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Our world is full of microbes (微生物无处不在)

Upon a closer look… 

bacteria

fungi 

viruses 

archaea

protists (原生生物)

……

human soil hot springsocean

Microbes

微生物(microbes)是指“一切肉眼看不见或看不清的微小生物的总称”。

(~109-10个微生物/1克土)



Human Microbiome (人体微生物组)
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在人体内及体表生活着大量的微生物，这些微生物群及其遗传信息的总和被称

为人体微生物组，主要分布于肠道、皮肤、口腔、呼吸道、泌尿生殖道。

现代人生活方式的改变，导致肠道微生物消失，这影响身体的健康状态，是人

类在21世纪面临的巨大挑战。

(Lee & Mazmanian, 2010, Science)



微生物组研究的核心：测序 + 数据分析

设备与试剂贵，不易获得

操作步骤多，易出错

数据量大，分析难度大

贵

繁

难

微生物组仿真实验提供学生模拟实验操作机会，

使学生直观感受微生物组研究过程。



How do we identify members of 

microbiomes（如何鉴定微生物）?

How can we study it by DNA sequencing（测序）?



The 16S ribosomal RNA as a 

microbial fingerprint

Fingerprints are both 

universally present on all 

people and unique

The ribosome (核糖体) is 

essential for survival across 

all kingdoms of life and is 

thus highly conserved

mRNA

ribosome

polypeptide
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核糖体是蛋白质翻译的场所



16S rRNA：细菌的“分子化石”

Specifically, the 16S rRNA 

component of the ribosome is 

highly conserved among 

bacteria/archaea, yet contains 

hypervariable regions.

50s

30s

23S rRNA

5S rRNA

31 proteins

16S rRNA

21 proteins

ribosome
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→ 16S rRNA contains 9 variable regions

conserved region (non-specific)

variable region (species-specific)
~1500 bp

1 2 3 4 5 6 7 8 9

16S rRNA在细菌/古菌的进化过程中高度保守，又有高度变异的区域。



Hypervariable regions (可变区) can be 

used for species identification

16S rRNA secondary structure

V1

V3

V2

V8

V7V6

V5

V4
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→ More distantly related species exhibit more divergent 

16S rRNA sequences



Highly conserved region (高度保守区): 

easy to target across all bacteria

conserved region (non-specific)

variable region (species-specific)

V3-V4

V4

V1-V9

1500 bp

1 2 3 4 5 6 7 8 9

~1500 bp

Family, genus

~465 bp

Length Resolution

Genus, species

~255 bp

Species, strain

在16S保守区域设计PCR引物，可扩增不

同的可变区，其中V3/V4区其特异性好，

数据库信息全，适合短读段的二代测序。

界Kingdom

门Phylum

纲Class

目Order

科Family

属Genus

种 Species

分
类
单
元



Tree of Life: 16S rRNA gene
生命三域：细菌、古菌与真核生物（Woese  and Fox, 1977）

Carl Woese (1928-2012)

细菌/古菌/真核生物

(Hug et al., 2016, Nature Microbiology)



16S rRNA基因为什么作为分子标记？

在生物体间普遍分布，序列有高度保守性

又有可变区，在不同生物中有一定变化，而且
有稳定的突变速率。

分子大小适中(1500bp)，可进行测序分析

在细胞中含量高(rRNA基因拷贝数多)，易分离
纯化
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How to analyze microbial 

communities(微生物群落)?

How can we better understand our microbiomes?



Isolate Genomics

Microbial genomics suffers from lack 

of cultivation approaches(纯培养方法)

“The estimate that fewer than 1% of the prokaryotes 

in most environments can be cultivated in isolation 

has produced a quandary: what is the significance of 

the field of modern microbial genomics if it is limited 

to culturable organisms?”

Schloss et al, Genome Biology, 2005

多种因素导致大部分细菌目前无法培养



宏基因组学(Metagenomics)

宏基因组学（Metagenomics）又称环境微生物基因组学，是指不经过微生物培养阶段，

采用直接提取环境中总DNA的方法，对微生物基因总和进行研究的一门新学科。

o Metagenomics is the study of genetic materials recovered directly from environmental samples. The broad field 

may also be referred to as environmental genomics, ecogenomics or community genomics.

宏基因组(Metagenome) 是由 Handelsman等1998年提出的新名词，其定义为“the 

genomes of the total microbiota found in nature”，即生境中全部微生物基因组的总和。

o 包含可培养的和不可培养的微生物，目前主要指环境样品中的细菌和真菌。

Chemistry & Biology. 1998,5(10):R245-9

Jo Handelsman



Metagenomics has revolutionized 

microbiome studies

Isolate Genomics

Metagenomics

Direct sequencing



下一代测序技术催生了宏基因组学
Next Generation Sequencing (NGS) technology

Next generation sequencer determines the bases of every DNA molecule.

高通量测序



Principles of Sanger Sequencing 

（第一代测序）

双脱氧核苷酸链终止法



Principles of Illumina Sequencing (第二代测序)

Sequencing by Synthesis

     边合成边测序

3’-blocked reversible terminator (可逆屏蔽终结子)

通过给不同的dNTP加上不同的荧光基团，再与固定到测
序芯片上的DNA片段进行合成反应，通过观测发出的荧光
信号颜色，判断这一步合成的核苷酸类型。



测序数据

Read (读段) : A short DNA fragment which is read out by sequencer.

o DNA sequence 

o Quality information(质量值以ASCII码表示，一般要Q>30)

高通量测序的序列数据一般存储在FASTQ格式文件，文件后缀一般为

“.fastq”, “.fq”等
Sequencer

Reads(*.fastq)



第二代测序视频



Three metagenomic strategies for each 

sequencing technology generation
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Santos et al., Computational and Structural Biotechnology Journal 2020,18, 296–305.



宏基因组下一代测序技术(mNGS)
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Metagenomic strategy for detecting SARS-CoV-2
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Santos et al., Computational and Structural Biotechnology Journal 2020,18, 296–305.

传染病病原体鉴定时间：
    2003年非典病毒(半年) → 2019年新冠病毒(一周)



Clinical metagenomics
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Clinical metagenomic next-

generation sequencing (mNGS), 

the comprehensive analysis of 

microbial and host genetic 

material (DNA and RNA) in 

samples from patients, is rapidly 

moving from research to clinical 

laboratories.

The capacity to detect all 

potential apthogens – bacteria, 

viruses, fungi and parasites – in 

a sample and simultaneously 

interrogate host responses has 

great potential utility in the 

diagnosis of infectious disease.

Clinical microgenomics, nature reviews genetics 2019



How does metagenomic sequencing 

work (宏基因组测序流程)?

What is a typical experimental & 

computational workflow?



宏基因组学两种测序策略

Morgan XC, Huttenhower C (2012) Chapter 12: Human Microbiome Analysis. PLoS Comput Biol 8(12): e1002808. 

宏基因组测序

• 直接提取样品的全部基因组

DNA，进行测序分析

扩增子测序

• 对不同生物中保守的标记基

因（16S/18S/ITS），进行

PCR扩增，再测序分析



A workflow for 16S amplicon sequencing

Collect sample

(e.g. skin swab)

Total DNA

extraction

Amplify variable region 

of 16S rRNA gene

V4

Sequence 16S 

rRNA genes

Processing, QC, 

and assembly 

of reads

Read 1

Read 2

Generate a 

representative sequence 

for each species and 

assign taxonomy

1 2 3

4 5 6

healthy diseased
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n

d
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n
c
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relative abundance plot diversity plot

d
iv

e
rs
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healthy diseased
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Who? How much?

7



Sequence processing (测序数据处理)

Processing and QC of reads (测序数据质控)

Reads quality analyzed by FastQC

5



Sequence processing(测序数据处理)
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There are a lot of ways to filter and trim your data：
(i)low quality bases (Q< 20) 

(ii)Remove chimeras (嵌合体)



Chimera Removal(去除嵌合体): 
During PCR multiple sequences can combine 

to form a hybrid.

30



Where do we want to go next?

Processed 16S 

sequencesmicrobial

composition
Extraction Sequencing

? …

The challenge of metagenomics is that the sample is mixed!

→Which 16S sequence came from which bacterium?



It is trivial to catalog identical objects

mixed sample

cataloged



Cataloging variable objects is hard

mixed 

sample



mixed 

sample

*

*

*
*

假设我们都不认识这些水果，如何把标星的梨挑选出来?

Cataloging variable objects is hard



We catalog variable objects by iterative 

pairwise comparison(两两比较)

mixed 

sample

ranked

pairwise 

comparisons

1 3

2 4



We catalog variable objects by 

iterative pairwise comparison

mixed 

sample

ranked

pairwise 

comparisons

1 3

2 4



Clusters arise of similar items 

mixed 

sample

ranked

pairwise 

comparisons



Similar fruits cluster together

mixed 

sample

pairwise 

comparison

distances

orange

apple

pear



16S rRNA 基因序列的分类鉴定

OTU:可操作分类单元

o 为便于进行分类分析，人

为给某一个分类单元（品

系、种、属等）设置的同

一标志（Marker）

OTU also refers to clusters of 

organisms, grouped by DNA 

sequence similarity of a 

specific taxonomic marker 

gene.

o 原核生物16S rDNA

o 真核生物18S rDNA/ITS

1
Identify unique 

sequences
2

Use pairwise comparison 

to cluster into operational 

taxonomic units (OTUs)

3
Count how many sequences 

match each OTU



Sequences to OTUs to OTU abundance(丰度)

OTU sequences are representative 

sequences chosen for each OTUs and 

are <97% similar compared to any other 

OTU sequences

~ 97% similarity = species

To generate a relative abundance 

table, count the number of 16S 

sequences matching each OTU 

sequence

Samples

OTUs

Counts

6

16S序列相似性达到97%以上的菌株为同一个种(Species)

OTU丰度表：菌群组成



OTU聚类后，挑选出每个OTU中的代表序列，与RDP、SILVA或GreenGenes

等数据库进行比对，进行物种注释。

OTU taxonomy: 微生物分类注释

rDNA数据库(Ribosomal 

Database Project): 

http://rdp.cme.msu.edu/



物种OUT聚类表: OTU table
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物种分类柱状堆积图



微生物组软件（USEARCH/QIIME）

USEARCH是好用的扩增子分析软件，但是代码不开源，用于分析
较大数据的64位版本收费。VSEARCH是USEARCH的免费、开源
代替品。VSEARCH主要功能有: 嵌合体检测、聚类、去冗余、两
两比对、排序、抽样、物种分类等。

QIIME(Quantitative Insights Into Microbial Ecology)是一个用于比
较和分析微生物基因组的开源软件，其开发者是美国科罗拉多大学
的Rob Knight团队。QIIME能够处理各种测序平台上扩增子高通量
测序结果。



基于高通量测序技术的微生物组学研究

 WHO?
16S/18S/ITS:
多样性和组成谱

 HOW?
宏转录组学:
活性表达谱

 WHAT?
宏基因组学:
代谢功能谱



微生物组仿真实验
操作练习

扫描右边二维码查看操作说明

超星在线课程《微生物育种实验》
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