​AAC​TG 59
AMH-R TGC​ATC​TTT​AGC​AGC​AGC​AC

RSPO1B RSPO1-F AAG​CCG​GCG​AGT​GAC​TAT​GC 59
RSPO1-R GTC​TCT​TCC​CCT​TGA​TCC​CCC​

RSPO2B RSPO2-F GGT​GCA​GCC​GAT​GTC​AAC​AG 60
RSPO2-R TCC​ATA​GTA​CCC​GGA​TGG​GC

FSHB FSH-F ATG​GGA​CTT​CAA​GGT​TGG​CA 59
FSH-R AAG​TGG​CAT​TGT​CAC​TGG​CA

CYP17B CYP17-F CCC​GCT​CCT​GTG​TAG​GTG​AG 59
CYP17-R CTT​CCC​ATC​ATC​CGG​GAT​CT

CYP19B CYP19-F AGG​TCG​GTG​CGT​TGA​GAA​GAT​ 60
CYP19-R AGC​GCT​CGA​GGC​ACT​TGT​C
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with endometritis from these collected samples were simi-
lar to those of the epididymis or uterine tissues (Fig. 1B). 
In Sample_0313, a structure resembling the epididymal 
duct was observed in tissues collected from samples similar 
to the ovary and uterus. The pathological changes in the 
testis and epididymis were consistent with those observed 
in Sample_0305 (Fig. 1C). In addition, we observed endo-
metrial atrophy of the uterus (Fig. 1D). In Sample_0315, 
structures similar to the ovarian, uterine, and penis glands 
were observed in tissue collected from samples similar to 
the ovary, uterus, and penis, respectively (Fig. 1E–G). We 
observed ovarian atrophy, displayed as a small ovary with 
prominent stroma, a small corpora lutea, and a similarity to 
follicular tissue in the ovary (Fig. 1E).

Genome‑wide correlation analysis of chromosomal 
variants related to intersexual goats using 
high‑throughput RAD sequencing

A total of nine RAD accessions from nine individuals (four 
intersexual goats and five control goats) were constructed 
and subjected to single-end sequencing. The amount of raw 
data ranged from 3.02 (Sample_002) to 11.66 Gb (Sam-
ple_1265) in each animal (Table 1).

A total of 792,500 SNPs were called from all the samples; 
562,965 high-quality SNPs were obtained after filtering (QH 
of a single SNP ≥ 5 and a missing rate not higher than 5), and 
the number of SNPs ranged from 128,890 (Sample_002) to 
603,081 (Sample_0302). Phylogenetic network (neighbor-
joining method) analysis of the nine samples revealed that 
Sample_005 was inconsistent with the family kinship survey 

results (Fig. 2). Therefore, we removed Sample_005 from 
the subsequent analysis, and the RAD data were deposited 
into GenBank (SRA430625).

After filtering (tolerance of up to four missing samples, 
minor allele frequency (MAF) ≥ 1/20) the remaining eight 
samples, 324,904 SNPs were retained, 1527 of which were 
located in regions encoding genes. According to the PCA 
plot, phylogenetic clades of the eight individuals were 
clustered, as shown in Fig.  3a. STRU​CTU​RE analysis 
was displayed from K = 2 to K = 5, and the corresponding 
maximum-likelihood values of the contribution values of 
each ancestor type were calculated where K = 3; because the 
maximum-likelihood value was the largest, the best K was 3 
(Fig. 3b). Therefore, STRU​CTU​RE analysis suggested that 
these eight animals belonged to three families, which was 
consistent with the family kinship survey results.

GWAS analysis revealed that 171 SNPs distributed on 
28 chromosomes (except chromosomes 22 and 23) had a 
significant correlation (P < 0.05) with intersexual features 
(Fig. 3c). Of these SNPs, 53 were located in gene-coding 
regions (Table 3).

Identification of differentially expressed 
transcriptomes in pituitary tissues from intersexual 
goats and healthy female goats using RNAseq

The sizes of the raw data were 13.75 Gb (HG) and 13.93 Gb 
(IG). The transcriptome sequencing data from the mixed 
pools were deposited into the NCBI Sequence database 
(SRS1497025). In total, 91,652,864 (HG) and 92,852,120 
(IG) high-quality clean reads were obtained after rRNA 

Upper corner A is significant differentially expressed genes and LncRNA from RNAseq, upper corner B is 
the known sex development-related genes

Table 2   (continued) Gene Primer name Sequences (5′–3′) Tm (℃)

VASAB VASA-F CGA​GGG​CTG​GAT​ATT​GAA​AA 60
VASA-R TGC​CAG​TAT​TTC​CAC​AAC​GA

STRA8B STRA8-F CCT​TTT​TGA​AGA​TGC​CTT​CG 60
STRA8-R GAG​GCT​AGA​TGT​GCC​TGG​AG

ACTBB ACTB-F CAG​CAA​GCA​GGA​GTA​CGA​TGAG​ 60
ACTB-R AAG​GGT​GTA​ACG​CAG​CTA​ACAGT​

H2AFZB H2AFZ GCG​TAT​TAC​CCC​TCG​TCA​CTTG​ 60
H2AFZ CAG​CAA​TTG​TAG​CCT​TGA​TGAGA​

YWHAZB YWHAZ-F GGA​GCC​CGT​AGG​TCA​TCT​TG 60
YWHAZ-R CTC​GAG​CCA​TCT​GCT​GTT​TTT​

DMRT1B DMRT1-F GAG​TTC​CCA​GTA​CAG​GAT​GCATT​ 60
DMRT1-R GGG​CTG​TCC​TCA​AAA​GTG​AAGA​

DAZLB DAZL-F CGT​CGG​TGG​GAA​GCA​TCT​ 60
DAZL-R TCC​ATC​ACC​TCC​AGG​TTT​CG

GAPDH GAPDH-F AGG​CTG​GGG​CTC​ACT​TGA​AG 60
GAPDH-R ATG​GCG​TGG​ACA​GTG​GTC​AT
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removal, and the mapping rates were 72.15% and 80.31%, 
respectively (Table 3). After BLAST analysis against this 
data set, a total 46,455 transcripts were obtained including 
33,157 (71.37%) known isoforms and 6230 novel isoforms 
(Table 4).

Upon analyzing the digital expression of coding genes 
in the pituitary tissues of intersexual individuals compared 
to those in healthy goats, 10,063 coding genes were found 
to be significantly differentially expressed, including 5477 
that were upregulated and 4586 that were downregulated. In 

addition, 337 lncRNAs were determined to be significantly 
differentially expressed.

GO analysis of the coding RNAs was performed to clas-
sify the functions of DEGs that had hits in the NCBI NR 
database. These RNAs were summarized under three main 
GO categories, cellular component, molecular function, 
and biological process and associated with 56 GO terms 
(Fig. 4a–c) (Additional File I).

In addition, 294 signaling pathways were annotated. A 
total of 54 of the 294 KEGG pathways (Additional File II) 

Fig. 1   Histopathological 
microscopic findings of the 
intersexual goats’ gonads. His-
topathological analyses of Sam-
ple_0305 (A), Sample_0307 
(B), and Sample_0313 (C, D). 
The parenchyma of Sample_305 
goat is distinctly subdivided into 
a larger right zone of the testis 
(A-a), a small upper left corner 
zone of the epididymis (A-b), 
and a bottom left corner zone of 
the uterus (A-c); the three zones 
are separated by a small band 
of connective tissue. The paren-
chyma of Sample_0307 goat is 
distinctly subdivided into the 
upper right corner zone of the 
epididymis (B-a) and a bottom 
left corner zone of the uterus 
(B-b); both zones are separated 
by a small band of connective 
tissue. The Sample_0313 goat 
has not only male reproductive 
organs, such as the testis (C-a) 
and epididymis (C-b), but also 
female reproductive organs, 
such as the uterus (D); the 
three zones are separated by a 
small band of connective tissue. 
Original magnification: A–D 
× 25. In addition, microscopic 
findings of histopathological 
analysis of ovarian, uterine, and 
penal tissue from Sample_0315; 
this goat has not only female 
reproductive organs, such as 
ovaries (E) and a uterus (F), but 
also male reproductive organs, 
such as a penis (G). Original 
magnification: E–G × 40
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were significantly enriched (P < 0.05), and the top 20 path-
ways are presented in Fig. 4d.

Gene expression profiling and qRT‑PCR validation

To verify the accuracy of DEGs from the two mixed pools 
using RNAseq, we randomly selected 15 significantly dif-
ferentially expressed mRNAs and lncRNAs identified from 

the RNAseq for qPCR analysis (Table 4). The qPCR results 
revealed similar expression profiles, which supported the 
validity of the RNAseq results (Fig. 5). The result of Q-PCR 
revealed similar expression profiles, which supported the 
high credibility of the RNAseq results (Fig. 5). In addition, 
some sex development-related genes elucidated in the previ-
ous intersexual goat research studies (Pannetier et al. 2005; 
Boulanger et al. 2014; Pailhoux et al. 2001b) were investi-
gated (Fig. 6; Table 4). However, no previously identified 
genes were significantly (P < 0.05) differentially expressed 
between IG and HG in this study except for the FSH and 
RSPO2 genes.

Discussion

At necropsy, we found intersexual goats that had both female 
and male genitalia. Histopathologically, we found testis, 
epididymis, and uterine tissues in Sample_0305 and Sam-
ple_0313, uterine and epididymis tissues in Sample_0307, 
and ovarian, uterine, and penal tissues in Sample_0315. In 
addition, we observed pathological changes, such as Sertoli 
cell-only syndrome, endometritis, and atrophy. These results 

Fig. 2   Phylogenetic relationship assessed of nine goat samples using 
RAD sequence data

Fig. 3   Genome-wide correlation analysis and phylogenetic analy-
sis of intersexual goats using high-throughput RAD sequencing. a 
Principal component analysis of eight individuals (Sample_005 was 

removed). b Population structure analysis of eight individuals (Sam-
ple_005 was removed) using STRU​CTU​RE software. c Genome-wide 
correlation analysis of RAD resequencing data using GLM
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Table 3   Information regarding 
53 significant SNPs in the gene-
coding region

Chromosome Location GENE Coding region SNP mutation Amino acid P value

2 91,875,907 LOC102181719 exon1 G92 > A S31 > N 1.30E−40
2 130,307,289 ADAMTS1 exon2 T999 > C F333 > F 9.24E−32
3 52,523,643 NRIP1 exon2 C1599 > T T533 > T 9.24E−32
3 80,271,655 CRYBG3 exon4 A6183 > G L2061 > L 9.24E−32
3 101,818,509 LOC102173783 exon1 C32 > A A11 > E 9.24E−32
3 119,201,284 LOC102173783 exon1 G139 > A A47 > T 9.24E−32
4 117,970,006 CCDC54 exon2 G537 > T L179 > L 5.20E−32
4 41,178,772 ABI3BP exon5 G555 > A K185 > K 9.24E−32
4 115,511,202 IMPG2 exon7 C871 > T H291 > Y 9.24E−32
6 47,822,577 LOC102174159 exon3 G398 > A C133 > Y 5.20E−32
6 47,822,774 FBXO40 exon5 C1704 > T G568 > G 5.20E−32
6 47,822,776 CASR exon3 T672 > C I224 > I 9.24E−32
6 99,467,039 LSG1 exon13 G1673 > A R558 > Q 9.24E−32
8 38,320,631 ATP13A4 exon3 G303 > T A101 > A 9.24E−32
10 95,292,937 ECT2 exon22 T2295 > C N765 > N 2.31E−32
10 95,292,988 NCEH1 exon2 C157 > T L53 > L 2.31E−32
10 5,903,771 TMEM207 exon5 A441 > T L147 > L 9.24E−32
10 5,903,918 CLDN16 exon4 C333 > T N111 > N 9.24E−32
10 15,473,437 THPO exon6 A730 > G N244 > D 9.24E−32
10 15,473,583 PSMD2 exon5 A504 > G K168 > K 9.24E−32
10 15,473,584 MCF2L2 exon27 A2966 > G N989 > S 9.24E−32
12 21,625,793 ACTRT3 exon4 G283 > A D95 > N 2.31E−32
12 31,342,839 SI exon7 G823 > A G275 > R 2.31E−32
12 21,625,778 LRRC34 exon1 A247 > G T83 > A 9.24E−32
13 3,430,320 GFM1 exon6 A741 > G A247 > A 5.20E−32
13 46,983,105 SLC33A1 exon1 C564 > T F188 > F 5.20E−32
14 93,960,898 HPS3 exon2 A504 > G E168 > E 2.31E−32
14 59,862,310 HPS3 exon4 C910 > G L304 > V 9.24E−32
15 36,300,093 HPS3 exon2 G393 > A P131 > P 9.24E−32
17 32,851,977 GYG1 exon6 A729 > G P243 > P 2.31E−32
17 36,817,815 GYG1 exon6 A721 > G T241 > A 2.31E−32
18 61,348,015 NME9 exon5 C330 > T R110 > R 5.20E−32
18 32,110,550 U2SURP exon10 A783 > G A261 > A 9.24E−32
20 389,686 PPP2R3A exon2 G533 > A R178 > Q 2.31E−32
20 389,698 UMODL1 exon5 G732 > T S244 > S 2.31E−32
20 62,947,589 TSPEAR exon7 G1056 > A T352 > T 2.31E−32
20 67,736,152 LSS exon5 A543 > T L181 > L 5.20E−32
21 12,384,062 COL6A5 exon5 A1496 > C D499 > A 2.31E−32
21 49,213,040 TBC1D5 exon16 A1065 > C A355 > A 2.31E−32
21 51,940,927 PADI1 exon7 T701 > C L234 > P 2.31E−32
21 51,941,012 UBR4 exon49 T7398 > C A2466 > A 2.31E−32
21 11,432,012 COL6A6 exon36 A5964 > C A1988 > A 9.24E−32
21 17,044,975 CAPN7 exon19 C2103 > T A701 > A 9.24E−32
21 17,045,057 ANKRD28 exon22 G2352 > A T784 > T 9.24E−32
21 51,448,755 PP2D1 exon2 G475 > A E159 > K 9.24E−32
24 17,164,032 ECE1 exon6 C753 > T N251 > N 2.31E−32
24 56,440,261 HSPG2 exon38 C4788 > T A1596 > A 9.24E−32
25 23,393,450 MECR exon6 G859 > C E287 > Q 2.31E−32
26 2,303,781 LOC108633351 exon11 C1355 > G A452 > G 9.24E−32
28 7,085,455 LOC102186814 exon12 A1143 > G T381 > T 2.31E−32
28 5,160,949 LOC102186814 exon12 G1162 > A D388 > N 5.20E−32
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are consistent with those of the previous reports (Poth et al. 
2010; Szatkowska et al. 2015).

We performed a genome-wide scan of four intersexual 
individuals and four controls that were collected from the 
same farm. Phylogenetic analyses based on PCA and STRU​
CTU​RE confirmed that both the genetic background and 
family clustering of the eight goats corresponded to their 
previously known kinship. This experimental design avoids 
false-positive effects caused by individual genetic differences 
and, thus, allows the identification of valuable mutations in 

fewer pedigree populations. These two goat groups provided 
a great opportunity to investigate the intersexual syndrome 
mechanism of goats with a smaller sample size.

By analyzing the autosome genomic resequencing data 
set using GLA, we identified 35 SNPs located in gene-cod-
ing regions that showed a significant correlation (P < 0.05) 
with this phenotype. Most of the genes were associated with 
various biological functions. For example, some mitochon-
drial function regulation-related genes, such as MECR, 
cause a distinct human disorder of the mitochondrial fatty 

Table 3   (continued) Chromosome Location GENE Coding region SNP mutation Amino acid P value

29 19,035,254 LOC102186814 exon12 T1122 > C N374 > N 2.31E−32
29 21,205,216 LOC102186814 exon12 C1095 > T S365 > S 2.31E−32

Table 4   Expression levels of the genes in RNAseq as verified by Q-PCR

Upper corner A is significant differentially expressed genes and LncRNA from RNAseq, and upper corner B is known sex development-related 
genes

Gene_ID IG_count HG_count IG_fpkm HG_fpkm log2 (FC) P value FDR Significant

XR_001295696.2A 64,703 23,368 6849.18 2269.46 − 1.59358 0 0 Yes
XR_001919910.1A 224.99 45.06 2.92 0.54 − 2.43494 1.96E−24 2.16E−22 Yes
XR_001296733.2A 228.26 57.33 10.2 2.35 − 2.11784 5.20E−20 4.15E−18 Yes
XR_001919137.1A 0 35.74 0.001 1.84 10.84549 7.54E−12 2.68E−10 Yes
XR_309775.3A 3 14 0.2 0.86 2.104337 0.007564 0.035817 Yes
FSHBA 4907.44 32135.85 236.04 1418.1 2.586856 0 0 Yes
PENKA 5020.75 65.2 167.44 1.99 − 6.39473 0 0 Yes
SYNE1A 178.55 493.86 0.34 0.85 1.321928 3.23E−28 7.62E−27 Yes
CDH2A 205 492 3.41 7.5 1.137119 4.40E−22 7.34E−21 Yes
GTF2IA 26.91 0 0.45 0.001 − 8.81378 7.59E−09 4.16E−08 Yes
TPD52A 115.86 61.12 4.56 2.21 − 1.04499 4.29E−06 1.65E−05 Yes
PLP1A 23.47 830.52 0.39 12.79 5.035398 5.6E−190 3.69E−187 Yes
REREA 382.64 843.28 2.52 5.09 1.014242 3.15E−30 8.24E−29 Yes
PHF21AA 29.83 70.36 0.38 0.83 1.127112 0.000422 0.001168 Yes
GBF1A 57.2 1.05 0.46 0.01 − 5.52356 1.15E−16 1.31E−15 Yes
PISRT1B 0 0 0.001 0.001 0 1 1 No test
PISRT2B 0 0 0.001 0.001 0 1 1 No test
PFOXICB 0 0 0.001 0.001 0 1 1 No test
SOX9B 56 77 0.71 0.9 0.342106 0.226168 0.319874 No
AMHB 1 0 0.02 0.001 − 4.32193 1 1 No
RSPO1B 2.85 0 0.13 0.001 − 7.02237 0.250037 0.343799 No
RSPO2B 113 26 0.42 1.68 2 2.05E−12 1.62E−11 Yes
FSHB 7367.15 886.56 80.63 614.71 2.930517 0 0 Yes
CYP17B 0 0 0.001 0.001 0 1 1 No test
CYP19B 0 0 0.001 0.001 0 1 1 No test
STRA8B 1 2 0.05 0.09 0.847997 1 1 No
ACTBB 3123.06 4348.5 140.65 179.68 0.35332 9.51E−19 1.26E−17 No
YWHAZB 2866.15 3770.55 48.86 58.98 0.271572 9.54E−11 6.46E−10 No
DMRT1B 1 0 0.02 0.001 − 4.32193 1 1 No
DAZLB 0 0 0.001 0.001 0 1 1 No test
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acid synthesis pathway (Parl et al. 2013; Chen et al. 2008), 
and NRIP1 is a factor known to be involved in mitochondrial 
dysfunction and energy expenditure (Lapierre et al. 2015). 
Furthermore, some SNPs related to the immune system and 
emotional regulation were identified, such as ADAMTS1, 
which plays an important regulatory role in tumor and auto-
immune diseases (Silva et al. 2016; Hirohata et al. 2017), 
and SLC33A1, which has been shown to be involved in 
mood regulation (Hullinger et al. 2016).

In a previous report, deletion of 11.7 kb on chromosome 
1 was identified to contribute to PIS in goats (Pailhoux et al. 
2001a). However, in our GWAS, no significant correlat-
ing candidate sites were observed near this chromosomal 
region. On one hand, this outcome could result from a lack 
of effective variant sites generated by low-density genome 
resequencing technology, as well as fewer samples. On the 
other hand, this finding could indicate that different genetic 
mechanisms can result in intersexual goats. In brief, a wide 

Fig. 4   Differential expression analysis of pituitary tissues from 
HG and IG using high-throughput technology. a–c Differentially 
expressed gene distributions of gene ontology (GO) categories (level 
2) of HG and IG mixed pools in goats. GO functional annotations are 

summarized into three main categories: biological process, cellular 
component, and molecular function. x-axis in panel a–c is the number 
of gene. d Top 20 enriched pathways of coding genes differentially 
expressed between HG and IG
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range of genes which participate in various biological func-
tions have been identified helpful in explaining the physiol-
ogy and development of intersexual goats.

In exploring the molecular genetic features of intersexual 
goats, we were not only evaluated genomic DNA but also 
assessed genes at the transcriptome level. Interestingly, in 
the coding gene analysis, a number of genes were annotated 
in molecular pathways, such as the phospholipase D signal-
ing, axon guidance, progesterone-mediated oocyte matura-
tion, and oxytocin signaling pathways. In particular, some 
signaling pathways that are widely involved in the regulation 
of various biological functions were also identified, such as 
the FoxO and cAMP pathways.

The FoxO pathway plays a role in follicular develop-
ment and female reproductive disorders (Sheridan et al. 
2015; Huang et al. 2016). In addition, the MAPK pathway 
is involved in the development of some tissues; for exam-
ple, it promotes the osteoblastic differentiation of ligament 
fibroblasts (Chen et al. 2016). Recent studies have indicated 
that polymorphisms in the MAPK anginal pathway factor, 
MAPK1, and CREB1 genes have significant associations 
with anxiety disorder comorbidities (Antypa et al. 2016).

Coincidentally, some neurological development-related 
pathways were also found including the dopaminergic syn-
apse and neurotrophin signaling pathways, which may be 

associated with abnormal behavior and depression in inter-
sexual goats (Chen et al. 2016). In addition, two hormone-
related signaling pathways, the oxytocin signaling pathway 
and the adrenergic signaling pathway in cardiomyocytes, 
were identified in this study, and many studies have already 
suggested that these hormones play important roles in sex 
development disorders (Fisher et al. 2016; Zhang 2014).

In addition, some interesting pathways were not signifi-
cantly enriched in this study but may still be related to the 
development of intersexual traits. Eighteen endocrine sys-
tem-related signaling pathways, including the progesterone-
mediated oocyte maturation, estrogen signaling, and GnRH 
and PPAR signaling pathways, were identified, which infers 
that the abnormal development of sexual organs may have 
an inalienable relationship with hormones in intersexual 
animals.

During the last 50 years, numerous reports on dirty vulvar 
tissue and extensive urinary tract infections among inter-
sexual goats with extremely low immunity have appeared 
(Zhang 2014). According to the results of the current study, 
24 signaling pathways belonging to immune diseases and the 
immune system were discovered; this finding could explain 
the above pathological manifestations.

Currently, as an emerging genetic marker, lncRNAs have 
been studied in numerous in-depth human medicine studies, 

Fig. 5   Real-time PCR validation 
of significantly differentially 
expressed genes and lncRNAs 
in pituitary tissues from HG 
and IG. The abundance of target 
genes was normalized relative 
to that of the GAPDH gene. 
Bars in each panel represent the 
mean ± standard error (sample 
number = 4 and 3 parallel rep-
etitions per sample); * indicates 
significant differential expres-
sion (P < 0.05)

Fig. 6   Validation of the expres-
sion levels of 18 known sex 
development-related gene sets 
in pituitary tissues from HG and 
IG using Q-PCR; * indicates 
significant differential expres-
sion (P < 0.05)
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such as those on neurodegenerative diseases and tumorigen-
esis (Maoz et al. 2017; Yang et al. 2018). In this study, 337 
differentially expressed lncRNAs were found in IG and HG, 
which indicates that lncRNAs may be involved in the regula-
tion of development in intersexual goats. Therefore, a large 
number of coding RNAs and lncRNAs with significantly dif-
ferential expression were detected between two mixed pools 
using RNAseq, indicating that the appearance of intersex 
syndrome is due to the regulation of various physiological 
systems. In addition, among the 15 mRNAs and lncRNAs 
whose expression was verified, 93.33% were consistent with 
the RNAseq results, except SYNE1. This finding shows that 
the RNAseq results were highly credible.

Finally, we herein identified the mRNA differential 
expression profiles of some sex-revised and developmen-
tally relative candidate genes between IG and HG individu-
als using qPCR. For example, as previously described, the 
expression levels of AMH, CYP19, SOX3, and WNT4 in 
the gonads and internal genital organs of intersexual goats 
in different developmental periods can be increased or 
decreased depending on the number of days after coitus 
(Pailhoux et al. 2002). However, in this study, except for 
PSPO2 and FSH, most of these genes were not significantly 
differentially expressed in sexually mature pituitary tissue. 
This result could be caused by the timing and tissue specific-
ity of gene expression.

Interestingly, PSPO2 is known to play an important role 
in ovarian follicular growth (Bouilly et al. 2017) and is 
involved in some developmentally related signaling path-
ways (Dong et al. 2017; Ilmer et al. 2015). In addition, FSH 
genetic variations have been associated with genital lesions 
and infertility in males (André et al. 2018; Tamburino et al. 
2017) as well as with ovary and various female gonad 
developmental processes (Wei et al. 2018). Therefore, the 
significantly higher expression levels of these two genes in 
IG pituitary tissues are insufficient to explain the molecular 
mechanism of intersexual goats, but they may be involved in 
the maintenance of the physiological phenotype and biologi-
cal regulation of intersexual goats.

Conclusion

The results of this study are helpful for comprehensively 
understanding the genetic mechanism of intersexual goats 
in China, and the development of novel biomarkers can sup-
port pathological identification. Intersexual goats can serve 
as a sex reversal animal model, and the molecular genetic 
results from this study can provide a new understanding of 
sex reversal and development.
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