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本节内容

• 高通量测序技术

• 测序原始数据

• RNA-seq分析流程

• 统计模型：数据归一化

• 演示：Linux、云计算、分析资源



NGS (next generation sequencing) drives down the 

cost of sequencing

Moore’s Law
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$1,000 genome

Newer NGS systems

$1M genome

$10K genome

2008
Helicos

BioSciences

2008

First tumor:normal

genome sequenced

Massively parallel sequencing

2009
Illumina GAIIX,

SOLiD 3.0

2011
Ion Torrent PGM

PacBio RS

Illumina MiSeq

2010
Illumina HiSeq 2000

Oxford Nanopore

2001

IHGSC reports the

sequence of the first

human genome

Capillary electrophoresis Sanger sequencing

2005
454 pyrosequencing

GS-20

2007
ABI/SOLiD

sequencer

2006
Solexa/Illumina

sequencer

2005

Start of NGS

2007

Entry of NGS

into the market

2012 - 2013
HiSeq 2500
Ion Torrent Proton
NextSeq

2014
HiSeq X Ten

Adapted from: MacConaill LE. Existing and emerging technologies for tumor genomic profiling. 

Journal of Clinical Oncology, 31(15), 1815-1824 (2013). (slide by Erick Lin)



https://www.yourgenome.org/facts/what-is-the-illumina-method-of-dna-sequencing

https://www.yourgenome.org/facts/what-is-the-illumina-method-of-dna-sequencing


Illumina Sequencing by Synthesis

https://www.bilibili.com/video/av16817060/ (Video introduction)

https://www.illumina.com/science/technology/next-generation-sequencing/sequencing-technology.html

https://www.bilibili.com/video/av16817060/
https://www.illumina.com/science/technology/next-generation-sequencing/sequencing-technology.html




Template amplification 

NatRev 16 Coming of age ten years of next-generation sequencing technologies



Cyclic reversible termination 

NatRev 16 Coming of age ten years of next-generation sequencing technologies



Sequencing by Synthesis

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/

https://www.bilibili.com/video/av16817060/ (Video introduction)

http://data-science-sequencing.github.io/Win2018/lectures/lecture2/
https://www.bilibili.com/video/av16817060/


本节内容

• 高通量测序技术

• 测序原始数据

• RNA-seq分析流程

• 统计模型：数据归一化

• 演示：Linux、云计算、分析资源



A typical RNA-seq experiment

Nat Rev Genet 2009 - RNA-Seq: a revolutionary tool for transcriptomics



AAATGTCAAGGAGTCCTTTCTGACTAGTCTGTGCCTATATGGTTGGATATTTTTATGATTACCCCAACCACCATC

AGCAGCATTGTCAGAAACTACTTTGTGATGTTTGCATTCAAGTCACAGAATTGAACACTCCCTTTCACAGAGCAG

TGCTGATCCTATTGGTAAGTGCTCATACCTGCAGCATCTTCACCTGTGTCTTCTATATTCACCTGTGTGACTAAA

GCCCTTCTCCCTGATTCACCCCTCAGCATCGTCTCCCTCACCATCTTCTACCTTTTCAGCCTTTCCTTCCCCTCT

AGAAAACTCTACCTGTCATTTTTTCAACATTATCGATCCACTGGATCTTCATGGACTCAAAATGTCCATAAGCCG

GCTTATAATCTAGCCATGCTGGCAGCTGATTAGATTGTGCCCACTCAGATTAAGAGTCTGCCTTTCCCAGCCCAC

CTGGGGGATGGGATTTAGGAAAACTTCCCTAAGGGGTTTTGAAATGCAGTCCCTCAACCTCTCTTAAGCATCTCC

TTTGTTCTGAGGATAGGTTACATAGATGATTCTAATCCATTTATTATTTTTACATTCCAGGCTACCTAAAAGAAG

GCACTTTGGGAGGCCAAGGTTGGTGGATCATGAAGTCAGGAGTTGGAGACCATCCTGACCAGCATGGTGAAACCC

GTGTGCTCACAAATCTTTGTACAGAAAAGGCCCGGAGATTCCTACCTTGTTAAGCAAAGGGGCTGTATCACTACA

ATGACCTCATCTTAATTAATTGCATCTGCAATGGCCCTGTTTCTAAATAGGTCACACTCTGAGGTACTGGAGATT

GATTCCATTTGATGTTGATTCCATTCGAGTCCATTCGATCATTATTACATTTGATTCTATTCGATGATTCCATTC

GCAATACGGACTCAGTAGGAAAGCAACTGAAGGGTGTCATAAATTTATGCTGCAGATTTGCGAATGAGCTACTGT

TTGGTCTCCTCAAATTACTTTTATTTCTCACCTTCAGGATTTTGCATATGTTTTTTACTTTTATATAATACTTAA

TAACTTTTGATACAATGAAGTAAGTTCTATTTTTTTTTTTTTACCACTCTTAAGATATAATAGACCTGGAAATAC

AGTGCCAGGAGCTACCAGGGCTGTGCCAAGGAGGAAAATGTATCAACACCTTTGGGAGTTTCCAGCGCCGCTGTC

AGGATAAAGCAAGATGTAAGCTTCAAATTAGTCCAACTTGCTACTTTTTAGTCACTTTATTAAAGCATTTTGGGA

ATGCTATGTTTATTGCGGCACTATTCACAATAGCACAGACTTGGAACCAACCCAAATGATAGACTGGACTAAGAA

AGCCCTGTCCCTCCTCCAGGTTCCTCAAGCATGTCTCCTGCCTCTGCACCTACCTCAGAGAGCCAACATTCGACT

AAATTCAAAAAACAAACTCTGGTCCAGTTCAAGTATAATCTAATTATCTAACAGGTCACAGCCTCGGACTGTCCA

TTGTTTGAGCTCCTTATATATTCTGGTAATTAATCCCTTGTCAAACGAGTAGTTTGCAAGTATTTCTTCCGCTTC

TGGGGACTAAATGTAATGCTGGAAAAATTTCTTTTGCAGAGGCATATCCACCAACCTTTCTCTCCAGACCTAAGC

AGAATTCCCTTTGGTTTTCCCTTTCAGGAAGTAGATTATGAAGAAATGAAGAATCTTGACTTCAGTGTTATTGTC

ATGAACATTTCCCTATCTATTTCAAAATTACATGAATCACAATAAAGAATAACACAATCCTGAACAATGTGTGAA

ATGAAAATAATAATATCTTTTAAAGTCCCAGAGGTGCCAAAGGTAGCTGTCCCAGAACAGAAGGTGCCTGAAGCT

75 bp
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On an Illumina HiSeq 2500, one lane of an eight-lane flow cell 

generates >600 million reads (45 GB), slide by Trevor Pugh



A FASTQ file containing reads



Sequencing Reads (FASTQ format)

A FASTQ file normally uses four lines per sequence.

• Line 1 begins with a ‘@’ character and is followed by a sequence identifier.

• Line 2 is the raw sequence letters.

• Line 3 begins with a ‘+’ character, is optionally followed by the same 

sequence identifier.

• Line 4 encodes the Phred quality values for the sequence in line 2, each 

value represents the error probability of a given base call. （从图像转换为
碱基的错误概率）

A Phred score of 40 

can be represented 

as the ASCII char “I” 

(40+33= ASCII #73)

40 means 10-4 error 

probability.



Align reads to reference genome

https://samtools.github.io/hts-specs/SAMv1.pdf

https://samtools.github.io/hts-specs/SAMv1.pdf


Alignment against reference genome (SAM/BAM)
This alignment contains the following 

features: (1) bases in lower cases are 

clipped from the alignment; (2) read 

r001/1 and r001/2 constitute a read pair; 

(3) r003 is a chimeric read; (4) r004 

represents a split alignment.



Gene structure annotation (GFF / GTF format)

http://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/10

00/index.php?manual=GFF3_format.html

http://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/1000/index.php?manual=GFF3_format.html


Summarizing mapped reads into a gene level count

GB 10 From RNA-seq reads to differential expression

Y-axis：the 

number of 

mapped reads 

that overlap a 

location

Different 

summarization 

strategies will result 

in the inclusion or 

exclusion of different 

sets of reads in the 

table of counts
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Analysis Workflow of RNA-Seq Gene Expression Data

• Alignment of RNA reads to reference

– Reference can be genome or transcriptome.

• Count reads overlapping with annotation features of interest

– Most common: counts for exonic gene regions, but many viable alternatives exist 

here: counts per exons, genes, introns, etc.

• Normalization

– Main adjustment for sequencing depth and compositional bias.

• Identification of Differentially Expressed Genes (DEGs)

– Identification of genes with significant expression differences.

– Identification of strongly expressed genes.

• Special applications

– Splice variant discovery (semi-quantitative), gene discovery, antisense 

expressions, etc.

• Cluster Analysis

– Identification of genes with similar expression profiles across many samples.

• Enrichment Analysis of Functional Annotations

– Gene ontology analysis of obtained gene sets from above.



RNA-seq analysis plots

Mark Ziemann



早期RNA-seq分析流程

Nature Protocols 12 Differential gene and transcript expression analysis of 

RNA-seq experiments with TopHat and Cufflinks （可按照流程学习分析）



Overview of Cufflinks

NBT 10 Transcript assembly and quantification by RNA-Seq reveals 

unannotated transcripts and isoform switching during cell differentiation



新RNA-seq分析算法

Nature Protocols 16 Transcript-level expression analysis of RNA-

seq experiments with HISAT, StringTie and Ballgown



Commonly used RNA-seq analysis methods

NC 17 Gaining comprehensive biological insight into the transcriptome by performing a 

broad-spectrum RNA-seq analysis



Benchmark comparisons



RNACocktail protocol



www.bioconductor.org

• Bioconductor provides R packages for the analysis of genomic 

data, tools for analysis of data from next-generation high-throughput 

sequencing methods 

– 1104 packages for bioscience data analysis (as of March 10, 2016)

– active user community, open source and open development

– two releases each year

• Statistical analysis: large data, technological artifacts, designed 

experiments; rigorous

• Comprehension: biological context, visualization, reproducibility

• High-throughput

– Sequencing: RNASeq, ChIPSeq, variants, copy number, …

– Microarrays: expression, SNP, …

– Flow cytometry, proteomics, images, …

http://biocluster.ucr.edu/~rkaundal/workshops/R_mar2016/RNAseq.html

source("http://bioconductor.org/biocLite.R")  
biocLite()  # install core packages

http://biocluster.ucr.edu/~rkaundal/workshops/R_mar2016/RNAseq.html


《Bioconductor Case Studies》

Bioconductor的教材，可了解组学数据常用的分析方法和数据结构



Software for RNA-Seq DEG (differentially 

expressed genes) Analysis

• edgeR (Robinson et al., 2010)

• DESeq / DESeq2 (Anders and Huber, 2010, 2014)

• DEXSeq (Anders et al., 2012)

• limmaVoom

• Cuffdiff / Cuffdiff2 (Trapnell et al., 2013)

• PoissonSeq

• baySeq



Data example

NCB 15 EGF-mediated induction of Mcl-1 at the switch to lactation is 

essential for alveolar cell survival



Data example

NCB 15 EGF-mediated induction of Mcl-1 at the switch to lactation is 

essential for alveolar cell survival

p.7: We next interrogated potential molecular regulators that could mediate 

the marked induction of Mcl-1 expression that occurs on lactogenesis.

log2 scale and mean-

corrected for each gene



GEO & SRA database

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60450

（可找到测序数据的SRA文件）

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60450


RNA-seq analysis with R: basepair quality

http://combine-australia.github.io/RNAseq-R/07-rnaseq-day2.html

课件：RNA-seq mapping.R

X轴：碱基位置；Y轴：碱基质量值分布

http://combine-australia.github.io/RNAseq-R/07-rnaseq-day2.html


Alignment and read counts per gene

GSE60450_Lactation-GenewiseCounts.txt



Expression values：RPKM/FPKM

- RPKM (FPKM): reads (fragments) per kb per million mapped 

reads



RNA-seq analysis with R: count distribution

http://combine-australia.github.io/RNAseq-R/06-rnaseq-day1.html

课件：RNA-seq diff_expr.R

Do any samples 

appear to be different 

compared to the 

others? A few genes 

with large 

counts may 

bias the 

values of 

other genes 

http://combine-australia.github.io/RNAseq-R/06-rnaseq-day1.html


RNA-seq analysis with R: MDS (multi-

dimensiaonl scaling) clustering

Is there something strange going on with 

the samples? Identify the two samples that 

don’t appear to be in the right place.

探索性数据
分析



RNA-seq analysis with R: MDS clustering

Sample information corrected

What is the greatest source of variation in the data 

(i.e. what does dimension 1 represent)? What is the 

second greatest source of variation in the data?



Hierarchical clustering （层次聚类）算法

《统计学习导论》，图10-11



RNA-seq analysis with R: Hierarchical clustering 

with heatmaps



RNA-seq analysis with R: gene variance vs. mean

Problem: 1 vs. 1 or 3 vs. 3 comparison: gene-wise t-test is not 

robust when using small sample size to estimate the variance of the 

mean

Bayesian methods: borrow variance information acrsoss genes



Limma analysis

NAR 15 limma powers differential expression analyses 

for RNA-sequencing and microarray studies



RNA-seq analysis with R: Differential expression



分析结果

B.PregVsLacResults.csv

生物信息分析流程虽
快，但需要注意细节
和积累分析经验，避
免错误结果和解释



RNA-seq analysis with R: Gene set enrichment

The N column represents the total number of genes 

that are annotated with each GO term. The Up and 

Down columns represent the number of differentially 

expressed genes that overlap with the genes in the GO 

term. The P.Up and P.Down columns contain the p-

values for over-representation of the GO term across 

the set of up- and down-regulated genes, respectively. 

The output table is sorted by the minimum of P.Up and 

P.Down by default.
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归一化（Normalization）
• 把数据变为（0，1）之间的小数。主要是为了方便数据处理，因为将
数据映射到0～1范围之内，可以使处理过程更加便捷、快速。

• 把有量纲表达式变换为无量纲表达式，成为纯量。经过归一化处理的
数据，处于同一数量级，可以消除指标之间的量纲和量纲单位的影响，

提高不同数据指标之间的可比性。

• 常用算法：

– 线性转换，即min-max归一化： y=(x-min)/(max-min)

– 对数函数转换： y=log10(x)

https://blog.csdn.net/zyf89531/article/details/45922151

https://blog.csdn.net/pipisorry/article/details/52247379

https://blog.csdn.net/zyf89531/article/details/45922151
https://blog.csdn.net/pipisorry/article/details/52247379


Normalization: Arrays may have different 

brightness



Normalization: Motivation

biological variation experimental variation

(interesting) (uninteresting)

Genomics Data

Wish to minimize!

Carefully control experiment 

steps (e.g. amplification and 

staining)

Normalization

Normalization methods could have larger effect on analysis 

than the downstream steps such as group comparisons

(Hoffmann et al. 2002 Genome Biology)



Normalization: Nonlinear methods, “Invariant Set”

Li and Wong 2001b, Tseng et al. 2001, 

Schadt et al. 2001, Stuart et al. 2001

• It’s not desired that normalization eliminates the real 

changes of differentially expressed genes 

• Select a subset of probes or genes that are presumably 

non-differentially expressed as the basis for normalization

• Use absolute rank differences as iterative heuristics. 

• Use nonlinear curve fitting to determine the 

normalization relation.



Normalization: Nonlinear methods, “Invariant Set”

Two different samples. The smoothing spline in (A) is affected by several points at the lower-right corner, 

which might belong to differentially expressed genes. Whereas the “invariant set” does not include these points 

when determining normalization curve, leading to a different normalization relationship at the high end.

Genome Biology 2001 Model-based analysis of oligonucleotide arrays model 

validation design issues and standard error application



LOWESS (locally weighted scatterplot smoothing)

https://gerardnico.com/data_mining/local_regression

R function lowess(): https://www.rdocumentation.org/packages/stats/versions/3.6.1/topics/lowess

A linear function is fitted only on 

a local set of point delimited by a 

region. The polynomial is fitted 

using weighted least squares. 

The weights are given by the 

heights of the kernel (the 

weighting function).

We obtain then a fitted 

polynomial model but retains only 

the point of the model at the 

target point (x). The target point 

then moves away on the x axis 

and the procedure repeats and 

that traces out the orange curve.

https://gerardnico.com/data_mining/local_regression
https://www.rdocumentation.org/packages/stats/versions/3.6.1/topics/lowess


Loess explained in a GIF

https://simplystatistics.org/2014/02/13/loess-explained-in-a-gif/

Rafael Irizarry: “Local 

regression (loess) is 

one of the statistical 

procedures I most use.”

https://simplystatistics.org/2014/02/13/loess-explained-in-a-gif/


Lowess normalization (M-A plot)
系统误差：表达量高
的基因大都上调？

https://www.slideserve.com/briana/microarray-analysis

https://www.slideserve.com/briana/microarray-analysis


Quantile normalization

https://vip.biotrainee.com/d/81-quantile-normalization（生信技能树）

表达量矩阵的每一列是一个样本，每一行是一个
基因（不同颜色），值是表达量

假设：每个样本中
所有基因的表达量
分布大致相同

https://vip.biotrainee.com/d/81-quantile-normalization


When to use Quantile Normalization

Biorxiv 14 When to use Quantile Normalization



RNA-seq analysis with R: Normalization 

After 

normaliation

Before 

normaliation



RNA-seq analysis with R: Normalization
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Linux 常用命令

https://www.runoob.com/w3cnote/linux-common-command-2.html

https://www.runoob.com/w3cnote/linux-common-command-2.html


Linux中修改环境变量
• 直接运行export命令定义变量【只对当前shell（BASH）有效（临时
的）】

• 在shell的命令行下直接使用[export 变量名=变量值]定义变量，该变量
只在当前的shell（BASH）或其子shell（BASH）下是有效的，shell关闭
了，变量也就失效了，再打开新shell时就没有这个变量，需要使用的
话还需要重新定义。

• 例如：export PATH=/usr/local/webserver/php/bin:$PATH 

• 环境变量的查看
(1)使用echo命令查看单个环境变量。例如:

echo $PATH
(2)使用env查看所有环境变量。例如:

env echo
(3)使用set查看所有本地定义的环境变量。例如:

set
https://blog.csdn.net/u011630575/article/details/49839893

https://blog.csdn.net/u011630575/article/details/49839893


Mac下如何调出命令行窗口

常用命令：https://www.jianshu.com/p/fdddcdf56e06

https://www.jianshu.com/p/fdddcdf56e06


云计算

腾讯云试用：https://cloud.tencent.com/act/free

https://cloud.tencent.com/act/free


腾讯云的“Linux基础入门”在线实验课

https://cloud.tencent.com/developer/labs/gallery

https://cloud.tencent.com/developer/labs/gallery


测序数据质控：FastQC

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/


序列比对软件：Bowtie2

uname -a 命令可以直接显示 Linux 系统架构的命令



在本地和云服务器之间传输文件

https://cloud.tencent.com/document/product/213/2131

https://cloud.tencent.com/document/product/213/2131


Bowtie 2: Lambda phage example

http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml#getting-started-with-bowtie-2-lambda-phage-example

http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml#getting-started-with-bowtie-2-lambda-phage-example


Galaxy生信分析网站

https://usegalaxy.org/

https://usegalaxy.org/


IGV浏览器

http://software.broadinstitute.org/software/igv/

帮助页：https://software.broadinstitute.org/software/igv/AlignmentData

http://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/AlignmentData


iSeq : A web-based server for RNA-seq Data 

Analysis and Visualization

http://iseq.cbi.pku.edu.cn

http://iseq.cbi.pku.edu.cn/


北京大学“北极星”高性能计算平台

陈芳进、裴剑锋老师《定量生物学计算与软件使用》课程
• 交叉学院/秋季/3学分，研究生课程号08402070
• 陈芳进老师，20年9月: “定量生物学计算与软件使用”课程是一门理论与实践结合的课程。课程讲授的主

要内容为Matlab基础和使用、Linux基础和使用、Python基础和使用、生物网络分析、机器学习、深度学
习、以及其他定量生物学计算方法和资源等。其中linux基础和使用包括Linux shell，文件传输，GPU加
速，任务并行，北极星集群使用和任务提交。上课地点：老化学楼东配楼101教室，时间为：星期二7-9

节课，9月22日开始。需要设备：自带笔记本。注：本学期使用新的教学集群，环境和北极星一致，登录
不需要vpn和堡垒机，为密钥登录。今年不再使用虚拟机。

http://cls.pku.edu.cn:8080/clshpc/

http://cls.pku.edu.cn:8080/clshpc/


课后练习

1. 阅读文献
《NCB15 EGF-mediated induction of Mcl-1 at the switch to lactation 

is essential for alveolar cell survival》

思考作者为什么做RNA-seq实验（图6），它的数据分析结果对课题的
推进和结论有哪些帮助？

2. 数据分析练习
a) 安装和运行“演示”部分的软件和流程

遇到安装、运行错误，可以先上网搜索，但如果花费超过半小时，及时
问助教或同学

b) 结合课堂内容和《RNAseq-R教程》（http://combine-

australia.github.io/RNAseq-R/），运行课件中的R代码，理解所用函数
的功能和输出结果。比较得到的结果和（1）中文献分析结果的异同。

http://combine-australia.github.io/RNAseq-R/


延伸阅读
• 用R做RNA-seq分析的其他教程

– https://bioinformatics-core-shared-training.github.io/RNAseq-R/

– http://bioconductor.org/help/workflows/rnaseqGene/

– http://biocluster.ucr.edu/~rkaundal/workshops/R_mar2016/RNAseq.html

• 课件目录《文献阅读》中选择感兴趣的文献阅读。

https://bioinformatics-core-shared-training.github.io/RNAseq-R/
http://bioconductor.org/help/workflows/rnaseqGene/
http://biocluster.ucr.edu/~rkaundal/workshops/R_mar2016/RNAseq.html


RNA-seq初学者的感悟
陈霞（生信平台实习同学）

http://forum.cbi.pku.edu.cn/forum/upload/forum.php?mod=viewthread&tid=166

http://forum.cbi.pku.edu.cn/forum/upload/forum.php?mod=viewthread&tid=166

