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MWY-XX-XXXX report
Transcriptome broadly refers to the collection of all transcripts in a cell under a certain physiological

condition. The object of interest is the sum of all RNAs that can be transcribed in a specific cell under a
certain functional state, mainly including mRNA and ncRNA. Transcriptome research serves as a foundation
for the study of gene function and structure, and plays an important role in the development of organisms
and the incidence of disease. With the development of gene sequencing technology and the reduction of
sequencing cost, RNA-seq has become the main method for transcriptome research with the advantages of
high throughput, high sensitivity and broad application. In this project,9 samples were sequenced and a total
of 63.67 Gb Clean Data were obtained, with 6 Gb clean data for each sample and 93% or more Q30 bases.

1 Laboratory Process

The workflow of transcriptome sequencing experiment includes RNA extraction, RNA detection, library
construction, and sequencing. The flow-chart is shown below：

Flow Chart of the Experiment
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1.1 RNA Detection

High quality RNA is the cornerstone of a successful transcriptome sequencing project. Samples were
tested to ensure the RNA quality using the following methods. RNAs were only allowed to be used for library
construction after passing sample QC. （1）Agarose Gel Electrophoresis: to analyze the integrity of RNA
and the presence of DNA contamination; （2）Qubit 4.0 Fluorometer / MD Microplate Reader: to measure
RNA concentration with high accuracy;（3）Qsep400 Bioanalyzer: for accurate detection of RNA integrity.

1.2 Library Construction

mRNAs are enriched with polyA tail by Oligo(dT) magnetic beads by exploiting their structural feature
that most mRNAs in eukaryotes carry polyA tails. The RNAswere then broken into short fragments by adding
fragmentation buffer. The short fragment RNAs were used as templates to synthesize first-strand cDNAs
with six-base random hexamers, followed by the synthesis of second-strand cDNAs by adding buffer, dNTPs
(dTTP, dATP, dGTP and dCTP) andDNApolymerase I. The double-strand cDNAswere subsequently purified
using DNA purification magnetic beads. The purified double-stranded cDNAs were then end-repaired, A-
tailed and ligated to sequencing adaptors, followed by fragment size selectionwith DNApurificationmagnetic
beads, and finally PCR enrichment to obtain the final cDNA library. The flow-chart is shown below:
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Schematic Diagram of Library Construction

1.3 Library Quality Control

After the library is constructed, its quality is inspected, and the library could be sequenced only when
the results met the specifications. The inspection methods are as follows:（1）The initial quantification was
performed by Qubit dsDNA assay, and the insert size of the library was checked using a fragment analyzer.
The next step of the experiment was performed only after the insert size met the expectations.（2）Accurate
quantification of the effective library concentration (> 2nM) was performed by Q-PCR to complete the library
check.
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1.4 Next-Generation Sequencing

After passing the quality check, the different libraries were pooled according to the target sequencing
output. The sequencing was processed using the Illumina platform.

2 Bioinformatics Analysis

2.1 Bioinformatics Analysis Process

The output data were filtered to obtain clean data, which were compared with the specified reference
genome to obtain mapped data. The mapped data were subjected to differential expression analysis based on
gene expression levels across different samples or groups, followed by functional annotation and enrichment
analysis of the differentially expressed genes to gain insights into their biological functions. The flow chart
for transcriptome bioinformatics analysis is shown below:

Bioinformatics Analysis Process
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Composition Statistics of Raw Sequencing Data

Adapter related: the proportion of reads with adapters; Containing N: the proportion of

reads with N bases; Low quality: the proportion of reads with low quality; Clean reads: the

proportion of clean reads.

2.2.3 Sequencing Error Rate Distribution

The sequencing process itself may produce errors, and the sequencing error rate distribution check can
reflect the quality of the sequencing data. The sequencing quality value of each base in the sequence infor-
mation is stored in the fastq file. With sequencing error rate expressed as e and Illumina base quality value
expressed as Qphred, then: Qphred = -10log10(e). The concise correspondence between Illumina Casava
v1.8 base calling and Phred scores is shown in the following table:

Table 1 Concise correspondence between base calling and Phred score

Sequencing error rate Base mass phred33 Corresponding characters phred64 Corresponding characters

5% 13 . M
1% 20 5 T
0.1% 30 ? ^

A higher base quality value indicates a more reliable and accurate base calling. For example, for a base
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quality value of Q20, 1 out of 100 bases were called incorrectly, and so on. With current RNAseq sequencing
technology, there are two characteristics of sequencing error rate distribution as follows:

（1）The sequencing error rate increases as the length of sequenced reads increases. This is caused by
the consumption of chemical reagents during sequencing and is a characteristic of Illumina high-throughput
sequencing platform;

（2）The first 6 bases feature a high sequencing error rate, and this is exactly the length of the random
primer required for reverse transcription during RNA-seq library building. The high sequencing error in the
first 6 bases is due to the incomplete binding of random primers and RNA templates.

This feature is shared by illumina high-throughput sequencing platforms. The distribution of sequencing
data error rates for each sample in this project are plotted as follows:

Distribution of Base Error Rate in Reads

The horizontal coordinate indicates the position of the bases in the reads, and the vertical

coordinate indicates the single base error rate.

2.2.4 GC Content Distribution

GC content distribution check is used to detect the presence of AT/GC separation. In theory, the GC
and AT contents of sequenced reads should be equal at each position and essentially constant throughout the
sequencing process as a result of random sequence fragmentation and the principle of double-strand comple-
mentarity. However, since reverse transcription uses 6 bp random primers, the first few bases are subject to
some preference in nucleotide composition, producing regular fluctuations before stabilizing. The GC content
distribution of each sample is illustrated as follows:
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GC Content Distribution Plot

The horizontal coordinate indicates the position of the bases in the reads, and the vertical

coordinate indicates the proportion of single bases.

2.3 Sequencing Output Statistics

After raw data filtering, and checking for sequencing error rate and GC content distribution, the clean
reads used for subsequent analysis, with data summarized in the following table:

Table 2 Data Output Statistics

Sample Raw Reads Clean Reads Clean Base(G)

A_1 43828174 41876856 6.28
A_2 45790732 44383008 6.66
A_3 52788288 50782746 7.62
B_1 50144826 48331710 7.25
B_2 53262104 51193056 7.68

B_3 48261940 45463222 6.82
C_1 51662616 48742256 7.31
C_2 54678578 51167178 7.68
C_3 45159808 42492322 6.37

• Sample：sample name
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• Raw Reads：the number of raw reads
• Clean Reads：the number of clean reads obtained by filtering the raw reads
• Clean Bases：the total number of bases of high-quality reads

2.4 Reference Genome Library

The sequencing fragments were derived from randomly fragmented mRNAs. In order to determine
which genes these fragments were transcribed from, the clean reads after quality control were aligned to the
reference genome. HISAT2 [2] was used to align the clean reads to the reference genome to obtain information
about the location of the reads in the genome or gene, as well as sequence features unique to the sequencing
sample. The algorithm of HISAT2 consists of three main parts: （1）Whole alignment of a read to a single
exons of the genome; （2）Partial alignment of a read to two exons of the genome; （3）Partial alignment
of a read to three or more exons of the genome. In this project, the default parameters of the software were
used for sequence alignment, and the algorithm for HISAT2 alignment is illustrated as follows:

Schematic Diagram of Hisat2 Alignment Algorithm
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2.4.1 Alignment Efficiency Statistics

Alignment efficiency refers to the percentage of mapped reads out of the total number of clean reads,
which represents the most direct indication of transcriptome data utilization. If the reference genome is well-
assembled and the sequenced species is closely related to the reference genome, and there is no contamination
during the experiment, then the percentage of reads successfully mapped to the genome should be higher
than 70% (total mapped). This project uses the Ensembl database reference genome, annotated version no:
Homo_sapiens.GRCh38.109，Download Address：https://asia.ensembl.org/Homo_sapiens/Info/Index。

The reads alignment profile for each sample in this project is listed in the table below:

Table 3 Alignment Profile Statistics

Sample Total Reads Reads mapped Unique mapped

A_1 41876856 40105686(95.77%) 37169929(88.76%)
A_2 44383008 42933423(96.73%) 38989630(87.85%)
A_3 50782746 48579970(95.66%) 43962621(86.57%)
B_1 48331710 46244175(95.68%) 42489674(87.91%)
B_2 51193056 49093846(95.90%) 45105665(88.11%)

B_3 45463222 44126733(97.06%) 40911151(89.99%)
C_1 48742256 46597912(95.60%) 43287426(88.81%)
C_2 51167178 48665411(95.11%) 45347018(88.63%)
C_3 42492322 40388065(95.05%) 37669081(88.65%)

• Sample: sample name
• Total Reads：the total number of clean reads
• Reads mapped：the number of reads mapped to the reference genome
• Unique mapped：the number of reads that are uniquely mapped to the reference genome

2.4.2 Distribution of Mapping Regions

Typically, a large proportion of reads will align to exons, while only a small proportion of reads align
to introns and intergenic regions. Reads align to introns may originate from pre-mRNAs or retained introns
from alternative splicing events. Reads align to intergenic regions may originate from ncRNAs or low levels
of DNA fragment contamination, or the gene may not be well annotated. The alignment distribution of each
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sample is illustrated as follows:

Distribution of Alignment Regions

The number of reads in exons, introns, and intergenic regions were counted and plotted

separately.

2.4.3 Visualization of Comparison Results

We converted the bam files obtained by aligning the reads to the reference genome into tdf files that
can be recognized by IGV. The distribution of reads on each chromosome and the distribution of functional
regions such as exons, introns, and intergenic regions annotated in the genome were then visualized by IGV
[3] software, as illustrated below:

IGV visualization tutorial:src/appendix/IGV_tutorial.pdf
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Schematic Diagram of IGV Visualization

2.5 Quantification of Gene Expression

The number of fragments of a transcript is related to the amount of sequencing data (or mapped data),
transcript length, and transcript expression level. In order for the number of fragments to truly reflect the
transcript expression level, it is necessary to normalize the number of mapped reads and transcript length
in the sample. FPKM (fragments per kilobase of transcript per million fragments mapped) was used as a
measure of transcript or gene expression level, and the FPKM calculation formula is as follows:

𝐹 𝑃 𝐾𝑀 =
𝑚𝑎𝑝𝑝𝑒𝑑 𝑓 𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡

𝑇 𝑜𝑡𝑎𝑙 𝐶𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑎𝑝𝑝𝑒𝑑 𝑓 𝑟𝑎𝑔𝑚𝑒𝑛𝑡𝑠 (𝑀 𝑖𝑙𝑙𝑖𝑜𝑛𝑠) × 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑟𝑖𝑝𝑡 (𝑘𝑏)

The expression levels of some genes (FPKM) are shown in the following table:

13



Table 4 Gene Expression Levels (FPKM)

geneID gene_name A_1 A_2 A_3 B_1 B_2

ENSMUSG00000000001 Gnai3 27.2886 12.5846 15.3279 19.1220 22.8183
ENSMUSG00000000028 Cdc45 9.1991 9.2490 8.8723 7.8322 4.7806
ENSMUSG00000000031 H19 0.0000 0.1533 0.0190 0.0588 0.0184
ENSMUSG00000000037 Scml2 1.2192 1.0516 0.9975 1.3183 1.0420
ENSMUSG00000000049 Apoh 0.0000 0.0000 0.0000 0.0000 0.0000

ENSMUSG00000000056 Narf 13.9950 6.7232 7.8001 10.3573 13.3469
ENSMUSG00000000058 Cav2 32.4235 24.6011 28.9085 31.2546 34.2387
ENSMUSG00000000078 Klf6 33.5067 25.6637 29.0744 33.4933 41.1739
ENSMUSG00000000085 Scmh1 8.4801 9.5564 9.0660 8.8798 8.2159
ENSMUSG00000000088 Cox5a 65.0595 54.4843 54.7140 59.8668 49.2676

• geneID：Gene number
• gene_name: Gene name
• The 3 - 13 column: the Raw fpkm data for each sample

2.5.1 Overall Distribution of Gene Expression in Samples

The detection of gene expression using transcriptome data to sensitive. Typically, the FPKM values
of protein-coding gene expression levels that can be sequenced span six orders of magnitude from 10 −2 to
10 4 . The box plot indicates the dispersion of the distribution of gene expression levels of individual samples,
while allowing a visual comparison of the overall gene expression levels of different samples. The FPKM
distribution of each sample in this project is illustrated as follows:
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Box Plot of Gene Expression

The horizontal coordinate indicates the different samples; the vertical coordinate indicates

the logarithmic value of the sample expression (FPKM). This plot measures the expression

level of each sample in terms of the overall dispersion of expression.

Density plots demonstrate the changes in gene abundance with expression levels in a sample and provide
a clear picture of the regions where the bulk of the gene expression levels lie, as shown in the figure below:
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Gene Expression Density Distribution

The curves of different colors in the plot represent different samples. For a dot on the

curve, its horizontal coordinate indicates the logarithmic value of FPKM of the

corresponding sample, and the vertical coordinate of the dot indicates the probability

density.

Violin plots are used to show the distribution states as well as the probability densities of multiple sets
of data, as shown in the figure below:
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Expression Level Violin Plot

The curves of different colors in the plot represent different samples. The width of each

violin plot reflects the number of genes at that expression level.

2.5.2 Sample Correlation Analysis

Gene expression can vary among individuals, with different levels of expression variability among genes.
Transcriptome sequencing, qPCR and microarray technologies do not eliminate this variability. In order to
find differentially expressed genes of interest, expression differences due to biological variability need to be
considered and addressed. A common and effective way to do this is to set up biological replicates in the ex-
perimental design. The more consistent the replicate conditions and the greater the number of replicates, the
more reliable the search for differentially expressed genes. For projects with biological replicates, assessing
the relevance of the biological replicates is important for analyzing transcriptome sequencing data. The corre-
lation of biological replicates not only tests the reproducibility of biological experimental manipulations, but
also assesses the reliability of differentially expressed genes and aids in the screening of abnormal samples.
Pearson correlation coefficient (expressed as r) is used as an indicator to assess the correlation of biological
replicates. The closer the absolute value of r to 1, the stronger the correlation between two replicate samples.
The correlation statistics between samples for this project are plotted as shown below:
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Inter-Sample Correlation Plot

Pearson correlation coefficient (expressed as r) is used as an indicator to assess the

correlation of biological replicates. The closer the absolute value of r to 1(The redder the

color), the stronger the correlation between two replicate samples.

2.5.3 Principal Component Analysis

By using multivariate statistical analysis, high-dimensional and complex data can be simplified and
downscaled with maximum retention of the original information, and reliable mathematical models can be
established to summarize and conclude the expression characteristics of the research object. Principal compo-
nent analysis (PCA) is an unsupervised pattern recognition method for statistical analysis of multidimensional
data, which converts a set of potentially correlated variables into a set of linearly uncorrelated variables by
orthogonal transformation. The converted set of variables are called principal components. This analysis
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is often used to study how to reveal the internal structure among multiple variables through a few principal
components, i.e., to derive a few principal components from the original variables so that they retain as much
information as possible about the original variables and are uncorrelated with each other. The usual math-
ematical processing is to make a linear combination of the original multiple indicators as a new composite
indicator.

PCA Plot of the Sample

The PCA gives a very intuitive view of the similarity between individual samples. If the

dots of the samples are clustered together, it indicates a high similarity between these

samples. Samples clustered together within biological replicates indicates a good

intra-group reproducibility.
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2.6 Screening for Differentially Expressed Genes

For samples with biological replicates, differential expression analysis between sample groups was per-
formed using DESeq2 [4, 5] to obtain the set of differentially expressed genes between two biological condi-
tions. For samples with no biological replicates, we used edgeR [6]. The input genes are required to be un-
standardized reads count data, rather than standardized data such as RPKM, FPKM. The read counts of genes
were implemented using featureCounts [7]. After the differential analysis, it is also necessary to perform
multiple-hypothesis test correction for the probability of hypothesis testing (P value) by using the Benjamini-
Hochberg method to obtain the false discovery rate (FDR).The screening conditions for differential genes:
|log2Fold Change| >= 1，且 FDR < 0.05.

2.6.1 Raw Reads Counts

We used featureCounts [7] to count the reads on genes for each sample based on the high-quality align-
ment results, and then combined the gene count results for all samples. Due to the large number of genes, the
web report only displays some of the data as shown in the following table:

Table 5 Table of Reads Counts on Genes

geneID gene_name A_1 A_2

ENSMUSG00000000001 Gnai3 1518 714
ENSMUSG00000000028 Cdc45 550 564
ENSMUSG00000000031 H19 0 7
ENSMUSG00000000037 Scml2 133 117
ENSMUSG00000000049 Apoh 0 0

ENSMUSG00000000056 Narf 1147 562
ENSMUSG00000000058 Cav2 1844 1427
ENSMUSG00000000078 Klf6 2509 1960
ENSMUSG00000000085 Scmh1 1118 1285
ENSMUSG00000000088 Cox5a 2331 1991

• geneID：Gene Numaber
• gene_name ：Gene Name
• The 3 - 13 column：the Raw readcount data for each sample
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2.6.2 Number for Differentially Expressed Genes

After completing the analysis of differentially expressed genes using DESeq2/edgeR, the total number
of differentially expressed genes, the number of up-regulated genes, and the number of down-regulated genes
in each group were counted as shown in the following table:

Table 6 Table for Differentially Expressed Genes

group total down up

B_vs_A 538 310 228
B_vs_C 666 318 348
C_vs_A 726 410 316

2.6.3 Table of Differentially Expressed Genes

The differentially expressed genes calculated for each differential grouping are shown in the table below:

Table 7 List of Differentially Expressed Genes

geneID gene_name A_1_count A_2_count

ENSMUSG00000034855 Cxcl10 1288 1697
ENSMUSG00000035042 Ccl5 830 1458
ENSMUSG00000028195 Ccn1 1408 1564
ENSMUSG00000030523 Trpm1 623 721
ENSMUSG00000004651 Tyr 552 435

• geneID：gene number
• gene_name: Gene name
• middle column: sample expression information
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Statistical Plot of Statistical Plot

The horizontal coordinate indicates the comparison combination, and the vertical

coordinate indicates the total number of the differentially expressed genes and the number

of the up/down-regulated differentially expressed genes.

2.6.4 MA Plot of Differentially Expressed Genes

MA plots provide a visual representation of the overall distribution of gene expression levels and folds
of difference, as shown below:
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MA Plot of Differentially Expressed Genes

the horizontal coordinate indicates the mean value of gene expression in the two samples;

red dots represent up-regulated gene expression, while green dots represent down-regulated

gene expression and blue indicates no significant difference in gene expression.

2.6.5 Volcano Plot of Differentially Expressed Genes

Volcano plots provide a visual representation of the overall distribution of differentially expressed genes
in the two sets of samples, as illustrated below:
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Volcano Plot of Differentially Expressed Genes

The horizontal coordinate indicates the fold change in gene expression and the vertical

coordinate indicates the significance level of differentially expressed genes. Red dots

represent up-regulated differentially expressed genes, green dots represent down-regulated

differentially expressed genes, and gray dots represent non-differentially expressed genes.

2.6.6 Radar Chart of Differentially Expressed Genes

The 15 up-/down-regulated geneswith the largest differential multiplicity are presented using radar chart:
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Radar Chart of Differentially Expressed Genes

Each node in the graph represents a gene, and the position of the node corresponds to the

size of the log2FoldChange value of that gene.

2.6.7 Gene Expression Cluster Analysis

The clustering analysis is used to determine the expression patterns of differentially expressed genes
under different experimental conditions by grouping genes with the same or similar expression patterns into
clusters, thus predicting the functions of unknown genes or unknown functions of known genes as genes in
the same cluster may have similar functions or be involved in the same metabolic process or cellular pathway
together.

Z-score was used to normalize the differentially expressed genes. Cluster heatmaps for differentially
expressed genes across all comparison groups and for each differential grouping are plotted as follows:
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Clustering Heatmap of Differentially Expressed Genes

The horizontal coordinates indicate sample names and hierarchical clustering results, and

the vertical coordinates indicate differential genes and hierarchical clustering results. Red

denotes high expression, whereas blue depicts low expression.

To investigate the expression patterns of genes under different treatment conditions, the FPKM of all
differential genes combined were first normalized using the scale function in R language, and then K-means
clustering analysis was performed. Genes of the same class exhibit similar trends under different experimental
treatments and may have similar functions, as shown below:
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K-Means Cluster Plot

The horizontal coordinate indicates the sample, and the vertical coordinate indicates the

normalized expression level.

2.6.8 Venn Diagram of Differentially Expressed Genes

Venn diagrams illustrate the overlap of differentially expressed genes between different comparative
combinations. Using the Venn diagram, differentially expressed genes common or unique to certain compar-
ative combinations can be screened, as shown below:
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Venn Diagram

The non-overlapping area of the Venn diagram represents the differentially expressed

genes specific to that differential grouping, and the overlapping area represents the

differentially expressed genes common to several differential groupings that overlap.

2.7 Enrichment Analysis of Differentially Expressed Genes

2.7.1 KEGG Enrichment of Differentially Expressed Genes

Pathway enrichment analysis takes the pathways in the KEGG database as units and finds pathways
that are significantly enriched in differentially expressed genes compared to the whole genomic background
by applying the hypergeometric test. The hypergeometric distribution is calculated using the formula shown
below:

𝑃 = 1 −
𝑚−1

∑
𝑖=0

( 𝑀
𝑖 )( 𝑁 − 𝑀

𝑛 − 𝑖 )
( 𝑁

𝑛 )

where N represents the number of genes with KEGG annotation in all genes, n represents the number
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of differentially expressed genes in N, M represents the number of genes in a KEGG pathway in N, and m
represents the number of differentially expressed genes in a KEGG pathway in M. The results of KEGG
enrichment are listed in the table below:

Table 8 KEGG enrichment analysis

KEGG_level_1 KEGG_level_2 KEGG_map

Cellular Processes Cellular community - eukaryotes mmu04550
Cellular Processes Cellular community - eukaryotes mmu04520
Cellular Processes Cell growth and death mmu04115
Cellular Processes Cell growth and death mmu04110
Cellular Processes Cellular community - eukaryotes mmu04540

• KEGG_level_1：KEGG pathway level 1

• KEGG_level_2：KEGG pathway level 2

• KEGG_map：KEGG pathway ID

2.7.1.1 Differentially Expressed Gene KEGG Enrichment Pathway Map

The results of the annotation of the differentially expressed gene KEGG pathway are shown below：
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Differential gene KEGG pathway map

For the treatment group, the enzymes marked in red boxes are associated with up-regulated

genes and the enzymes marked in green boxes are associated with down-regulated genes.

The enzymes marked in blue boxes are related to both up-regulated and down-regulated

genes, and the number in the box represents the enzyme number (EC number), while the

whole pathway consists of complex biochemical reactions catalyzed by multiple enzymes.

The enzymes related to differentially expressed genes in this pathway map are marked with

different colors, according to the differences between study subjects, focusing on the

differential expression of certain metabolic pathway-related genes, and explaining the

phenotype through the pathway The pathway diagram focuses on the differential

expression of certain genes related to metabolic pathways according to the differences

between subjects, and explains the root cause of phenotypic differences through the

pathways.

2.7.1.2 Differentially Expressed Gene KEGG Enrichment Bar Chart

The 50 KEGG pathways with the lowest q-values in the enrichment analysis results were selected and
the enrichment entries were plotted in a bar chart as follows:
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Gene KEGG Enrichment Bar Chart

The horizontal coordinate indicates the number of differentially expressed genes annotated

to the pathway, and the vertical coordinate indicates the name of the KEGG pathway. The

number in the graph indicates the number of differentially expressed genes annotated to the

pathway. The number in parentheses is the ratio of the number of differentially expressed

genes annotated to that entry to the number of differentially expressed genes with

annotations. The rightmost label represents the classification to which the KEGG pathway

belongs.

2.7.1.3 Differentially Expressed Gene KEGG Enrichment Scatter Plot

A scatter plot is a graphical presentation of the results of KEGG enrichment analysis. In this plot, the
degree of KEGG enrichment is measured by rich factor, Q-value and the number of differentially expressed
genes enriched in this pathway. The rich factor is the ratio of the number of differentially expressed genes
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enriched in the pathway to the number of all genes annotated to the pathway. The larger the rich factor, the
stronger the enrichment. A smaller Q-value indicates a more significant enrichment. We selected the 20 most
significantly enriched pathway entries for display in this plot, or all of them if there are less than 20 enriched
pathway entries.

KEGG Enrichment Results Scatter Plot

The vertical coordinate indicates the KEGG pathway. The horizontal coordinate indicates

the Rich factor. The larger the rich factor, the stronger the enrichment. The larger the dot,

the greater the number of differentially expressed genes enriched in the pathway. The

redder the color of the dot, the more significant the enrichment.

2.7.1.4 Multi-Compare KEGG Enrichment Scatter Plot

If there are multiple comparison combinations, we will provide multi-combination KEGG enrichment
scatter plots (if the number of differential groupings is greater than 10, only 10 differential groupings will
be displayed; if the number of differential groupings is less than 10, all of them will be displayed). The
KEGG enrichment results of each comparison combination will be sorted by q-value, and the merged set of
15 pathways with the smallest q-value of each comparison combination will be displayed.
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Multi-Compare KEGG Enrichment Scatter Plot

The horizontal coordinate indicates the comparison combination, and the vertical

coordinate indicates the pathway with gene enrichment. The size of the dot represents the

number of differentially expressed genes enriched to the pathway (the larger the dot, the

more differentially expressed genes are enriched to the pathway). The color of the dot

represents the significance of the enrichment to the pathway (the darker the red color of the

dot, the more significant the enrichment).

2.7.1.5 Differentially Expressed Gene KEGG Enrichment Chord Diagram

The nine pathways with the smallest q-value were selected to plot the enrichment analysis chord diagram.
The diagram is divided into left and right sides: the left side shows the 10 genes with the largest |logFC| in
each classification; the right side of the diagram shows the 9 pathways with the most significant enrichment;
the middle line represents the correspondence between pathways and genes; the legend of the heatmap at the
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bottom right indicates the logFC values of genes, with red being up-regulated genes and blue being down-
regulated genes; the shade of color indicates the logFC size, with darker colors indicating a larger fold of
difference.

KEGG Enrichment Chord Diagram

The 9 most significantly enriched pathways are shown on the right side of the figure, the

10 genes with the largest fold change |logFC| in each pathway are shown on the left side,

and the middle line represents the correspondence between pathways and genes.

2.7.1.6 Differentially Expressed Gene KEGG Enrichment Circular Plot

We selected the 5 KEGG pathways with the smallest q-value in each KEGG_level_1 (if there are less
than 5 enriched pathways in each KEGG_level_1, all of them will be shown) to plot the KEGG enrichment
circular plot.
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KEGG Enrichment Circular Plot

From outside to inside, the first circle shows the KEGG pathways, with different colors

representing different KEGG classifications; the second circle shows the number of

background genes belong to that classification and the qvalue, where the more genes the

longer the bar, the more significant the enrichment the darker the red color; the third circle

is a bar chart of the proportion of up- and down-regulated genes, with light red

representing the proportion of up-regulated genes and light blue representing the

proportion of down-regulated genes, and specific values shown below; the fourth circle

shows the RichFactor value for each classification (the number of foreground genes in that

classification divided by the number of background genes), with each grid of the

background auxiliary line indicating 0.2.

2.7.2 GO Analysis of Differentially Expressed Genes

2.7.2.1 Classification Statistics of GO Annotation of Differentially Expressed Genes
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Bar Chart of Up-Down Regulation

The horizontal coordinate indicates level 2 GO terms, and the vertical coordinate is the

number of up/down-regulated differentially expressed genes for that GO term, with yellow

indicating up-regulation and blue indicating down-regulation.

2.7.2.2 GO Enrichment Analysis of Differentially Expression Expressed Genes

After screening the differentially expressed genes based on the experimental objectives, enrichment
analysis was performed to study the distribution of differentially expressed genes in Gene Ontology in order
to elucidate the functional representations of the differences in the experimental samples. The principle of
ordinary GO enrichment analysis is hypergeometric distribution. GO-Term enrichment analysis takes GO
terms in the GO database as units and applies hypergeometric tests to identify GO terms that are significantly
enriched in differentially expressed genes compared to the whole genomic background. The results of the
enrichment analysis are shown in the table below:

37



�7�D�E�O�H �� �*�2 �H�Q�U�L�F�K�P�H�Q�W �D�Q�D�O�\�V�L�V

�*�2�B�O�H�Y�H�O�B���*�2 �'�H�V�F�U�L�S�W�L�R�Q �'�L�I�I�5�D�W�L�R

�%�L�R�O�R�J�L�F�D�O �S�U�R�F�H�V�V�*�2���������������� �O�H�X�N�R�F�\�W�H �P�L�J�U�D�W�L�R�Q ������������ ����������

�%�L�R�O�R�J�L�F�D�O �S�U�R�F�H�V�V �*�2���������������� �O�\�P�S�K�R�F�\�W�H �P�L�J�U�D�W�L�R�Q������������ ����������

�%�L�R�O�R�J�L�F�D�O �S�U�R�F�H�V�V�*�2���������������� �P�R�Q�R�Q�X�F�O�H�D�U �F�H�O�O �P�L�J�U�D�W�L�R�Q������������ ����������

�%�L�R�O�R�J�L�F�D�O �S�U�R�F�H�V�V �*�2���������������� �S�R�V�L�W�L�Y�H �U�H�J�X�O�D�W�L�R�Q �R�I �U�H�V�S�R�Q�V�H �W�R �H�[�W�H�U�Q�D�O �V�W�L�P�X�O�X�V ������������ ����������

�%�L�R�O�R�J�L�F�D�O �S�U�R�F�H�V�V�*�2���������������� �U�H�J�X�O�D�W�L�R�Q �R�I �O�H�X�N�R�F�\�W�H �P�L�J�U�D�W�L�R�Q������������ ����������

�‡�*�2�B�O�H�Y�H�O�B���Ö�*�2 �R�Q�W�R�O�R�J�\ �W�\�S�H

�‡�*�2�Ö�*�2 �W�H�U�P �,�'

�‡�'�H�V�F�U�L�S�W�L�R�Q�Ö�I�X�Q�F�W�L�R�Q �G�H�V�F�U�L�S�W�L�R�Q �I�R�U �W�K�H �*�2 �W�H�U�P

�‡�'�L�I�I�5�D�W�L�R�Ö�U�D�W�L�R �R�I �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V �D�Q�Q�R�W�D�W�H�G �Z�L�W�K �W�K�H �*�2 �W�H�U�P �W�R �W�K�H �W�R�W�D�O

�Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V

�������������� �'�L�I�I�H�U�H�Q�W�L�D�O�O�\ �(�[�S�U�H�V�V�L�R�Q �(�[�S�U�H�V�V�H�G �*�H�Q�H �*�2 �(�Q�U�L�F�K�P�H�Q�W �%�D�U �&�K�D�U�W

�7�K�H ���� �*�2 �W�H�U�P�V �Z�L�W�K �W�K�H �O�R�Z�H�V�W �T���Y�D�O�X�H �I�U�R�P �W�K�H �H�Q�U�L�F�K�P�H�Q�W �D�Q�D�O�\�V�L�V �Z�H�U�H �V�H�O�H�F�W�H�G �W�R �S�O�R�W �E�D�U �F�K�D�U�W�V

�R�I �W�K�H �H�Q�U�L�F�K�P�H�Q�W �H�Q�W�U�L�H�V�� �D�V �V�K�R�Z�Q �L�Q �W�K�H �I�R�O�O�R�Z�L�Q�J �I�L�J�X�U�H�V��

����



�(�[�S�U�H�V�V�H�G �*�H�Q�H �*�2 �(�Q�U�L�F�K�P�H�Q�W �%�D�U �&�K�D�U�W

�7�K�H �K�R�U�L�]�R�Q�W�D�O �F�R�R�U�G�L�Q�D�W�H �L�Q�G�L�F�D�W�H�V �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V �D�Q�Q�R�W�D�W�H�G

�Z�L�W�K �W�K�H �W�H�U�P�� �D�Q�G �W�K�H �Y�H�U�W�L�F�D�O �F�R�R�U�G�L�Q�D�W�H �L�Q�G�L�F�D�W�H�V �W�K�H �Q�D�P�H �R�I �W�K�H �*�2 �W�H�U�P�� �7�K�H �Q�X�P�E�H�U

�L�Q �W�K�H �J�U�D�S�K �L�Q�G�L�F�D�W�H�V �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V �D�Q�Q�R�W�D�W�H�G �Z�L�W�K �W�K�H �W�H�U�P��

�7�K�H �Q�X�P�E�H�U �L�Q �S�D�U�H�Q�W�K�H�V�H�V �L�V �W�K�H �U�D�W�L�R �*�R�D�O�V �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V

�D�Q�Q�R�W�D�W�H�G �Z�L�W�K �W�K�D�W �W�H�U�P �W�R �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V �Z�L�W�K �D�Q�Q�R�W�D�W�L�R�Q�V��

�7�K�H �U�L�J�K�W�P�R�V�W �O�D�E�H�O �U�H�S�U�H�V�H�Q�W�V �W�K�H �F�O�D�V�V�L�I�L�F�D�W�L�R�Q �W�R �Z�K�L�F�K �W�K�H �*�2 �W�H�U�P �E�H�O�R�Q�J�V��

�������������� �'�L�I�I�H�U�H�Q�W�L�D�O�O�\ �(�[�S�U�H�V�V�H�G �*�H�Q�H �*�2 �(�Q�U�L�F�K�P�H�Q�W �6�F�D�W�W�H�U �3�O�R�W

�$ �V�F�D�W�W�H�U �S�O�R�W �L�V �D �J�U�D�S�K�L�F�D�O �S�U�H�V�H�Q�W�D�W�L�R�Q �R�I �W�K�H �U�H�V�X�O�W�V �R�I �*�2 �H�Q�U�L�F�K�P�H�Q�W �D�Q�D�O�\�V�L�V�� �,�Q �W�K�L�V �S�O�R�W�� �W�K�H

�G�H�J�U�H�H �R�I �*�2 �H�Q�U�L�F�K�P�H�Q�W �L�V �P�H�D�V�X�U�H�G �E�\ �U�L�F�K �I�D�F�W�R�U�� �4���Y�D�O�X�H �D�Q�G �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G

�J�H�Q�H�V �H�Q�U�L�F�K�H�G �L�Q �W�K�L�V �H�Q�W�U�\�� �7�K�H �U�L�F�K �I�D�F�W�R�U �L�V �W�K�H �U�D�W�L�R �R�I �W�K�H �Q�X�P�E�H�U �R�I �G�L�I�I�H�U�H�Q�W�L�D�O�O�\ �H�[�S�U�H�V�V�H�G �J�H�Q�H�V

�H�Q�U�L�F�K�H�G �L�Q �W�K�H �S�D�W�K�Z�D�\ �W�R �W�K�H �Q�X�P�E�H�U �R�I �D�O�O �J�H�Q�H�V �D�Q�Q�R�W�D�W�H�G �W�R �W�K�H �S�D�W�K�Z�D�\�� �7�K�H �O�D�U�J�H�U �W�K�H �U�L�F�K �I�D�F�W�R�U�� �W�K�H

�V�W�U�R�Q�J�H�U �W�K�H �H�Q�U�L�F�K�P�H�Q�W�� �$ �V�P�D�O�O�H�U �4���Y�D�O�X�H �L�Q�G�L�F�D�W�H�V �D �P�R�U�H �V�L�J�Q�L�I�L�F�D�Q�W �H�Q�U�L�F�K�P�H�Q�W�� �:�H �V�H�O�H�F�W�H�G �W�K�H ���� �P�R�V�W

�V�L�J�Q�L�I�L�F�D�Q�W�O�\ �H�Q�U�L�F�K�H�G �*�2 �W�H�U�P�V �I�R�U �G�L�V�S�O�D�\ �L�Q �W�K�L�V �S�O�R�W�� �R�U �D�O�O �R�I �W�K�H�P �L�I �W�K�H�U�H �D�U�H �O�H�V�V �W�K�D�Q ���� �H�Q�U�L�F�K�H�G �*�2

����



terms.

GO Enrichment Results Scatter Plot

The vertical coordinate indicates the GO term and the horizontal coordinate indicates the

Rich factor. The larger the rich factor, the stronger the enrichment. The larger the dot, the

greater the number of differentially expressed genes enriched in the pathway. The darker

the red color of the dot, the more significant the enrichment.

2.7.2.5 Multi-Compare GO Enrichment Scatter Plot

If there are multiple comparison combinations, we will provide multi-combination GO enrichment scat-
ter plots (if the number of differential groupings is greater than 10, only 10 differential groupings will be
displayed; if the number of differential groupings is less than 10, all of them will be displayed). The GO en-
richment results of each comparison combination will be sorted by q-value, and the merged set of 15 entries
with the smallest q-value of each comparison combination will be displayed.
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GO terms from the three major GO categories) to plot the GO enrichment circular plot.

GO Enrichment Circular Plot

From outside to inside, the first circle shows the GO terms, with different colors

representing different GO classifications; the second circle shows the number of

background genes belong to that classification and the qvalue, where the more genes the

longer the bar, the more significant the enrichment the darker the red color; the third circle

is a bar chart of the proportion of up- and down-regulated genes, with light red

representing the proportion of up-regulated genes and light blue representing the

proportion of down-regulated genes, and specific values shown below; the fourth circle

shows the RichFactor value for each classification (the number of foreground genes in that

classification divided by the number of background genes), with each grid of the

background auxiliary line indicating 0.2.

2.7.2.8 GO Enrichment Level Analysis of Differentially Expression Expressed Genes
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The enrichment analysis was performed on the differentially expressed genes between samples, and the
enriched terms were taken to plot topGO directed acyclic graphs. The topGO directed acyclic graph visu-
alizes enriched GO nodes (terms) and their hierarchical relationships for differentially expressed genes, and
is a graphical representation of the results of differentially expressed gene GO enrichment analysis, with
branches representing inclusion relationships and increasingly specific functional descriptions defined from
top to bottom. The topGO molecular function directed acyclic graphs of differentially expressed genes be-
tween samples are shown below:
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Directed Acyclic Graph of Enriched GO Terms

Each node represents a GO term, with the rectangle representing the top 5 selected GO

terms with the highest enrichment, and the ellipse representing the contained nodes. The

colors of the rectangles and ellipses represent the relative enrichment. From bright yellow

to dark red indicates a decreasing p-value, i.e., increasing significance, while white

represents non-significance. Each node corresponds to 4 lines of data, indicating the ID of

the GO term, the function, the corrected P-value, the number of differentially expressed

genes annotated with the GO term and the total number of genes.

2.7.3 Reactome Enrichment Analysis of Differentially Expressed Genes

Reactome[9]database pools various reactions and biological pathways in model species such as human.
Reactome enrichment analysis is performed by applying hypergeometric tests on specific entries in the Reac-
tome database to identify entries that are significantly enriched in differentially expressed genes compared to
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Reactome Enrichment Results Scatter Plot

The vertical coordinates indicate Reactome entries and the horizontal coordinates indicate

GeneRatios. The larger the GeneRatio value, the stronger the enrichment; the larger the

dot, the greater the number of differentially expressed genes enriched in the pathway; the

darker the red color of the dot, the more significant the enrichment.

2.7.3.3 Multi-Compare Reactome Enrichment Scatter Plot

If there aremultiple comparison combinations, wewill providemulti-combination Reactome enrichment
scatter plots (if the number of differential groupings is greater than 10, only 10 differential groupings will be
displayed; if the number of differential groupings is less than 10, all of themwill be displayed). The Reactome
enrichment results of each comparison combination will be sorted by q-value, and the merged set of 15 entries
with the smallest q-value of each comparison combination will be displayed.
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2.7.4 DO Enrichment Analysis of Differentially Expressed Genes

DO(Disease Ontology)[10] is a database describing human gene functions associated with diseases.
DO enrichment analysis takes the entries in the DO database as units and finds entries that are significantly
enriched in differentially expressed genes compared to the whole genomic background by applying the hy-
pergeometric test. The results of DO enrichment are listed in the table below:

Table 11 DO enrichment analysis

ID Description DiffRatio BgRatio

DOID:0080600 COVID-19 1/2 50% 82/10312 0.8%
DOID:0080599 Coronavirus infectious disease 1/2 50% 143/10312 1.39%
DOID:219 colon cancer 1/2 50% 403/10312 3.91%

• ID：DO database ID
• Description：DO name
• DiffRatio：ratio of the number of differentially expressed genes annotated to the DO entry to the number
of differentially expressed genes with annotations

• BgRatio：ratio of the number of background genes annotated to the DO entry to the number of back-
ground genes with annotations

2.7.4.1 Differentially Expressed Gene DO Enrichment Bar Chart

The 20 entries with the lowest q-value from the enrichment analysis were selected to plot bar charts of
the enrichment entries, as shown in the following figures:
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Multi-Compare DO Enrichment Scatter Plot

The horizontal coordinate indicates the comparison combination, and the vertical

coordinate indicates the DO entry with gene enrichment. The size of the dot represents the

number of differentially expressed genes enriched to the DO entry (the larger the dot, the

more differentially expressed genes are enriched to the DO entry). The color of the dot

represents the significance of the enrichment to the DO entry (the darker the red color of

the dot, the more significant the enrichment).

2.7.4.4 Differentially Expressed Gene DO Enrichment Chord Diagram

The nine DO entries with the smallest q-value were selected to plot the enrichment analysis chord di-
agram. The diagram is divided into left and right sides: the left side shows the 10 genes with the largest
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|logFC| in each classification; the right side of the diagram shows the 9 DO entries with the most significant
enrichment; the middle line represents the correspondence between DO entries and genes; the legend of the
heatmap at the bottom right indicates the logFC values of genes, with red being up-regulated genes and blue
being down-regulated genes; the shade of color indicates the logFC size, with darker colors indicating a larger
fold of difference.

DO Enrichment Chord Diagram

The 9 most significantly enriched DO entries are shown on the right side of the figure, the

90 genes with the largest fold change |logFC| in these 9 DO entries are shown on the left

side, and the middle line represents the correspondence between pathways and genes.
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2.7.5 DisGeNET Enrichment Analysis of Differentially Expressed Genes

DisGeNET[11]database integrates human disease-associated genes. DisGeNET enrichment analysis
takes the entries in the DisGeNET database as units and finds entries that are significantly enriched in differ-
entially expressed genes compared to the whole genomic background by applying the hypergeometric test.
The results of DisGeNET enrichment are listed in the table below:

Table 12 DisGeNET enrichment analysis result

ID Description DiffRatio BgRatio

C0276199 Canarypox (disorder) 2/6 33.33% 32/21671 0.15%
C1266158 Nongerminomatous Germ Cell Tumor 2/6 33.33% 34/21671 0.16%
C0027019 Myelomonocytic leukemia 2/6 33.33% 36/21671 0.17%
C0740277 Bile duct carcinoma 2/6 33.33% 91/21671 0.42%
C0549523 Oropharynx (excludes nasopharynx) 2/6 33.33% 94/21671 0.43%

• ID：DisGeNET ID
• Description：DisGeNET name
• DiffRatio：ratio of the number of differentially expressed genes annotated to that entry to the number
of differentially expressed genes with annotations

• BgRatio：ratio of the number of background genes annotated to that entry to the number of background
genes with annotations

2.7.5.1 Differentially Expressed Gene DisGeNET Enrichment Bar Chart

The 20 entries with the lowest q-value from the enrichment analysis were selected to plot bar charts of
the enrichment entries, as shown in the following figures:
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Multi-Compare DisGeNET Enrichment Scatter Plot

The horizontal coordinate indicates the comparison combination, and the vertical

coordinate indicates the DisGeNET entry with gene enrichment. The size of the dot

represents the number of differentially expressed genes enriched to the DisGeNET entry

(the larger the dot, the more differentially expressed genes are enriched to the DisGeNET

entry). The color of the dot represents the significance of the enrichment to the DisGeNET

entry (the darker the red color of the dot, the more significant the enrichment).

2.7.5.4 Differentially Expressed Gene DisGeNET Enrichment Chord Diagram

The nine DisGeNET entries with the smallest q-value were selected to plot the enrichment analysis chord
diagram. The diagram is divided into left and right sides: the left side shows the 10 genes with the largest
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2.8 Gene Set Enrichment Analysis (GSEA)

Conventional enrichment analysis based on hypergeometric distribution relies on genes that are signifi-
cantly up- or down-regulated, and tends to miss some genes that are not significantly differentially expressed
but are biologically important. Gene set enrichment analysis（GSEA）[12]does not require specifying an
explicit differential gene threshold. It sorts genes according to how differentially expressed they are (log2FC)
in the two sets of samples and then tests whether a predetermined set of genes is enriched at the top or bottom
of the sorting table using statistical methods. That means it tests whether most of the genes in the predefined
gene set are highly or lowly expressed in the samples, thus determining whether the functionally annotated
gene set has changed significantly across the samples. GSEA consists of three main steps: calculation of
the enrichment score; estimation of the significance level of the enrichment score; and multiple hypothesis
testing.

We performed GSEA on the KEGG, GO, and Reactome datasets of this species respectively, and the
detailed results are shown in folder 05.GSEA. The KEGG database is used as an example to show GSEA
results as below.

Table 13 KEGG Database GSEA Results

ID Description setSize enrichmentScore

mmu03010 Ribosome 128 -0.6790367
mmu00190 Oxidative phosphorylation 125 -0.6109628
mmu05171 Coronavirus disease - COVID-19 178 -0.5326773
mmu05012 Parkinson disease 243 -0.4990165
mmu05415 Diabetic cardiomyopathy 184 -0.4588278

• ID：enrichment pathway ID
• Description：enrichment pathway name
• setSize：number of genes enriched to the pathway
• enrichmentScore：enrichment score, i.e. ES

2.8.1 KEGG Database GSEA Ridgeline Plot

The nine GSEA-enriched entries with the smallest q-value were selected to plot the GSEA ridgeline plot.
The horizontal coordinate is the enrichment score (ES) and the vertical coordinate is the enriched pathway. An
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ES value greater than 0 indicates that the pathway was activated and the hub genes enriched in this pathway
were up-regulated, while an ES value less than 0 indicates that the pathway was suppressed and the hub genes
enriched in this pathway were down-regulated.

KEGG Database GSEA Ridgeline Plot

The horizontal coordinate is the enrichment score (ES) and the vertical coordinate is the

enriched pathway. An ES value greater than 0 indicates that the pathway was activated and

the hub genes enriched in this pathway were up-regulated, while an ES value less than 0

indicates that the pathway was suppressed and the hub genes enriched in this pathway were

down-regulated.
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2.9 Alternative Splicing Analysis

Alternative splicing (AS) is a common form of gene expression in most eukaryotic cells. The gene se-
quence of eukaryotic cells contains introns and exons, where introns are removed by RNA spliceosomes after
the gene is transcribed into mRNA precursors, while exons are retained in mature mRNAs. An unspliced
RNA may be spliced with multiple exon splicing forms, therefore allowing a gene to be translated into differ-
ent protein isoforms at different times and in different environments, and thereby increasing the complexity
or adaptability of the system in its physiological status. Alternative splicing analysis of transcriptome data
in this project was implemented using rMATS[13].rMATS quantifies the expression of alternative splicing
events in different biological replicates, and calculates the P value using likelihood-ratio test to represent the
difference of alternative splicing events between two groups of samples. To control the false discovery rate
(FDR), the Benjamini Hochberg method is then used to adjust the P-values for multiple hypothesis testing.
Alternative splicing events with FDR less than 0.05 are considered as differential alternative splicing. There
are five types of alternative splicing events identified by rMATS in this study, as shown below:（1）Skipped
exon (SE)（2）Alternative 5’ splice site (A5SS)（3）Alternative 3’ splice site (A3SS)（4）Mutually exclusive
exons (MXE) （5）Retained intron (RI)
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Plot of Alternative Splicing Events

2.9.1 Classification and Statistics of Alternative Splicing Events

For each differential grouping, we analyzed the types of alternative splicing events and calculated their
numbers using rMATS. We then computed the expressions of each category of alternative splicing events
separately, and finally performed a differential analysis of those alternative splicing events. rMATS employs
two quantification methods, JC and JCEC. JC only uses reads across splicing junctions, while JCEC uses
reads across splicing junctions as well as reads that fully mapped to optional exons. Statistics on types and
numbers of alternative splicing events for each differential grouping are shown in the following figures:
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Statistical Chart of Alternative Splicing Events

The horizontal coordinate indicates the different alternative splicing event types and the

vertical coordinate indicates the number of alternative splicing events. JC only uses reads

across splicing junctions, while JCEC uses reads across splicing junctions as well as reads

that fully mapped to optional exons for quantification.

Table 14 Statistics on Types and Numbers of Alternative Splicing Events

AS_type EventNum.JC SigEventNum.JC EventNum.JCEC SigEventNum.JCEC

A3SS 30500 556 (221;335) 30519 574 (230;344)
A5SS 21061 357 (160;197) 21097 379 (164;215)
MXE 5228 223 (140;83) 5262 240 (160;80)
RI 12842 876 (293;583) 12901 993 (338;655)
SE 39632 1251 (565;686) 39825 1261 (557;704)

• AS_type：type of the alternative splicing event
• EventNum.JC：the total number of alternative splicing events quantified using the JC method
• SigEventNum.JC：the number of differential alternative splicing events quantified using the JCmethod.
The number before the semicolon in parentheses is the number of up-regulated differential alternative
splicing events, and the number after the semicolon is the number of down-regulated differential alter-
native splicing events.
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2.10 SNP and InDel Analysis

Single Nucleotide Polymorphism (SNP) refers to a genetic marker formed by a single nucleotide varia-
tion on the genome. SNP markers are characterized by rich polymorphism, wide distribution and high genetic
stability. They allow high-throughput, automated assays with the advantages of low cost and high efficiency,
thus serving as an important link between biological phenotypes and genotypes. InsertionDeletion (InDel)
refers to the insertion or deletion of a nucleotide fragment of different sizes at the same locus of the genome
between individuals of closely related species or the same species, i.e., the insertion or deletion of one or more
bases at a locus of a sequence compared to another homologous sequence. InDel markers have been widely
used in genetic analysis of plant and animal populations and molecular assisted breeding because of their
excellent stability, high polymorphism and simple genotyping system. In general, SNPs are single nucleotide
variants with a variation frequency greater than 1 %, and most of the InDels are within 50 bp in length.

Since some of the mRNAs are subject to RNA editing, i.e., insertion, deletion or substitution of bases
in the coding region of the transcribed RNAs, resulting in polymorphic gene expression products. Based
on the alignment results, the RNA editing results for SNP and single nucleotide substitution are the same.
Therefore, the SNPs and InDels detected by transcriptome sequencing data inevitably contain the products of
RNA editing. SNP and InDel detection in this study was implemented using GATK[14] and annotation was
implemented using ANNOVAR[15].The flow of SNP and InDel detection is shown in the following figure:
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图 1 1:

2.10.1 Detection of Variable Sites

After detecting SNPs and InDels using GATK, the variable sites were annotated using ANNOVAR to
obtain the analysis results and annotation information of SNPs and InDels. Since the analysis results for
InDels are consistent with SNPs, only some of the results for SNPs are presented in the report, as shown in
the table below:

Table 16 SNP Loci and Annotations

Chr Pos Ref Alt location Gene

1 4689026 C T intergenic ENSMUSG00000104328;ENSMUSG00000033845
1 4841756 C G intergenic ENSMUSG00000104328;ENSMUSG00000033845
1 4848324 G T intronic ENSMUSG00000033845
1 4849398 G T intronic ENSMUSG00000033845
1 4849399 G T intronic ENSMUSG00000033845
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2.11 Fusion Gene Analysis

A fusion gene is a chimeric gene formed by the fusion of all or partial sequences of two genes, usually
due to chromosomal translocations and deletions. The fusion gene was first discovered in hematological
malignancies, among which the fusion of BCRABL in chronic granulocytic leukemia is the most classic. This
fusion gene is the target of the drug Imatinib/Glivec, which is used to treat chronic granulocytic leukemia.
High-throughput RNA sequencing technology has greatly accelerated the study of fusion genes due to its high
throughput, low cost, high detection accuracy and wide detection range. In this study, STAR-Fusion software
was used to detect fusion transcripts using the fusion output of STAR alignment.

The fusion gene list is shown below:

Table 19 Fusion Gene List

FusionName JunctionReadCount SpanningFragCount SpliceType

Tmem63b–Klc4 102 7 ONLY_REF_SPLICE
Rere–Slc2a5 96 14 ONLY_REF_SPLICE
Kremen1–Bcas3 73 18 ONLY_REF_SPLICE
Sppl3–2210016L21Rik 35 3 ONLY_REF_SPLICE
Trp53cor1–Ly6g5c 33 5 ONLY_REF_SPLICE

• FusionName：name of the fusion event
• JunctionReadCount：the number of spanning fragments supporting the fusion event
• SpanningFragCount：number of spanning fragments that support the occurrence of the fusion event
• SpliceType：the identification of fusion breakpoints and whether they are located at the exon junctions
of known gene structures

2.12 Weighted Gene Co-expression Network Analysis (WGCNA)

The WGCNA algorithm is a system biology algorithm for constructing gene co-expression networks
based on high-throughput messenger RNA (mRNA) expression data, which is widely used in biomedical
fields worldwide. The WGCNA algorithm first assumes that the gene network obeys a scale-free distribu-
tion, and defines the gene co-expression correlation matrix, the adjacency function of the gene network, and
then calculates the dissimilarity coefficients of different nodes, and constructs the hierarchical clustering tree

73







minimum number of genes allowed in a module was set to 50. Each color in the diagram indicates that the
genes corresponding to this color belong to the same module in the clustering tree. If some genes always have
similar expression changes in a physiological process or in different tissues, these genes may be functionally
related and can be defined as a module. For the upper half of the dendogram, the vertical distance represents
the distance between two nodes (genes) and the horizontal distance is meaningless.

Module Hierarchical Cluster Dendrogram

The figure is divided into two parts: the upper part shows the clustering dendrogram of

genes, and the lower part shows the module clustering results, with each color representing

a module.

2.12.4 Inter-Module Correlation Heatmap

The inter-module correlation heatmap can be divided into two parts, with the upper part clustering the
modules according to their characteristic values called eigengenes. The vertical coordinates represent the
degree of dissimilarity of the nodes. Each row and column in the lower half of the graph represents a module.
The darker the color of the square (the redder), the stronger the correlation; the lighter the color of the square,
the weaker the correlation.
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Inter-Module Correlation Heatmap

The inter-module correlation heatmap can be divided into two parts, with the upper part

clustering the modules according to their eigengenes. The vertical coordinates represent

the degree of dissimilarity of the nodes. Each row and column in the lower half of the

graph represents a module. The darker the color of the square (the redder), the stronger the

correlation; the lighter the color of the square, the weaker the correlation.

2.12.5 Sample-Module Correlation Heatmap

In general, if one module shows significantly higher correlation with the sample than the other modules,
it means that this one module probably correlates most strongly with that sample, as shown in the figure
below:
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Sample-Module Correlation Heatmap

Sample-Module Correlation Heatmap: The horizontal coordinate represents the sample,

while the vertical coordinate represents the module. The value in parentheses is the

number of module genes. The color shades in the figure indicate the correlation level, with

red being a positive correlation and blue being a negative correlation.

2.12.6 Module Gene Clustering Heatmap

Each clad in the dendrogram represents a gene, and the darker the color of each node (white → yellow
→ red) represents the stronger correlation between the two genes the two genes in the corresponding row and
column. The results are shown in the figure below.
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Table 21 Network Node Gene List by Module

geneID moduleColors kTotal kWithin kOut kDiff

ENSMUSG00000000028 yellow 766.2020 192.48636 573.7156 -381.22928
ENSMUSG00000000085 yellow 1154.1466 226.22296 927.9236 -701.70065
ENSMUSG00000000296 yellow 1234.7371 221.96207 1012.7750 -790.81296
ENSMUSG00000000386 yellow 1182.7122 193.13031 989.5819 -796.45160
ENSMUSG00000000731 yellow 1736.9867 229.95088 1507.0358 -1277.08493

ENSMUSG00000000776 yellow 279.3970 54.58275 224.8142 -170.23147
ENSMUSG00000000938 yellow 1092.6211 234.96279 857.6583 -622.69550
ENSMUSG00000001018 yellow 446.9880 109.97969 337.0083 -227.02863
ENSMUSG00000001034 yellow 300.3559 110.49130 189.8646 -79.37334
ENSMUSG00000001065 yellow 399.5582 145.34900 254.2092 -108.86024

• geneID：gene number
• moduleColors：module to which the gene belongs
• kTotal：total gene connectivity
• kWithin：gene connectivity within the module
• kOut：gene connectivity outside the module, which is calculated by kTotal minus kWithin
• kDiff：difference between kWithin and kOut

2.12.9 Relationship between Network Nodes of Each Module

The interaction relationships of genes within each module inWGCNA can be exported and subsequently
imported to Cytoscape software to generate a network map. If the number of modules is greater than 10, only
the first 10 modules are displayed, and if the number of modules is less than 10, all of them are displayed:
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Table 22 List of Network Node Relationships for Each Module

fromNode toNode weight

ENSMUSG00000000028 ENSMUSG00000000085 0.1063245
ENSMUSG00000000028 ENSMUSG00000000296 0.1499703
ENSMUSG00000000028 ENSMUSG00000000386 0.1352866
ENSMUSG00000000028 ENSMUSG00000000731 0.2319606
ENSMUSG00000000028 ENSMUSG00000000776 0.1553211

ENSMUSG00000000028 ENSMUSG00000000938 0.2014335
ENSMUSG00000000028 ENSMUSG00000001082 0.1786971
ENSMUSG00000000028 ENSMUSG00000001418 0.1003969
ENSMUSG00000000028 ENSMUSG00000001750 0.1956989
ENSMUSG00000000028 ENSMUSG00000001755 0.1935912

• fromNode：network node gene 1
• toNode：network node gene 2
• weight：the edge weights of the adjacency matrix, which represents the strength of the connection
between two nodes (genes)

2.13 Protein Interaction Network

We applied the interactions in STRING protein-protein interaction database (http://stringdb.org) to ana-
lyze the protein-protein interaction network constructed using differentially expressed genes. We first aligned
the sequences in the target gene set to the protein sequences of the reference species (or proximate species)
contained in the string database by applying diamond blastx, to obtain protein-protein interactions based on
the alignment results.
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Table 23 Protein-Protein Interactions

ID1 gene_name1 ID2 gene_name2 combined_score

ENSMUSG00000000120 Ngfr ENSMUSG00000040061 Plcb2 710
ENSMUSG00000000126 Wnt9a ENSMUSG00000015957 Wnt11 917
ENSMUSG00000000126 Wnt9a ENSMUSG00000033227 Wnt6 914
ENSMUSG00000000126 Wnt9a ENSMUSG00000022996 Wnt10b 914
ENSMUSG00000000126 Wnt9a ENSMUSG00000042988 Notum 771

ENSMUSG00000002477 Snrpd1 ENSMUSG00000035215 Lsm7 878
ENSMUSG00000002477 Snrpd1 ENSMUSG00000060288 Ppih 961
ENSMUSG00000002477 Snrpd1 ENSMUSG00000078765 U2af1l4 829
ENSMUSG00000002477 Snrpd1 ENSMUSG00000020018 Snrpf 999
ENSMUSG00000054855 Rnd1 ENSMUSG00000097816 Gm26811 992

• ID1：No.1 differentially expressed gene
• gene_name1：Differentially expressed gene name
• ID2：No.2 differentially expressed gene
• gene_name2：Differentially expressed gene name
• combined_score：database interaction score

3 Appendix

3.1 Article Citations and Acknowledgements

Article Citations and Acknowledgements If your research project uses the sequencing and analysis ser-
vices of MetwareBio, we would appreciate it if you would cite or mention Metware Biotechnology Inc. in the
Method section or Acknowledgements section when publishing your paper. For reference, statements such
as

Methods:

The cDNA libraries were sequenced on the Illumina sequencing platform by Metware Biotechnology
Inc. (Boston, USA).

Acknowledgements:
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We are grateful to/thank USA Metware Biotechnology Inc for assisting in sequencing and/or bioinfor-
matics analysis.

3.2 Experiments and Methods

Methods in Englsih：src/appendix/RNAseq_methodsEnglish.Illumina.pdf

3.3 Format Description for Results Files

Table 24

File Type File Description Opening method

*fa/*fasta Sequence file Use commands such as less/more under Linux; use text editors such as notepad under Windows
*fq/*fastq reads file Use commands such as less/more under Linux; use text editors such as notepad under Windows
xls/txt Form Documents Use commands such as less/more under Linux; use text editors such as notepad under Windows
png/pdf Image files Windows using image viewer, Adoble Read, etc.

3.4 Analysis Software List and Version Information

Table 25

Analysis Software Versions

Data QC fastp 0.23.2
Data Comparison hisat2 2.2.1
Genetic quantification featureCounts 2.0.3
Alternative Splicing Analysis rMATS 4.1.2
Screening for Differentially Expressed Genes DESeq2 1.38.3

Screening for Differentially Expressed Genes edgeR 3.40.2
Venn plot VennDiagram 1.6.20
Enrichment Analysis clusterProfiler v4.6.0
GSEA Analysis clusterProfiler v4.6.0
WGCNA Analysis WGCNA 1.71
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