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Abstract

The conditions for sex reversal in vertebrate species have been extensively studied,

and the results highlighted numerous key factors involved in sex differentiation. How-

ever, the transcriptomes in hypothalamic andpituitary tissues from intersex goats have

rarely been studied. The aim of this studywas to screen candidate genes and signalling

pathways related to sex reversal inHuai goats byanalyzing geneexpression inhypotha-

lamic and pituitary tissues via transcriptome sequencing and bioinformatics analyses.

In total, 612 and 139 differentially expressed genes (DEGs) were identified between

the intersex and non-intersex groups in the hypothalamus and pituitary, respectively.

The DEGs in the hypothalamus and pituitary were significantly enriched in 41 and 16

signalling pathways, respectively, including the calcium signalling pathway, neuroac-

tive ligand-receptor interaction signalling pathway, and oestrogen signalling pathway,

which might be related to intersex sex development disorders. A candidate gene from

the tachykinin family (TACR1)was significantly enriched in the calcium signalling path-

way. Thirty-oneDEGswere sharedbetween these two comparisons andwere enriched

in several acetyl-CoA-related processes and the oestrogen signalling pathway. The

results of the real-time PCR analysis show that the transcriptome sequencing results

were reliable. The transcriptome data indicate that the regulation of various physio-

logical systems is involved in intersex goat development. Therefore, these results pro-

vide helpful data enhancing our understanding of the molecular mechanisms underly-

ing intersex syndrome in goats.
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1 INTRODUCTION

Cases of intersex development have been described in several domes-

tic species, including pigs, dogs and goats (Cribiu & Chaffaux 1990). In

goats, intersexuality refers to a group of developmental abnormalities

of the sexual system ranging from only subtle changes to complete sex

reversal, consequently preventing breeding improvement and repro-

duction. Overall, the prevalence of intersexuality in goats is reportedly

5%–6% (McEntee 1990). Intersex goats are anatomically classified into

five types based on their whole genital organs.

Polledness intersex syndrome (PIS) is a phenomenon associated

with polledness and intersexuality. The genetic basis of PIS syndrome

has been identified as a deletion of 11.7 kb of DNA on goat chromo-

some 1q43 (Pailhoux et al., 2001; Schibler et al., 2000; Zhang et al.,

2018). An in-depth analysis revealed that the PIS interval contains

no known coding sequences; this interval is known to be involved

in the transcriptional regulation of two adjacent genes (PISRT1 and

FOXL2) in goats (Crisponi et al., 2001), suggesting that a complex reg-

ulatorymechanism underlies intersexual development in goats. PISRT1

is known to enhance FOXL2 expression in females, and PISRT1 insuffi-

ciency in PIS(–/–) female goats is associated with significantly reduced

FOXL2 expression (Boulanger et al., 2008). The transcriptional activity

of the SOX9 gene is clearly associated with the functional state of Ser-

toli cells. These cells are completely degraded, and the SOX9 expres-

sion level is strongly reduced in 12-month-old females with PIS (Sza-

tkowska et al., 2014). A transcriptome study investigating differentially

expressed genes (DEGs) in pituitary tissues from intersexual and non-

intersex goats revealed a total of 10,063 DEGs. The DEGs were clus-

tered into 56 gene ontology (GO) categories and determined to be sig-

nificantly enriched in 53 Kyoto Encyclopaedia of Genes and Genomes

(KEGG) signalling pathways (E et al., 2019).

The phenotypic diversity of goatswith PIS ismost likely the result of

the complexity of the sexual differentiation process in which numer-

ous molecular factors may potentially play a crucial role in regulat-

ing development (Gao et al., 2018). Thus, a genetic analysis of inter-

sex goats frommultiple perspectives is necessary to better understand

the molecular genetics underlying sex development and reversal. In

this study,we comparatively analyzedDEGs and their functions in pitu-

itary and hypothalamic tissues from intersexual and non-intersex goats

using transcriptome sequencing (RNA-Seq).

2 MATERIALS AND METHODS

2.1 Tissue collection

The Huai goats used in this experiment were obtained from the

Jierui Huai goat conservation farm, Shenqiu County, Henan Province,

China. The hircine hypothalamic and pituitary tissue samples were

obtained from five intersexual (hypothalamus, XJ1-5; pituitary, CJ1-

5) and five non-intersex (hypothalamus, XN1-5; pituitary, CN1-5) Huai

goats aged > 1 year under the approval of the University Institu-

tional Animal Care and Use Committee. All fresh tissue samples were

collected, divided into 1.5 ml plastic centrifuge tubes (each sample

weighed approximately 100 mg), rapidly frozen in liquid nitrogen and

stored at−80◦C.

2.2 RNA extraction

The total RNA was extracted using TRIzol reagent (Invitrogen, Carls-

bad, CA, USA) according to the manufacturer’s instructions. The RNA

concentration and purity were assessed by measuring the optical den-

sity at 260/280 nm using a Thermo Scientific NanoDrop Lite Spec-

trophotometer. Then, equal amounts of high-qualityRNAsamples from

each tissue were used for the cDNA library construction and Illumina

sequencing.

2.3 cDNA library construction and sequencing

RNA libraries from each tissue sample were prepared following the

Illumina mRNA-Seq protocol by Nanjing Personal Gene Technology

Co., Ltd. (Nanjing, China). In total, 3 µg RNA per sample were used to

construct a cDNA library. The library quality was assessed using an

Agilent Bioanalyzer 2100 system. The cDNA library was sequenced

using the Illumina HiSeq2000 platform (San Diego, CA, USA). The raw

RNA-Seq data of the 10 pituitary and hypothalamic tissues are avail-

able in the NCBI Sequences Read Archive under accession number

SRR13302433∼13302452.

2.4 Raw read filtering, quality control and
mapping to the reference genome

The raw reads were cleaned by removing adaptors, poly-N-containing

reads and reads of low quality using Cutadapt. A quality control anal-

ysis was performed by using FastQC with the default parameters.

The clean reads were aligned to the annotated reference genome

(Capra_hircus.ARS1.dna.toplevel.fa) from the Ensembl database using

HISAT2 (the updated version of TopHat) software (http://ccb.jhu.edu/

software/hisat2/index.shtml) with the BWT algorithm (Kim et al.,

2013). Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/manual.

shtml) was used to align the reads to the transcriptome.

2.5 Analysis of DEGs

The read counts were obtained from the mapping results obtained

by using HTSEquation (Anders et al., 2015) and performing genome

annotation (ftp://ftp.ensembl.org/pub/release-73/gtf/homo_sapiens/).

The gene expression results were normalized by calculating the frag-

ments per kilobaseof exonpermillion fragmentsmapped (FPKM)value

of each gene to eliminate the influence of different gene lengths and

sequencing levels. To select expressed genes, a threshold of FPKM ≥

1 was used. The FPKM values between the biological replicates were

http://ccb.jhu.edu/software/hisat2/index.shtml
http://ccb.jhu.edu/software/hisat2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
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analyzed by a Pearson correlation analysis. The Pearson coefficient of

gene expression in different replicates was greater than 0.80, indicat-

ing consistency between the replicates. A principal component analysis

(PCA)was conducted to cluster the replicates in different comparisons

using the DESeq2 R package 1.8.1 (Love et al., 2014).

The DESeq R package (1.10.1) was used to identify DEGs between

the intersex and non-intersex tissues. Genes were identified as signifi-

cantly differentially expressed when they showed a p-value< 0.05 and

a |log2FoldChange| > 1. Pheatmap software was used to cluster the

DEGs and samples based on Euclidean and complete linkage methods.

A volcano plot of the DEGs identified in each comparison was gen-

erated and visualized with the ggplot2 package (Wickham 2009). The

common and specific DEGs between two comparisons were identified

by a Venn analysis.

2.6 Annotation of DEGs

The DEGs were classified according to the cellular component, molec-

ular function and biological process categories through a GO analysis,

which was carried out using Blast2go software (http://www.blast2go.

com/b2ghome) in the GO database (http://www.geneontology.org/).

KEGG pathway analyses were performed using the major public

pathway-related database (http://www.kegg.jp/). The enrichedGOand

KEGGcategorieswere determined using a p-value≤0.05 as the cut-off

for significant GO and KEGG categories.

2.7 Detection of putative single-nucleotide
polymorphisms

Varscan software was used to perform single-nucleotide polymor-

phism (SNP) and indel calling. The filtering thresholds were set as fol-

lows: consensus quality of no less than 20 and coverage of no less than

8. To obtain more reliable SNPs, those identified in at least two reads

with a p-value< 0.01were regarded as SNPs.

2.8 Quantitative real-time PCR validation

The samples used in the qPCR analyses were the same as those used

in the RNA-Seq experiment. To confirm the sequencing results, a real-

time PCR (qRT-PCR) analysis of 20 randomly selected DEGs was per-

formed. The total RNA was reverse transcribed into cDNA using one-

step gDNA removal and cDNA synthesis SuperMix (TransScript, Bei-

jing, China) according to themanufacturer’s instructions.Gene-specific

primers were designed using Primer Premier 5.0 (Premier Biosoft).

The mRNA levels were quantified by a qRT-PCR analysis using an ABI

PRISM 7500 fast qRT-PCR system (Applied Biosystem, CA, USA) and

a qPCR detection kit (Top Green qPCR SuperMix, TransScript, Beijing,

China). The PCR analyses were performed in 20 µl amplification reac-

tions containing 10 µl of 2 × SuperMix, 0.4 µl of each primer (10 µM),

1 µl cDNA template, 0.4 µl of 50 × Passive Reference Dye and 7.8 µl

RNase-Free ddH2O. The reaction mixtures were subjected to initial

denaturation at 94◦C for 30 s, followed by 40 cycles of 94◦C for 5 s and

60◦C for 34 s. The final melting curve analysis was performed at 95◦C

for 15 s, 60◦C for 1min, 95◦C for 30 s and 60◦C for 15 s. The specificity

of the amplificationwas confirmedby amelting curve analysis. All reac-

tionswere conducted in triplicate, and the cycle threshold (Ct) values of

the target geneswere normalized to the average value of the reference

gene GAPDH. The fold changes in the expression of the target genes

were calculated using the 2−ΔΔCt formula, where ΔCt is the average Ct
of the target gene minus the average Ct of two endogenous controls,

and ΔΔCt is the ΔCt of the target sample (intersex tissue) minus the

ΔCt of the calibrator sample (normal tissue). All data were subjected

to tests of normality and homoscedasticity and a one-way ANOVA, fol-

lowed byDuncan’smultiple range tests. p<0.05was considered signif-

icant.

3 RESULTS

3.1 Construction of the mRNA expression profile

We sequenced mRNA from hypothalamic and pituitary tissues col-

lected from five intersex goats. The anatomical structures and

histopathological features of ovarian tissues from these five goats can

be found in our previous report (Yang et al., 2020). The transcrip-

tome sequencing using the Illumina platform yielded an average of

42,985,856 and 46,921,660 clean reads from the pituitary glands of

the intersex and normal goats, respectively. Additionally, the transcrip-

tome sequencing yielded 46,502,082 and 46,734,866 clean reads from

the hypothalamic tissues collected from the intersex and non-intersex

individuals, respectively (Table S1). TheQ30 values of all samples were

higher than 93%. We mapped the sequence reads to the reference

Capra hircus genome sequence (Capra_hircus.ARS1.dna.toplevel.fa).

The read alignment showed that on average, 97.09% of the reads

(44,450,383 reads) weremapped to the reference genome. Among the

mapped reads, 92.71% were mapped to unique positions (Table S1).

Only the uniquely mapped reads were considered in the subsequent

analyses.

3.2 Clustering analysis

A Pearson test was applied to the 10 hypothalamic and pituitary sam-

ples, and the obtained Pearson’s correlation coefficients ranged from

0.9876 to 0.9988 among CJ1, CJ3, CJ4 and CJ5 and from 0.9851 to

0.9969 among CN1-5, indicating high similarity across these biolog-

ical repeats. However, the correlation coefficients between CJ2 and

the other pituitary samples were lower than 0.45. Furthermore, the

correlation coefficients among XJ1, XJ3, XJ4 and XJ5 ranged from

0.8809 to 0.9103, and XN1-5 were also highly correlated with each

other (0.9712–0.9962). XJ2 showed relatively lower correlation coef-

ficients than the other samples. Therefore, the CJ2 and XJ2 samples

were removed from the subsequent analysis.

http://www.blast2go.com/b2ghome
http://www.blast2go.com/b2ghome
http://www.geneontology.org/
http://www.kegg.jp/
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A Pearson test, two-way clustering analysis and PCA were car-

ried out to verify the biological repeats among the remaining nine

hypothalamic samples and nine pituitary samples. Our results showed

that the correlation coefficients among the hypothalamic samples

were higher than 0.91 (Figure S1A); the XJ samples were clustered

together, and the XN samples were clustered together based on the

identified DEGs (Figure S1B). According to the PCA plot (Figure S1C),

the nine hypothalamic samples were highly correlated and showed

different gene expression profiles. The nine pituitary samples showed

high correlation coefficients (> 0.99) (Figure S2A). Four samples from

the intersex goats and five samples from the normal goats clustered

separately and showed different expression profiles (Figure S2B, S2C).

3.3 Differential gene expression analysis

The RNA-Seq technique enabled the analysis of the differential

expression profiles via an analysis of the transcript abundance with

high sensitivity. In total, 21,341 genes were identified; of these genes,

53.765% (11,474 genes) were defined as expressed genes (FPKM> 1),

and2.01% (428genes)weredefinedashighly expressed (FPKM>100).

Five genes, namely, ENSCHIG00000018565, ENSCHIG00000012599,

ENSCHIG00000010087 (EEF1A1), ENSCHIG00000022860 (SEPW1)

and ENSCHIG00000024457 (CFL1), showed the highest expression

levels (FPKM> 1000) in all 20 samples.

When p<0.05 and a |log2-fold change|≥1were used as the cut-offs,

in total, 612 and 139 DEGs were identified in the hypothalamus and

pituitary between the intersex and normal groups, respectively. In

the comparison of the pituitary tissues, 57 DEGs were found to be

downregulated in the intersex tissues relative to the normal tissues,

while 82 DEGs were upregulated (Figure 1A). In total, 323 and 289

transcripts were downregulated and upregulated in the hypothalamic

tissues from the intersex goats, respectively, relative to those in

the non-intersex goats (Figure 1B). Many genes expressed in the

hypothalamus and pituitary exhibited differential expression between

the intersex and normal goats as shown in Figure S1B and Figure S2B,

indicating that the expression of these genes might be associated with

developmental abnormalities of the sexual system. There were 31

shared DEGs identified in both comparisons between the intersex and

non-intersex goats (Figure 1C and Table 1).

3.4 Functional enrichment

GO and KEGG analyses were performed to further elucidate the bio-

logical functions of the 31 genes. These RNAs were summarized under

the three main GO categories and were shown to be significantly

enriched in 175 GO terms (p-value < 0.05) and extremely signifi-

cantly enriched in 34 terms (p-value < 0.01). Figure 2A shows the

top 20 significant GO terms. Protein folding (GO:0006457), thyroid

hormone catabolic process (GO:0042404) and cysteinyl leukotriene

receptor activity (GO:0001631) were the most significantly enriched

terms. In particular, the GO directed acyclic graph (DAG) of biological

processes indicated seven significantly connected GO terms, including

thioester biosynthetic process (GO:0035384), acetyl-CoA metabolic

process (GO:0006084), acyl-CoA biosynthetic process (GO:0071616),

acetyl-CoA biosynthetic process (GO:0006085), regulation of acyl-

CoA biosynthetic process (GO:0050812), acetyl-CoA biosynthetic

process from pyruvate (GO:0006086) and regulation of acetyl-CoA

biosynthetic process from pyruvate (GO:0010510) (Figures 2B, 2C).

In addition, 58 signalling pathways were annotated. In total, seven

(oestrogen signalling pathway, IL-17 signalling pathway, Toll-like recep-

tor signalling pathway, TNF signalling pathway, natural killer cell-

mediated cytotoxicity, influenza A and African trypanosomiasis) of the

58 KEGG pathways were significantly enriched (p-value < 0.05). How-

ever, only three or two enriched DEGs were involved in each pathway.

Figure 3A presents the top 20 enriched KEGG pathways. The oestro-

gen signalling pathwaymight be associatedwith intersexuality in goats;

in this pathway, the TF gene was upregulated, and the FKBP52 and

HSP70 genes were downregulated (Figure 3B).

3.5 Real-time qPCR validation of the RNA-Seq
results

To validate the gene expression results obtained by sequencing, the

expression levels of 20 DEGs (FDK4, HSPA6, FKBP5, RUBCNL, DIO2,

ARRDC2, CXCL10, FOXQ1, ID2,UCP2, TRIB1, CA14, ZBTB16,GADD45B,

BTBD17, SCN4B, DNER, ANXA6, OTOF and COCH) were analyzed

through qPCR. The detailed information of the primers employed for

the 20 genes is provided in Table S2. The log2-fold change values deter-

mined by RNA-Seq and the log2 values determined by qPCR through

the 2–∆∆Ct method with normalization to GAPDH in the comparisons

of these 20 genes are shown in Table S3. The expression levels of the

20 genes in all test samples and some validation results are displayed

in Figure S3. The expression patterns of these 20 genes were consis-

tent with the RNA-Seq results according to the obtained Pearson cor-

relation coefficients of 0.965712 (XJ vs. XN) and 0.9399 (CJ vs. CN)

(Figure 4). The results indicate that the expression trends of these 20

genes according to the two detection methods were almost the same.

The qPCR results revealed similar expression profiles, supporting the

validity of the RNAseq results.

3.6 SNPs associated with intersexuality in goats

In total, 569,740 SNPs were called from all samples, including 89,328

SNPs located in exonic regions. Here, 234 SNPs, including 61 nonsyn-

onymous mutations and 273 synonymous mutations, were detected in

ten intersex goat tissues (five hypothalamus and five pituitary) but not

in normal goat tissues. Combined with the SNP information from the

ovary that we previously reported (Yang et al., 2020), in total, 10 posi-

tions were found to be mutated in 15 tissues from intersex goats but

not in tissues from nonintersex goats (Table S4). Thesemutations were

located in exonic positions, three of whichwere nonsynonymous, while

seven were synonymous.
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F IGURE 1 Volcano plot displaying the differentially expressed genes (DEGs) identified in goat hypothalamic and pituitary tissues and Venn
diagram of the DEGs distributed in the two groups. Red dots: upregulated genes. Blue dots: downregulated genes. (a) DEGs in the pituitary
between intersex and non-intersex goats. (b) DEGs in the hypothalamus between intersex and non-intersex goats. (c) Group 1: DEGs in the
hypothalamus between intersex and non-intersex goats. Group 2: DEGs in the pituitary between intersex and non-intersex goats

4 DISCUSSION

In this study, the transcriptome datasets of DEGs in pituitary and

hypothalamic tissues from intersex and non-intersex goatswere exam-

ined using high-throughput technology. Considering only the pituitary

results, in total, 139 DEGs were identified, and 503 significant GO

terms and 16 KEGG pathways were annotated. Oestrogen signalling

was significant and proven to be associated with gonad development.

However, when E et al. (2019) analyzed the digital expression values

of coding genes in pituitary tissues from intersex individuals compared

to those from healthy goats, manymoreDEGs (10,063) were detected.

Other pathways previously discovered to be related to sex develop-

ment disorders include the oxytocin signalling, adrenergic signalling,

oestrogen signalling andGnRH signalling pathways (Fisher et al. 2016).

In addition, pathways, such as the axon guidance, FoxO signalling,

MAPK signalling and cAMP pathways, were also identified but were

not significantly enriched in our study and previous work (E et al.,

2019).

In the comparison of hypothalamic tissues from intersex goats and

non-intersex goats, 612 DEGs were identified. In our study, these

DEGs were significantly annotated to 1055 GO categories and were

determined to be significantly enriched in 41 signalling pathways. Shi

et al. (2019) investigated DEGs in hypothalamic tissue from Henan

Huai goats maintained under natural or artificial illumination condi-

tions and identified 448 DEGs enriched in five reproductive-related

signalling pathways (calcium signalling pathway, neuroactive ligand-

receptor interaction signalling pathway, GnRH signalling pathway, oxy-

tocin signalling pathway and oestrogen signalling pathway). Interest-

ingly, the neuroactive ligand-receptor interaction signalling pathway

and calcium signalling pathway were the most significantly enriched

pathways identified in our study, involving 39 and 18 DEGs, respec-

tively. The candidate gene TACR1 in the calcium signalling pathwaywas

upregulated and significantly enriched. This finding is consistent with

the results reported by Shi et al. (2019), indicating that the calcium sig-

nalling pathway and tachykinin family genes may play important roles

in goat reproduction.

Thehypothalamus, pituitary gland andgonads are very closely inter-

related. Some hormones that they produce stimulate the development

of the ovaries and testes. Seven pathways (IL-17 signalling pathway,

type II diabetes mellitus, signalling pathways regulating the pluripo-

tency of stem cells, hematopoietic cell lineage, TNF signalling pathway,

amphetamine addiction and malaria) were found to be enriched in

both the hypothalamus and pituitary in the present study. There-

fore, these pathways may play important roles in the developmental
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F IGURE 2 GO analysis of the 31 commonDEGs. (a) Top 20 significantly enriched gene ontology (GO) terms. (b) GO-directed acyclic graph
enrichment of biological processes. (c) An enlarged view of Figure 2B. Note: boxes in Figure 2C indicate the top 10 enriched terms

regulation of intersexuality. A hormone-related signalling pathway,

that is, the adrenergic signalling pathway in cardiomyocytes, was

identified as significant in the hypothalamus in this study and in the

pituitary according to the results reported by E et al. (2019). Fisher

et al. (2016) previously suggested that adrenergic factors play an

important role in sex development disorders. Additionally, the axon

guidance and cAMP signalling pathways were significantly enriched

in our study and that by E et al. (2019). In addition, some interesting

pathways, including theGnRH and PPAR signalling pathways, were not

significantly enriched but were identified in both our study and the

study by E et al. (2019), supporting the assumption that the abnormal

development of sexual organs may show an intrinsic relationship with

hormones in intersex animals.

We further investigated the genes that were differentially

expressed in both the hypothalamic and pituitary tissues in our study.

A Venn diagram analysis was conducted and revealed 31 shared DEGs.

As described above, the PIS locus affected the expression of FOXL2

and PISRT1 through transcriptional regulation (Pannetier et al., 2012).

Recent studies have also noted that the silencing or uncontrolled

expression of SOX9 and FOXL2 may affect gonadal differentiation

(Boulanger et al., 2014;Veitia et al., 2001). For example, inmice, the SRY

gene specifically upregulates SOX9 expression in the early stage of sex

differentiation (Gonen et al., 2018). In goats and other mammals, SRY

may inhibit anti-testicular factors, such as PISRT1 and FOXL2, through

the PIS region and indirectly act on SOX9 (Pannetier et al., 2003). The

results of the absence of the SRY gene in five intersex samples and the
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F IGURE 3 Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways of the 31 commonDEGs. (a) Top 20 significantly enriched KEGG
pathways. (b) A portion of the estrogen signaling pathwaywith three DEGs

DEGs identified in gonads have been published (Yang et al., 2020). We

found that SOX9 was upregulated in both LJA and LJB, indicating that

SOX9 can participate in the regulation of gonadal differentiation in

goats (Yang et al., 2020). However, the expression of FOXL2 and PISRT1

was not detected in gonad, hypothalamic or pituitary tissues.

The 31 shared DEGs identified in our study were significantly

enriched in 175 GO terms. In particular, several acetyl-CoA-related

processes were connected and significantly enriched according to the

GO analysis. Acetyl-CoA is a key metabolic signalling molecule that

influences various important cellular processes, such as gluconeo-

genesis, glucose oxidation, protein acetylation and steroid and fatty

acid biosynthesis (Pietrocola et al., 2015). Sushma et al. (2021) found

that silencing the acetyl-CoA carboxylase beta (ACACB) gene reduced

cholesterol synthesis. Cholesterol is a steroid biomolecule in animal
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F IGURE 4 Correlation analysis of the expression patterns of 20 selected DEGs based on RT-PCR and RNA-Seq. The x-axis represents the
log2FoldChange value detected by RNA-Seq, and the y-axis represents the log2 valuemeasured by the 2–∆∆Ct method using RT-PCRwith GAPDH
as the reference. A represents the XJ vs. XN group, B represents the CJ versus LN group

cells that performs several important functions in living systems, such

as steroid hormone (including androgen, oestrogen and progestin)

production (Idoko et al., 2020). PDK4 is a lipid metabolism-related

gene that was downregulated and enriched in acetyl-CoA-related pro-

cesses in our study. However, the functional mechanism of the PDK4

gene in steroid biosynthesis remains unclear. In the KEGG analysis,

the oestrogen signalling pathway showed the highest significance.

Our results suggest that the biosynthesis of gonadal hormones and

their concentrations might be affected in intersex goats.

In our study, in total, 569,740 SNPs were called from all samples; of

these SNPs, three mutations were nonsynonymous, but their relation-

ships with intersexuality require further investigation. E et al. (2019)

identified 171 SNPs that may contribute to intersexuality, and 53 of

these SNPs were determined to be located in coding regions using a

general linearmodel (E et al., 2019). Therewere no commonmutations

between the results of these two studies. In a previous report, a dele-

tion of 11.7 kb on chromosome 1 was shown to contribute to PIS in

goats (Pailhoux et al., 2001). However, in our research, no deletion frag-

ment containing more than 50 bases was detected. E et al. (2019) also

observed no significant correlated candidate site near this chromoso-

mal region using GWAS. Another study demonstrated that the ASR1

goat assemblywasbasedon thegenomeof ahornedSanClementegoat

(Bickhart et al., 2017). Thus, it can be assumed that the variant caus-

ing polledness was not present in this reference assembly (Simon et al.,

2020). In summary, a wide range of genes that participate in determin-

ing the intersex phenotype have been identified. Our results could be

helpful by providing more information explaining the physiology and

development of intersex goats.

5 CONCLUSION

Our study compared gene expression profiles in hypothalamic and

pituitary tissues from intersex and normal goats. Hundreds of DEGs

were detected, and 31 genes were shared between these two sets

of comparisons. Thirty of the 31 genes showed similar expression

patterns and were enriched in the oestrogen signalling pathway and

acetyl-CoA biosynthetic process, suggesting that these genes might

perform important functions in the regulation of hormonebiosynthesis

related to gonad development. Our results contribute to a new under-

standing of sex reversal and development.
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