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Black goats are a significant meat breed in southern China. To investigate the expression patterns 
and biological functions of genes in various tissues of black goats, we analyzed housekeeping genes 
(HKGs), tissue-specific genes (TSGs), and hub genes (HUBGs) across 23 tissues. Additionally, we 
analyzed HKGs in 13 tissues under different feeding conditions. We identified 2968 HKGs, including 
six important ones. Interestingly, HKGs in grazing black goats demonstrated higher and more stable 
expression levels. We discovered a total of 9912 TSGs, including 134 newly identified ones. The number 
of TSGs for mRNA and lncRNA were nearly equal, with 127 mRNA TSGs expressed solely in one tissue. 
Additionally, the predicted functions of tissue-specific long non-coding RNAs (lncRNAs) targeting 
mRNAs corresponded with the physiological functions of the tissues.Weighted gene co-expression 
network analysis (WGCNA) constructed 30 modules, where the dark grey module consists almost 
entirely of HKGs, and TSGs are located in modules most correlated with their respective tissues. 
Additionally, we identified 289 HUBGs, which are involved in regulating the physiological functions 
of their respective tissues. Overall, these identified HKGs, TSGs, and HUBGs provide a foundation for 
studying the molecular mechanisms affecting the genetic and biological processes of complex traits in 
black goats.
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The goat, as one of the earliest domesticated animals with a history spanning over ten thousand years, is an integral 
part of human agricultural civilization1. Among the five major livestock species (goats, sheep, cattle, pigs, and 
chickens)2,3, goats play an indispensable role in both commercial and subsistence farming systems, particularly 
in tropical, subtropical, and Mediterranean regions4. Goats provide high-quality milk5, skin6, wool7, and red 
meat8, earning them the title of “the poor man’s cow”9. In China, goats have a long history of domestication, 
with the largest population of goats in the world. Due to the mountainous terrain in southern China, which is 
suitable for goat farming, they are extensively raised, contributing significantly to the economy. With the rapid 
development of RNA-seq technology in recent years, a large amount of transcriptome data from various animal 
tissues and developmental stages has been generated, providing new insights into the physiologicalfunctions and 
genetic traits of various animals10. Studying the transcriptomic profiles of different goat tissues contributes to a 
better understanding of goat breeding, growth, and development11,12.

Since the introduction of RNA-seq, researchers have extensively sequenced numerous tissues from various 
mammals, yielding vast sequencing data, and explored them through large-scale gene expression profiling. For 
example, Poklukar et al. uncovered expression disparities among entire males (EM), immunocastrates (IC) 
and surgical castrates (SC) pigs utilizing RNA-seq and candidate gene expression methodologies13. La et al. 
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detected significant variances in piRNA expression profiles across different developmental stages of yak testes14. 
Zhang et al. showcased that dietary probiotic supplements could enhance muscle development and the ultimate 
meat quality in Sunit lambs by modifying the expression profiles of genes associated with pivotal pathways15. 
Consequently, comprehending the expression patterns of genes across different tissues aids in unraveling their 
varied biological functions. Within goat breeding initiatives, enhancing reproductive and productive traits 
stands as one of the utmost critical tasks. Researchers frequently delve into the genetic mechanisms governing 
these distinct traits and tissues through transcriptomic profiling of various tissues, including ovaries16, testes17, 
hypothalamus18, muscles19, and others.

The concept of HKGs was first introduced by Levy et al. in 197720. This concept is loosely defined, generally 
describing genes that exhibit relatively stable expression levels across all tissues and organs, playing essential 
roles in maintaining basic cellular physiological functions21,22. Therefore, HKGs such as GAPDH and ACTB are 
frequently utilized as reference genes in research23. Numerous researchers have employed various methods to 
analyze large volumes of RNA-seq data in order to identify new HKGs. For instance, Pan et al. conducted a large-
scale analysis of RNA-seq data from 14 pig tissues and successfully identified 2351 HKGs24. Similarly, Joshi et al. 
delved deeply into HKGs from the perspectives of stability and conservation using single-cell transcriptomics25. 
Despite the traditional notion that HKGs maintain stable expression across all tissues, mounting evidence 
suggests that many commonly used HKGs exhibit variable expression levels across different environmental 
conditions, such as various metabolic processes26, developmental stages27, and tissue types28, rendering them 
unsuitable as reliable reference genes. In contrast to HKGs, TSGs are typically highly expressed in a single specific 
tissue or organ and are either not expressed or expressed at low levels in other tissues or organs29. Because TSGs 
have unique biological functions in specific tissues, an increasing number of researchers are using RNA-seq to 
study them in depth. Ryaboshapkina and colleagues thoroughly discussed TSGs as drug targets, noting that the 
potential of TSGs in drug research and development has not been fully tapped30. Sonawane and others found 
that transcription factor connections to target genes exhibit higher tissue specificity compared to the genes 
themselves, and transcription factors are less likely to be expressed in a tissue-specific manner compared to their 
genes31. Moreover, Zhang and others found that in mammals, TSGs evolve on average more rapidly than HKGs32. 
LncRNAs are non-coding RNAs consisting of more than 200 nucleotides, most of whose functions have not been 
studied, but increasing evidence suggests that tissue-specific lncRNA genes play significant roles. For instance, 
Zhang discovered that mutations in the promoter region of a fat tissue-specific lncRNA gene (LOC100847835) 
can cause changes in the ketotic traits of cattle33. Rogala found that a heart tissue-specific lncRNA Sweetheart 
regulates compensatory myocardial hypertrophy following myocardial injury in mice34. WGCNA is a method 
for analyzing gene expression patterns across multiple samples, used to describe patterns of correlation among 
genes across microarray samples35. As WGCNA is further developed and applied, it is increasingly used in 
the study of large-scale RNA-seq data to explore relationships between various tissues and genes, identify core 
modules and HUBGs in various tissues, such as in human various cancer tissues36,37, human brain extracellular 
vesicles38, pig intramuscular fat39, beef cattle muscle and fat40, and sheep ovarian tissues41.

This study utilized RNA-seq technology to analyze the transcriptomes of 23 goat tissues (rumen, reticulum, 
omasum, abomasum, duodenum, jejunum, ileum, cecum, colon, liver, longissimus dorsi muscle, biceps femoris, 
tongue, cerebellum, heart, spleen, kidney, lung, eye, medulla oblongata, hypothalamus, fat, and skin) to explore 
the associations and differences in gene expression patterns among different tissues. Our results will provide new 
insights into the biological processes of various goat tissues.

Results
Detection of genes in multiple tissues of black goats
We have gathered 108 RNA-seq samples, encompassing 23 different tissues from Black Goats, including the 
rumen, reticulum, omasum, abomasum, duodenum, jejunum, ileum, cecum, colon, liver, longissimus dorsi 
muscle, biceps femoris, tongue, cerebellum, heart, spleen, kidney, lung, eye, medulla oblongata, hypothalamus, 
fat, and skin (Table S1). In an effort to delve into the diversity and biological clustering of these various tissues, 
we conducted an analysis of the transcriptome data. Our findings revealed a total of 17,120 genes, with 16,885 
of these identified in at least one sample with a TPM ≥ 1 (Table S2). Interestingly, the quantity of mRNAs and 
lncRNAs detected was nearly identical across all 23 tissues (Fig. 1A). Furthermore, our unbiased hierarchical 
clustering heat maps of the goat tissues demonstrated a tendency for tissues with similar physiological functions 
to cluster together. For instance, tissues from the nervous system such as the medulla oblongata, cerebellum, 
and hypothalamus were grouped together, as were the digestive system tissues like the rumen, reticulum, and 
omasum. Similarly, the duodenum, jejunum, ileum, colon, and cecum also formed a distinct cluster (Fig. 1C).

Analysis of HKGs expression in black goats
To investigate HKGs within black goats, we initially identified 11,872 HKGs through screening (Table S3). 
Typically, the expression patterns of HKGs are relatively constant across different tissues. However, we observed 
significant variation in the expression levels of these initially screened 11,872 HKGs across tissues (Fig. 2A). 
Based on the stability and expression levels of genes across various tissues, using coefficient of variation (CV) 
values, we further categorized the HKGs into three groups: low, medium, and high expression variability. The 
threshold values used for categorization were 1.005738828 (first quartile) and 1.818340663 (third quartile). We 
identified 2,968 genes with CV values below the first quartile as low expression variability HKGs (Fig. 2B, Table 
S4). Based on the heatmap generated from the top 100 housekeeping genes with the lowest CV (Figure S1), 
six important HKGs (EEF1A1, RPS6, RPL7, RPL23, RPS15, and RPL19) were ultimately identified. Compared 
to commonly used reference genes in black goats (such as ACTB, UBC, BCBP3, and SDHA), these six genes 
demonstrated higher and more stable expression levels (Fig. 2C).
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To gain deeper insights into the biological functions of these HKGs, we found that ubiquitin-dependent 
ERAD pathway, assembly of mitochondrial respiratory chain complex I, regulation of translation initiation, 
cytoplasmic translation, cytosolic ribosome, Golgi apparatus, ubiquitin-protein ligase binding, identical protein 
binding, and ATP binding were enriched in the GO analysis (Fig. 2D). Additionally, the KEGG analysis showed 
that ribosome, protein processing in endoplasmic reticulum, RNA transport, metabolic pathways, and mTOR 
signaling pathway were all involved in the regulation of HKGs (Fig. 2E).

To investigate the differences in HKGs between stall-fed and grazing black goats, we found that both groups 
have nearly the same number of HKGs (2939 and 2919 respectively), and they share 1002 common genes 
(Fig. 3A, Table S5, Table S6). Interestingly, the gene expression of stall-fed black goats is more concentrated, 
whereas grazing black goats display more outliers (Fig. 3B). Heatmap analysis of the shared and unique HKGs 
between stall-fed and grazing black goats reveals higher and more stable expression levels in grazing black goats 
(Fig.  3C, Figure S2). GO analysis indicates that the biological functions of HKGs in grazing black goats are 
mainly associated with the tricarboxylic acid cycle, regulation of cell shape, cytosolic ribosome, nuclear matrix, 
ER-Golgi intermediate compartment, ubiquitin-protein ligase binding, ATP binding, and ubiquitin binding 
(Fig.  3D). In contrast, the biological functions in stall-fed black goats are predominantly linked to tyrosine 
phosphorylation of peptides, regulation of cell migration, cytosolic ribosome, nuclear matrix, nucleolus, ATP 
binding, and protein serine/threonine/tyrosine kinase activity (Fig. 3E Figure S3).

Expression analysis of TSGs in black goats
To investigate TSGs in each tissue of black goats, a total of 9912 TSGs were identified after rigorous screening, 
including 4957 tissue-specific mRNAs and 4955 tissue-specific lncRNAs. Among them, the abomasum tissue 
had the fewest tissue-specific mRNAs (91), while the omasum tissue had the most (286) (Table S7). The colon 
tissue had the most identified tissue-specific lncRNAs (376), while no tissue-specific lncRNAs were identified in 
the abomasum, cecum, and cerebellum tissues (Fig. 4A, Table S8). By predicting mRNA target genes of tissue-
specific lncRNAs, we found that all tissues had predicted mRNA target genes for their tissue-specific lncRNAs. 
The tissues with the most predicted mRNA target genes for tissue-specific lncRNAs were fat and ileum, while 
eyes and lungs had the fewest (Table S9). Additionally, some tissue-specific lncRNA genes targeted tissue-specific 
mRNA genes related to the physiological functions of the respective tissues, such as lncRNA MSTRG.13002.2 in 
adipose tissue and lncRNA MSTRG.49212.1 in the liver (Fig. 4B).

An analysis of the expression levels of tissue-specific mRNAs across all tissues revealed that the average 
expression level of tissue-specific mRNAs was lowest in the eyes, followed by fat (Fig. 4C). Although 9912 TSGs 
were identified, some of these TSGs had low expression levels in multiple tissues, leading to a stricter selection 

Fig. 1.  Gene expression profile across 23 different tissues in Black Goats. (A) The quantities of mRNA and 
lncRNA in various tissues. (B) principal component analysis (PCA) performed on all tissues based on the 
expression of genes detected in at least one sample with TPM ≥ 1. (C) Heatmap of unbiased hierarchical 
clustering based on Pearson Correlation Coefficients. Red indicates high correlation, while blue represents low 
correlation.
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of 127 TSGs that were expressed in only one tissue (Table S10). A heatmap showing 15 selected TSGs related 
to the physiological functions of specific tissues indicated high expression levels for GKN3 in the abomasum, 
NEUROD6 and BARHL1 in the cerebellum, LRIT1 and GJA8 in the eyes, and DBX1 in the quadriceps (Fig. 4D). 
Furthermore, KEGG and GO analyses of TSGs in each tissue (Figure S4) showed that TSGs were significantly 
enriched in functional pathways corresponding to their biological functions. For example, TSGs in the biceps 
femoris were enriched in pathways related to growth factor response, skeletal muscle cell differentiation, fast 
and slow fiber transition, and the troponin complex (Fig. 4E). In the heart, TSGs were enriched in pathways 
related to myocardial contraction, ventricular myocardium morphogenesis, regulation of cardiac contraction 
force, cardiac troponin complex, and adrenergic signaling in cardiomyocytes. In the liver, TSGs were enriched 

Fig. 2.  HKGs in 23 tissues of black goats. (A) Preliminary heat map of HKGs expression. Red indicates high 
expression level, blue indicates low expression level. (B) Heat map of the preliminary screening using the 
average expression in each tissue. (C) Heat map of important HKGs expression. (D) Gene Ontology (GO) 
enrichment analysis of HKGs. E. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of 
HKGs.
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in pathways related to complement and coagulation cascades, platelet activation, plasminogen activation, 
fibrinolysis, blood coagulation, and fibrin clot formation.

Co-expression gene network analysis of black goat tissues
To investigate the biological relationships and potential functions of HUBGs in different tissues, we constructed a 
network based on WGCNA. We performed WGCNA on 16,885 genes that had at least one sample with TPM ≥ 1 
in previous studies. When selecting R² = 0.8, the soft threshold power β was 18, which was used to effectively 

Fig. 4.  TSGs in 23 Tissues of black goats. (A) Bar graph of the number of tissue-specific mRNAs and lncRNAs. 
(B) Sankey diagram of tissue-specific lncRNA target genes. (C) Box plot of tissue-specific gene expression. 
(D) Heatmap of the expression of some TSGs. (E) GO analysis of tissue-specific mRNAs in the biceps femoris 
tissue.

 

Fig. 3.  HKGs in Stall-fed and Grazing black goats. (A) Venn diagram showing the number of HKGs in stall-
fed and grazing black goats. (B) Violin plots depicting the expression levels of HKGs in stall-fed and grazing 
black goats. (C) Heatmap illustrating the expression patterns of key HKGs in stall-fed and grazing black goats. 
(D) GO analysis of HKGs in grazing black goats. (E) GO analysis of HKGs in stall-fed black goats.
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construct a scale-free network (Figure S5). Using hierarchical clustering based on the topological overlap matrix 
(Fig. 5A), we obtained 30 modules (Table S11). Furthermore, correlating these modules with tissues, we found 
that the darkgrey module had a high correlation with each tissue, while the darkgreen, blue, brown, magenta, 
salmon, darkturquoise, royalblue, grey60, cyan, lightcyan, lightyellow, turquoise, yellow, purple, red, pink, black, 
green, midnightblue, tan, lightgreen, darkred, and greenyellow modules (23 modules in total) showed extremely 
high correlations with the abomasum, cecum, cerebellum, colon, duodenum, eyes, fat, heart, hypothalamus, 
ileum, jejunum, kidney, liver, longissimus, lung, medulla, omasum, quadriceps, reticulum, rumen, skin, spleen, 
and tongue, respectively (Fig. 5B). We also analyzed the proportions of HKGs and TSGs within each module. 
The darkgrey module had the highest proportion of HKGs, followed by the grey module (Fig. 5C), while TSGs 
were predominantly found in the modules most highly correlated with their respective tissues (Figure S6).

In addition, by identifying HUBGs in the aforementioned 23 modules, we obtained a total of 279 HUBGs 
(Figure S7). We observed that in these network diagrams, these HUBGs are connected to most genes, indicating 
that HUBGs have close associations with genes in the related tissue-modules. For example, ESR1, POLG, PARP1, 
FGF12 in the longest muscle-purple module (Fig. 5D), and TNNT1, MYOT in the biceps femoris-green module.

Discussion
Goats are among the earliest animals domesticated by humans, providing high-quality food and skins for 
human society since the agricultural period, and playing an important role in human history. With the large-
scale application and rapid development of RNA-seq and analysis algorithms in animals, research on gene 
regulation in various tissues of many animals has made significant progress. However, studies on gene expression 
patterns in goats using large-scale multi-tissue data are still limited. A comprehensive study of gene expression 
patterns across different tissues can provide valuable insights into complex biological functions and regulatory 
mechanisms42. In our study, we aimed to explore HKGs, TSGs, and HUBGs in black goats through large-scale 
RNA-seq analysis of 23 different goat tissues. We preliminarily identified 2,968 low-expression variability HKGs, 
including six highly expressed and conserved HKGs. The number of HKGs in the Stall-fed and grazing black 
goats was 2,929 and 2,939, respectively, with 1,002 common HKGs. Interestingly, the HKGs in grazing black 
goats had a higher average expression level. In addition, we identified 9,912 TSGs, including 4,957 mRNA TSGs 
and 4,955 lncRNA TSGs, as well as 30 modules and 279 HUBGs.

In this study, we constructed a transcriptome atlas of 23 different tissues from black goats. These tissues 
were derived from seven systems: the nervous system, digestive system, musculoskeletal system, respiratory 
system, circulatory system, endocrine system, and urinary system. We observed that while the quantities of 
mRNA and lncRNA in these 23 tissues were nearly identical, their expression levels varied significantly. As 

Fig. 5.  Co-expression gene network analysis of 23 tissues in black goats. (A) Cluster dendrogram of TPM > 1. 
(B) Heatmap of the relationship between the 30 modules and 23 tissues. Red represents high correlation, blue 
represents low correlation. (C) The distribution of HKGs, TSGs, and other genes across various modules. (D) 
protein-protein interaction network (PPI) interaction diagram of HUBGs in the biceps femoris. The innermost 
genes representing the HUBGs.
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a ruminant, the goat possesses a more complex digestive system compared to most mammals. Our analysis 
showed strong correlation in gene expression among certain tissues within the digestive system (duodenum, 
jejunum, ileum, cecum, colon) and among the fore-stomach tissues (rumen, reticulum, omasum, abomasum). 
However, we noted poor correlation between the fore-stomach tissues and the abomasum. Additionally, in the 
nervous system, the cerebellum, medulla oblongata, and hypothalamus exhibited good correlation, likely due 
to similarities in their physiological functions. These findings suggest that tissues with similar physiological 
functions share certain gene expression profiles, potentially linked to tissue differentiation. This observation 
aligns with multi-tissue gene expression patterns previously reported in cattle studies43.

HKGs are widely and stably expressed across different tissues, serving as internal controls in many 
biotechnological applications and genomic studies21,44. To better understand the HKGs in black goats, we 
screened 11,872 HKGs and observed that their expression levels varied across different tissues. Notably, we 
found lower expression levels of HKGs in the abomasum and eyes. After further screening, we identified 2,968 
highly conserved HKGs with high expression levels. From these, we selected six important HKGs and found 
that compared to commonly used reference genes in black goats, such as ACTB, UBC, PPIB, RPS13, EIF3K, and 
SDHA, the genes EEF1A1, RPS6, RPL7, RPL23, RPS15, and RPL19 exhibited higher expression levels and greater 
conservation. Research suggests that these important HKGs can serve as reference genes in other species. For 
instance, EEF1A1 is the most stable reference gene during different states in bats and during the differentiation 
of human vascular smooth muscle cells into fat cells45,46. RPS6 is the most suitable reference gene in the goat 
rumen47. RPL7 is considered the most reliable reference gene in Ferrisia gilli Gullan and cotton aphids48,49. 
RPL23 is the best candidate reference gene in chicken thigh muscles50. RPS15 is one of the most stable reference 
genes during the developmental cycle of the yak rumen51. RPL19 is the most suitable reference gene for the 
temporomandibular joint of sheep52. This indicates that the important HKGs we screened can serve as new 
reference genes for researchers studying black goats. However, under different physiological conditions, some 
HKGs may not be stably expressed53. Therefore, we conducted a large-scale analysis of HKGs in black goats 
under different feeding methods and found significant differences. Although the number of HKGs identified in 
both feeding methods was nearly the same, only one-third of the HKGs were common to both. Furthermore, the 
average expression level of HKGs in grazing black goats was higher, with greater variability, possibly due to the 
complex environment in which grazing black goats are located. Additionally, the screened HKGs in black goats 
are associated with ribosomes, oxidative phosphorylation, mitochondrial respiratory chain complex I, protein 
processing in the endoplasmic reticulum, and translation initiation factor activity, all of which are related to 
maintaining basic cell functions and energy metabolism, consistent with previous reports24,54.

Understanding TSGs in various tissues enhances our grasp of the complex genetic traits and biological 
processes specific to those tissues55. In this study, We screened a total of 4957 mRNA TSGs and 4955 lncRNA 
TSGs from 23 tissues of Guangxi black goats. Notably, some mRNAs interacting with lncRNAs were linked to 
the physiological functions of their respective tissues. For instance, in the liver, the lncRNA MSTRG.49212.1 
was predicted to target the AFAP1, with previous studies indicating that the lncRNA AFAP1-AS1 promotes 
liver cancer development56. In adipose tissue, the lncRNA MSTRG.13002.2 was predicted to target the mRNA 
USP2, which research by Saito Natsuko et al. showed alters insulin sensitivity in obese mice through adipocyte-
dependent mechanisms57. Furthermore, rigorous screening identified 127 TSGs expressed exclusively in a single 
tissue. Analysis of these highly expressed genes revealed their involvement in the physiological functions of the 
corresponding tissues. For example, in the rumen, the TSG AQP12B is implicated in the secretion of digestive 
enzymes58, while GKN3 is a specific marker for chronic gastritis59. In the hypothalamus, the TSG PRLH plays 
a key role in estrogen processes60. In the eyes, the TSG LRIT1 regulates synaptic connections between cone 
photoreceptor cells and bipolar cells in the retina61, and GJA8, a major gap junction protein in vertebrate lenses, 
is linked to human cataracts when mutated62. Additionally, these TSGs are enriched in pathways closely related 
to the physiological functions of their respective tissues. For example, the regulation of the actin cytoskeleton 
may be involved in muscle development63, while sarcomere organization and cardiac muscle contraction are 
crucial for heart function64,65.

Co-expression network analysis is a common method for exploring gene relationships based on transcriptome 
expression. In this study, network co-expression analysis was used to construct 30 modules from 23 tissues. 
Through correlation analysis between modules and tissues, we found that each TSG was included in the 
corresponding most correlated module. This suggests that the expression patterns of TSGs in each tissue are 
relatively similar. Interestingly, the dark grey module was found to consist almost entirely of HKGs, though some 
HKGs were also present in other modules. This indicates that the expression patterns of certain HKGs are not 
necessarily similar, while some HKGs share more similar expression patterns with TSGs. Furthermore, some of 
the HUBGs identified are closely related to the physiological functions of their respective tissues. For example, 
mutations in HUBGs TNNT1 and CUL3 in the biceps femoris can cause nemaline myopathy66,67; mutations 
in the liver HUBG ALB, which encodes albumin, can lead to liver cancer68, and overexpression of HRG can 
promote liver cancer cell metastasis69. Additionally, the HUBG FASN in adipose tissue can influence the width 
and weight of goat tail fat when mutated70.

In conclusion, we identified HKGs, TSGs, and HUBGs in Guangxi black goats. Additionally, we observed 
significant differences in the overall expression levels of HKGs between stall-fed and grazing black goats. 
These findings improve our understanding of gene expression regulation across different tissues and rearing 
environments in black goats, laying a foundation for further research into biological development and processes 
within various goat tissues.
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Materials and methods
Collection of samples
In this experiment, all animals received humane care as outlined in the NIH Guide for the Care and Use of 
Laboratory Animals. The animal experiments were approved by the Animal Experiment Ethics Review 
Committee of Guangxi University, Nanning, China (Grant NO.: Gxu-2020-1001). Also, all the experiments 
in the manuscript follows the recommendations in the Animal Research Reporting in Vivo Experiments 
(ARRIVE) guidelines. In a commercial slaughterhouse in Nanning, Guangxi Zhuang Autonomous Region, six 
12-month-old Castrated rams black goats were euthanized using the instantaneous high-voltage electric shock 
method, and a total of 108 samples were collected from them. These rams included three stall-fed black goats 
and grazing black goats. The samples were taken from 23 different tissues, including the rumen, reticulum, 
omasum, abomasum, duodenum, jejunum, ileum, cecum, colon, liver, longissimus dorsi muscle, biceps femoris 
muscle, tongue, cerebellum, heart, spleen, kidney, lung, eye, medulla oblongata, hypothalamus, fat, and skin. 
The samples were rapidly placed in labeled centrifuge tubes, immediately frozen in liquid nitrogen, and then 
transferred to a -80 °C freezer upon returning to the laboratory for subsequent transcriptome sequencing.

Library construction and transcriptome sequencing
Total RNA from 23 different tissues of 6 Guangxi black goats was extracted using Trizol reagent. Genomic DNA 
was removed by treating the samples with DNase I. The RNA quality and concentration were assessed using 
a NanoDrop 2000 spectrophotometer. To eliminate ribosomal RNA (rRNA), specific probes were employed. 
Subsequently, sequencing libraries were constructed using the NEBNext Ultra RNA Library Prep Kit for 
Illumina, provided by NEB (USA). The libraries were then subjected to high-throughput sequencing on the 
Illumina HiSeq 4000 platform71.

Data quality control, alignment, and processing
A uniform approach was employed for analyzing each sample. The raw RNA-seq data were processed into clean 
data using fastp (v0.23.4) software, with default parameters for quality control72. FastQC (v0.12.1) was used 
to assess the quality of the sequencing data. The reference genome index was constructed using the hisat2-
build program from Hisat2 software (v2.2.1) (https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/001/704/415/
GCF_001704415.2_ARS1.2/)73. Subsequently, clean data from each sample were mapped to the reference genome 
using Hisat2 software, and the resulting SAM files were converted to BAM format using Samtools (v1.17)74. 
Gene assembly for each sample was conducted using Stringtie (v2.2.1)75, and the merge parameter of Stringtie 
was used to combine all files for standardization. Gene expression in transcripts per million (TPM) was obtained 
using Stringtie (v2.2.1). GffCompare software (v0.12.6) was utilized to select transcripts with class codes “i,” “x,” 
“u,” “o,” or “e.” The protein-coding potential of lncRNA transcripts was predicted using four methods: CPC2, 
CPAT, PLEK, and Pfam. By analyzing combinations of these four filtering criteria, final candidate lncRNAs were 
determined, excluding lncRNA transcripts possessing protein-coding potential. To elucidate the function of 
lncRNAs, the differentially regulated target mRNAs of lncRNAs were predicted. Python scripts were employed to 
select upstream and downstream coding genes within 100 kb, considered potential cis-regulatory target mRNAs. 
The Pearson correlation coefficient (r) in the corresponding relationship was calculated using the Hmisc package 
(v5.1) in R to examine the correlation between differential lncRNAs and mRNAs.

Gene expression pattern among tissues
In this study, to investigate the gene expression patterns in the 23 tissues of Guangxi black goats, we first tallied 
the number of expressed genes (both mRNA and lncRNA) in each tissue. Subsequently, we conducted sample 
clustering based on genes with TPM > 1 in at least one sample across all samples, followed by further analysis. 
Then, we generated a PCA clustering plot using genes with TPM > 1 in at least one sample across all samples. 
We computed the average gene expression values within replicate samples (samples from the same tissue) and 
employed these averages for inter-tissue correlation analysis.

Detection of tissue-specifc gene in black goats
Firstly, genes that are lowly expressed (TPM < 1) across all samples are excluded, and then the average TPM value 
for all biological replicates is calculated. If a gene’s TPM value in a particular tissue is at least three times higher 
than its TPM value in other tissues, it is defined as a Tissue-Specifc Gene. The analysis of TSGs for lncRNA is 
consistent with mRNA. Bar graphs are plotted to depict the number of TSGs and tissue-specific lncRNAs. Box 
plots are generated to illustrate the expression of TSGs across various tissues. We employed DAVID for GO and 
KEGG enrichment analysis of TSGs in black goats76,77 and visualized the results using R software (v4.2.3) and 
ggplot2 (v3.4.2) package78. TSGs expressed only in one tissue are defined as specific TSGs, and heatmaps are 
plotted for important specific TSGs. Using the STRING software, a PPI is constructed for TSGs, and significant 
gene networks are built79. Visualization is conducted using Cytoscape software (v3.10.0)80.

Detection of housing-keeping genes in black goats
First, genes with low expression (TPM < 1) are removed as preliminary HKGs. In addition, the CV is used to 
assess the variability of each preliminary HKG44. Specifically, the CV is defined as the ratio of the standard 
deviation to the mean (CV = σ/µ, where σ represents the standard deviation and µ represents the mean)43. 
Subsequently, the CVs are categorized into low, medium, and high variability groups based on the quartiles 
of the overall distribution. The analysis of HKGs in grazing black goats and stall-fed black goats is consistent 
with that of the black goats. Low-variability HKGs are visualized in a heatmap using the pheatmap (v1.0.12) 
package81, showing the different expression patterns of the genes in each tissue. The low-variability HKGs group 
is further divided into low, medium, and high expression groups. Sort all housekeeping genes by their CV in 
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ascending order, select the top 100 HKGs, and create a heatmap. Identify the highly expressed and highly stable 
genes as important HKGs. Important HKGs and commonly used HKGs in black goats are also visualized using 
the pheatmap (v1.0.12) package. The HKGs of black goats are subjected to GO and KEGG enrichment analysis 
using DAVID, and the results are visualized using the ggplot2 (v3.4.2) package in R software (v4.2.3). The low-
variability HKGs in grazing and stall-fed black goats are analyzed, and Venn diagrams and violin plots are 
generated. Heatmaps of common and unique low-variability HKGs in both grazing and stall-fed black goats are 
created using the pheatmap (v1.0.12) package. The GO and KEGG enrichment analysis of the HKGs in grazing 
and stall-fed black goats is consistent with that of black goats. The tissues analyzed include 13 types: rumen, 
reticulum, omasum, abomasum, duodenum, jejunum, ileum, cecum, colon, liver, longissimus dorsi muscle, 
biceps femoris, and tongue.

Co-expression network analysis
The co-expression network analysis of gene expression is performed using the WGCNA package (v.1.72-1) in 
R programming35. Briefly, we first constructed an expression matrix using tissues from 23 black goats. Cluster 
analysis of all tissues was carried out using clustering functions and the method of longest distance. The soft-
thresholding power (β) was determined based on a scale-free topology. The softConnectivity function was 
used to calculate the connectivity between each gene based on the expression matrix datExpr. The adjacency 
function was employed to calculate the adjacency between genes in the expression data datExpr. The TOMdist 
function was used to compute the dissimilarity 1-TOM, i.e., the dissimilarity matrix dissTOM. Based on the 
TOM dissimilarity, hierarchical clustering analysis was conducted using the hclust function, constructing a 
hierarchical clustering tree of genes. Module identification and gene module division based on the hierarchical 
clustering tree were visualized. PCA was used to calculate the eigengenes (ME) of each module, visualizing the 
entire gene co-expression network, and analyzing the correlation between samples and gene modules. The gene 
composition of different modules was depicted in bar charts. The distribution of TSGs in 23 modules across 23 
tissues was visualized using R software (v4.2.3) and the ggplot2 package (v3.4.2).

Data availability
All sequencing data and genome assembly have been deposited in the National Center for Biotechnology Infor-
mation (NCBI) database (https://www.ncbi.nlm.nih.gov/sra/PRJNA1122962).
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