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Abstract

Context. High-throughput transcriptome sequencing (RNA-Seq) has been widely applied in cattle studies. Public
databases such as the National Center for Biotechnology Information (NCBI) contain large collections of gene
expression data from various cattle tissues that can be used in gene expression analysis research

Aims. This study was conducted to investigate patterns of transcriptome variation across tissues of cattle through
large-scale identification of housekeeping genes (i.e. those crucial to maintaining basic cellular activity) and tissue-
specific genes in cattle tissues.

Methods. Using data available in the NCBI Sequence Read Archive database, we analysed 1377 transcriptome data
sequences from 60 bovine tissue types, identified tissue-specific and housekeeping genes, and set up a web-based
bovine gene expression analysis tool.

Key results. We found 101 genes widely expressed in almost all tissue and screened out five housekeeping genes:
RPL35A4, elF442, GAPDH, IPOS5 and PAK?2. Focusing on 12 major organs, we found 861 genes specifically expressing
in these tissues. Furthermore, 187 significantly differentially expressed genes were found among six types of muscle
tissues. All expression data were made available at our new website http://cattleExp.org, which can be freely accessed
for future gene expression analyses.

Conclusions. The housekeeping genes and tissue-specific genes identified will provide more information for
researchers studying gene expression in cattle.

Implications. The web-based cattle gene expression analysis tool will make it easy for researchers to access large
public datasets. Users can easily access all publicly available RNA data and upload their own RNA-Seq data.
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Introduction

Two major types genes are housekeeping and tissue-specific
genes. Housekeeping genes are crucial to maintaining basic
cellular activity necessary for organ function and thus life
(Thellin et al. 1999; Eisenberg and Levanon 2013; Curina et al.
2017). Housekeeping genes can also be used as internal
reference genes when correcting and quantifying gene
expression levels. Many diagnostic and research
quantification techniques use housekeeping gene expression
levels as a baseline to standardise values and determine
differential gene expression (DGE) (Thellin et al. 1999;
Rubie et al. 2005; Curina et al. 2017). Additionally,
systematic mining of tissue-specific genes can improve our
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understanding of particular tissue morphology and biological
behaviour of organisms, as well as providing in-depth research
information, especially on animal genetics and breeding
(Ardlie et al. 2015; Curina et al. 2017; Ramirez-Gonzalez
et al. 2018). The screening of tissue-specific genes through
reverse genetics on a large scale is a fast way to obtain
important genes.

Analysis using RNA sequencing (RNA-Seq) has become a
powerful tool for transcriptomics research (Sultan et al. 2008;
Wang et al. 2008b; Robinson and Oshlack 2010). It can
effectively sequence millions of nucleotides and is the most
accurate method for genome-wide gene expression research
(Wang et al. 2008b). Cattle researchers conducting RNA-Seq

www.publish.csiro.au/journals/an


https://orcid.org/0000-0001-5515-6780
mailto:shi_yg@nxu.edu.cn
http://cattleExp.org
http://creativecommons.org/licenses/by-nc-nd/4.0/

1644 Animal Production Science

transcriptomics have discovered many candidate genes and
altered functions related to beef quality, tissues and feed
efficiency (Fang et al. 2017; Khansefid et al. 2017), such as
the morphology and formation of rumen epithelial tissue and
the liver response of cattle with high feed efficiency (Mukiibi
et al. 2019).

Large collections of the cattle RNA-Seq data are publicly
available and shared on the National Center for Biotechnology
Information (NCBI) and European Bioinformatics Institute
websites. However, these are raw sequencing data obtained
from different research projects of different laboratories;
thus, they are not analysed in a unified way and are
inconvenient to use directly. There have been many studies
on gene expression in various tissues of cattle, through large-
scale data analysis, especially of tissue-specific genes and
housekeeping genes. In this study, we analysed 1377 RNA-
Seq data sequences annotated with 60 tissue types. Through
tissue group comparisons, we identified tissue-specific genes
and housekeeping genes among those tissue types. Finally, we
set up a web-based tool for cattle gene expression analysis,
where users can easily access all public RNA data and upload
their own sequencing data.

Data and methods

In total, 1377 RNA-Seq records from 97 studies were
downloaded from the NCBI SRA (Sequence Read Archive)
database. Of these records, 1128 samples annotated to
65 tissues (Table S1), and the most abundant tissues were
blood, liver, muscle and mammary gland (Fig. 1a, Table S2).
All raw sample data were filtered to remove low-quality
reads. The bovine genome (ARS-UCDI1.2) obtained from
Ensembl (https://www.ensembl.org/index.html) was used as a
reference. Kallisto (Weijers et al.2012) was used to analyse clean
reads and determine coding genes, non-coding genes (small and
long non-coding genes) and pseudogenes. Well-annotated
samples were selected to identify housekeeping and tissue-
specific genes. Principal component analysis (PCA) was
applied for profiling the similarities of all samples based on
gene transcripts per million (TPM) reads.

We analysed 354 samples from tissues of 12 major organs to
identify tissue-specific genes. Each tissue group was compared
with each of the other 11 groups. A tissue-specific gene was
defined as a DGE overlap among the 11 comparison groups.

The general framework of the application of cattle RNA-
Seq data from the NCBI SRA database is shown in Fig. 2.
Public RNA-Seq SRA data of cattle were downloaded from
NCBI and converted to the FASTQ file format using the NCBI
sratoolkit (version 2.9.6). Low-quality reads and adapters were
removed using the Fastp program version 0.12.4 (Chen et al.
2018). Kallisto version 0.45.0 (Weijers ef al. 2012) was used to
compute gene expression TPM. Ensembl genome bos_taurus.
ARS-UCD1.2 and gene annotation version 100 were used as
references genes. KOBAS 3.0 (Wu et al. 2006; Xie et al. 2011)
was applied for Gene Ontology (GO; Ashburner et al. 2000)
and Kyoto Encyclopedia of Genes and Genomes (KEGG;
Kanehisa and Goto 2000) pathway enrichment analyses.
PCA was performed with the R basic function ‘prcomp’
and the gene expression heatmap was generated by
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R package ‘pheatmap’ version 1.0.12 (The R Foundation,
Vienna). Housekeeping genes were defined as those having
expression in each sample (In(TPM + 1) >0.1), and the most
stably expressed housekeeping gene had a In(TPM + 1) >1 in
every sample. A comparison of any two tissue differentially
expressed genes was calculated by edgeR v3.11 (DOI:
10.18129/B9.bioc.edgeR) with false discovery rate (FDR)
<0.05. Tissues-specific genes were defined as genes
differentially up-expressed in 11 tissue group comparisons.
The cattleExp website was built with Vue.js (https://vuejs.org)
as the front-end framework, and node (Express, http://
expressjs.com) as the back-end framework.

Results

The PCA of all samples showed the basic outlines of the
relationship of different tissues and samples. The annotations
of muscle tissues include ‘skeletal muscle’, ‘longissimus
dorsi’, ‘heart’, ‘intercostal muscle’, ‘latissimus dorsi
muscle’, ‘gluteus’, ‘scapula muscle’ and ‘muscle’. PCA
clearly discriminated longissimus dorsi samples from
skeletal muscle samples (Fig. 15). Most of the samples
annotated as ‘blood” were very similar in gene expression
and well repeated from different studies (orange colour in the
upper left corner of Fig. 1b), whereas no other tissue type
exhibited such a similar distribution pattern. In the annotated
data, the most abundant tissues were ‘blood’, ‘liver’, ‘muscle’
and ‘breast’ (Table S2), and 27 607 genes from 1377 different
tissue samples of cattle were quantitatively analysed. Among
them, there were 21 880 coding genes, 5235 non-coding genes
and 492 pseudogenes; 27 539 genes were expressed in at least
one sample. In total, 1220 samples of tissue information were
used to identify housekeeping and tissue-specific genes.

By analysing the expression levels of genes in all tissues,
101 housekeeping genes were screened out, and the expression
characteristics of these genes were analysed by composing a
heatmap as shown in Fig. 3; the housekeeping genes with
yellow lines sustained and stable high expression, and those
with blue lines were consistently expressed but expressed at
relatively low levels. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), ribosomal protein L354 (RPL35A), eukaryotic
translation initiation factor 442 (elF4A2), importin 5 (IPOS),
and p21 (RACI) activated kinase 2 (PAK2) had the most stable
expression in all tissues (minimum variance of expression volume
between samples).

Constitutive housekeeping gene function was examined
through GO enrichment analysis of 101 housekeeping genes
(Table 2), revealing that most genes were involved in basic
activities of living cells, such as cell replication and energy
metabolism. Most of the enrichment results indicate that these
genes are related to transcription and translation, peptide
biosynthesis, peptide metabolism, amide biosynthesis, cellular
amide metabolism, ribosomal large subunit biogenesis,
cytosolic large ribosomal subunit, protein-containing
complex, large ribosomal subunit, cytosolic ribosome and
cellular macromolecule biosynthesis.

Six muscle types (heart, latissimus dorsi muscle,
longissimus dorsi, semimembranosus muscle, shoulder
muscle, skeletal muscle) and fat tissue were compared with
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NCBI SRA

[ Catle RNA-seqSRAfile |

NCBI SRA-tools

Y
Fastq file

Reference genome .
ARS-UCD1.2 el Housekeeping
Gene analysis

TMP file

Tissues specific
Gene analysis

[ CattleExpweb |

1. Query gene expression
2. Differential expression analysis
3. Customer data analysis

Fig.2. General framework of NCBI cattle RNA-Seq data application in this

study.
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each other to find genes specifically expressing in different
tissue types. SLC51B (solute carrier family 51 B subunit),
HSPB2 (heat shock protein family B [small] member 2),
CKMT2 (muscle creatine kinase, mitochondrial 2) and
MYOZ2 (myozenin 2) were identified as muscle-specific
genes because they maintained high levels of expression in

Table 1. Numbers of samples (sample repeat) and numbers of tissue-
specific genes of 12 major tissues

Tissue Sample repeat Tissue-specific gene
Cerebellum 5 79
Cerebrum 4 92
Endometrium 44 9
Heart 2 18
Hypothalamus 8 60
Kidney 14 55
Liver 192 145
Lung 6 35
Rumen 45 98
Spleen 5 146
Testis 11 113
Udder 18 11

Tissue

» Tissue
Cerebellum
15

Cerebrum
Endometrium
10 Heart
Hypothalamus
Kidney

Liver

Lung

Numen
Spleem

Testis

Udder

Fig. 3. Housekeeping and tissue-specific genes from 12 main organs; x-axis is tissue sample and y-axis is gene InTPM. Phylogenetic tree

of tissues was generated by gene In(TPM + 1).
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Table 2. Gene ontology enrichment list of annotations of housekeeping genes
Term 1D P-value
Translation GO:0006412 0.00003
Peptide biosynthetic process GO:0043043 0.00003
Peptide metabolic process GO:0006518 0.00005
Amide biosynthetic process GO:0043604 0.00005
Cellular amide metabolic process G0:0043603 0.00012
Ribosomal large subunit biogenesis GO:0042273 0.00020
Cytosolic large ribosomal subunit G0:0022625 0.00026
Protein-containing complex GO:0032991 0.00036
Cytosol GO0:0005829 0.00055
Organonitrogen compound biosynthetic process GO:1901566 0.00062
Large ribosomal subunit GO0:0015934 0.00067
Cytosolic ribosome G0:0022626 0.00087
Hexose metabolic process GO:0019318 0.00096
Monosaccharide metabolic process G0:0005996 0.00121
Metabolic process GO:0008152 0.00172
Ribosomal subunit GO:0044391 0.00191
Ribosome biogenesis G0:0042254 0.00263
Cellular macromolecule biosynthetic process GO:0034645 0.00265
Mitochondrial fragmentation involved in apoptotic process GO:0043653 0.00270
Fructose 2,6-bisphosphate metabolic process GO:0006003 0.00270

muscle tissue only. In total, 187 significantly differentially
expressed genes were found among six types of muscle
tissues.

In the analysis of 354 samples from tissues of 12 major
organs, where each tissue group was compared with other
groups and a tissue-specific gene was defined as a DGE
overlap among the 11 comparison groups, we determined
861 genes from the 12 tissues (Table 1, Table S3). We
compared the sample repeat number (i.e. no. of samples of
the same tissue) and tissue-specific gene number (i.e. no. of
genes from each tissue) and found that the tissue-specific gene
number depended on the tissue itself and did not correlate with
the sample repeat number. The heatmap with TPM of tissue-
specific genes (Fig. 3) shows that samples were well clustered
and that each tissue had several highly expressed genes
(highlighted blocks; the highest expression levels were
observed in the liver and rumen (red lines in Fig. 3).

All data in the study have been integrated into the cattleExp
database (http://cattleExp.org). Most of the samples contain
extensive background material such as information on tissue
sources, growth conditions, and sampling period. Users can
query gene expression data with one gene ID or multiple gene
IDs of selected samples (Fig. 4a), then an interactive graphical
interface will follow the query submission. This web database
is also a tool for differential gene calculation. Users can
select any sample group from the database or upload their
own sample as a TMP file (temporary backup) for gene
differential analysis. Within minutes, users can submit
a differential analysis request and the website will return a
page with a gene expression volcano plot and gene TPM bar
plot (Fig. 4b). All results of differential analysis can be
download into a CSV file.

Discussion

The housekeeping gene is used as reference gene in many
experiments. Relatively highly expressed and stable
housekeeping genes have been considered as internal
reference genes. However, increasing numbers of studies have
shown that the gene expression levels of commonly used
housekeeping genes such as B-actin (ACTB), GAPDH, and
ribosomal RNA (rRNA) are unstable under different
experimental conditions. Therefore, the determination of
reference genes requires verification of the stability of
specific tissues (i.e. housekeeping genes of cell lines). The
choice of housekeeping genes depends on the circumstances.
For a broader study, the variability in expression levels of
commonly used housekeeping genes means that there is no
‘one size fits all’ gene that can be used to standardise gene
expression data. Vandesompele et al. (2002) proposed the use
of several housekeeping genes simultaneously when
normalising gene expression levels. It is desirable to use
between three and five housekeeping genes, and gene
expression analysis should be quantified in conjunction with
several housekeeping genes. GAPDH and RPL35A4 were the
most widely and highest expressed genes of all genes (Fig. 5).
GAPDH is a well-known housekeeping gene in humans and
mice and is reported as expressed in 72 human tissues (Barber
et al. 2005). RPL354 is a protein coding gene. Diseases
associated with RPL354 include Diamond-Blackfan
anaemia-5. Among its related pathways are rRNA
processing in the nucleus and cytosol and viral mRNA
translation. RPL354 and its coding protein are very highly
conserved during the process of evolution and can be used in
the study of molecular evolution. GO annotations related to
this gene include tRNA binding. PAK2 showed lower
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Fig. 5. The top five most universally expressed genes across all samples of all tissues.

expression than GAPDH and RPL354, but it was still very
constitutively expressed. It is activated by proteolytic enzymes
during caspase-mediated apoptosis; therefore, it may play a
role in regulating apoptosis of cells (Edlinger ef al. 2017; Lee
et al. 2019). With GO enrichment analysis, we found that
those were the most stably expressed genes and can be applied
as an internal control gene for relative quantification of
genes. Other important biological processes include cellular
energy conversion and metabolism, such as monosaccharide
metabolism, fructose 2,6-bisphosphate metabolism and
mitochondrial fragmentation involved in apoptotic process.
18S RNA is another a commonly used housekeeping gene, but
it does not have a poly-A RNA-Seq library prepared with oligo
(dT). In addition, it is an immature mRNA. So, it cannot used
as housekeeping gene for most RNA-Seq data.

Muscle tissue is an important economic trait in beef cattle
breeding; therefore, we investigated potential relationships in
gene expression between different muscle tissues. Six muscle
types and fat tissue was compared in order to find genes
specifically expressing in particular tissue. SLC5/B, HSPB2,
CKMT?2 and MYOZ2 were identified as muscle-specific genes
because they maintained high levels of expression in muscle
tissue only. Genes with low expression levels occurring in
non-muscle tissue such as fat, liver, rumen and colon also had
high and stable expression in muscle tissue. Therefore, we
speculate that those are new muscle-specific genes that have
yet to be reported in cattle. Another gene, CRYAB (crystallin
a B), expressed in many types of tissues and showed very high
expression levels in muscles, and especially the heart. This

gene is not known to be a muscle-specific expressing gene, but
it is important for muscle tissues (Ruan et al. 2020; Zhu et al.
2020). In total, we found three heart-specific, 12 longissimus
dorsi-specific, and six skeletal muscle-specific genes
compared with the group (Table S4). Our next endeavour is
to understand how those muscle-specific genes control tissue
development and function.

A gene expression webtool (cattleExp: http:/www.
cattleExp.org) was developed as part of the study. The
database also has upload facilities, designed for comparison
with public datasets. The normalised expression values we
store in the database support all of these analysis functions.
After data processing is standardised, all of these values are
placed on the same level for further analysis. The analysis
component consists of three independent functional parts. By
using these functions, researchers can obtain expression
information from three aspects: single gene expression
level, and tissue or development gene differential analysis.
We hope that this webtool can inspire researchers in the
following ways. First, scientists can understand the stage-
specific expression of genes in certain species. Second, the
database compares the dynamic expression of multiple genes
in specific functional pathways. Third, the tool allows
researchers to understand the overall expression level of
genes in different tissues and development stages. Through
the above information, researchers can deepen their
understanding of specific genes or functions. Hypergeometric
tests performed on each set of compared data draw out the
important biological functions of organisms in specific
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pathways. The elements of the webtool combine biology, genes
and functions to enable full understanding of the cattle gene
expression.

Conclusions

Based on the analysis of 1377 transcriptome data sequences
annotated by 60 tissue types, five bovine housekeeper genes
were identified: RPI354, el[F442, GAPDH, IPO5 and PAK2.
We have described a large dataset of multi-tissue cattle gene
expression. Identification of specific genes in the organisation
of genes, especially identification of muscle-related genes, can
aid understanding of the growth and development of cattle
muscles via gene expression. Muscle-expressed genes can
be used as molecular markers to predict meat quality at a
given time. More housekeeping genes have been defined, and
so we have more choices when needing internal references. In
some extreme cases, more internal controls can be avoided.
European researchers used L13, EFla, Tubb2, GADPH and
[-actin as reference genes in the analysis. They found that L13
and EF 1A were the most suitable reference genes for
European perch, while Tubb2, GADPH and B-actin 1 were
the least suitable reference genes. Therefore, internal reference
should be selected first rather than directly used, and the final
result of this study can only provide a reference. Finally,
researchers can query and compare gene expression more
easily by wusing the webtool (cattleExp: http://www.
cattleExp.org) that was developed.
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