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Outline 

• Genetic engineering by DNA recombination 

• Genomics in Microbiology 

• CRISPR/Cas9: History and Future 



15.1 Key developments in recombinant DNA 

technology 

 Restrictions enzymes 

 DNA ligase 

 PCR 

 DNA Recombination 

 



Restrictions enzymes 



EcoRI SmaI 

Restrictions enzymes 

palindromic 回文序列 recognition site  

A restriction enzyme (or restriction endonuclease) is an enzyme that cuts DNA at or near 

specific recognition nucleotide sequences known as restriction sites. 



Restriction Enzyme(green) in a complex with its substrate DNA 



Restrictions enzymes 

芽孢杆菌 

流感嗜血杆菌 

流感嗜血杆菌 



Restrictions enzymes 



Bacterial Restriction–Modification Systems 

Restriction–modification systems allow bacterial cells to distinguish between their own DNA and any foreign 

DNA entering the cell, and to destroy the latter. They operate through two enzyme activities: a restriction 

endonuclease that cleaves the foreign DNA, and a modification methyltransferase that protects the host DNA. 



DNA Ligase  DNA 连接酶 

DNA ligase is an enzyme that facilitates the joining of DNA strands together 

by catalyzing the formation of a phosphodiester bond. 

DNA Ligase  



DNA Recombination 



Polymerase Chain Reaction (PCR) 



DNA polymerase from 
Thermus aquaticus 

Polymerase Chain Reaction (PCR) 



PCR 

Primer 
Polymerase 
Buffer 
Single Strand 



Polymerase Chain Reaction (PCR) 

The Nobel Prize in Chemistry 1993 



• Genetic engineering 

 modification of organism’s genetic 

information by directly changing the sequence of 

nucleic acids in its genome 

• Recombinant DNA technology 

• procedures used to carry out genetic engineering 



Flowchart of  
Genetic Engineering 



Cloning Vectors 

• there are four types of cloning vectors 

• Plasmids (most commonly used) 质粒 

• Phages and viruses 

• Cosmids (artificial) 

• Artificial chromosomes 

 

Key 





Plasmids 
• Replicate autonomously and easy to purify 

• Requirements for vectors 

• an Origin of Replication 

• a Selectable Marker   

• a Multicloning site 

• site that allows DNA to be inserted to the 

plasmid vector 

 

Key 



Plasmid as cloning vector Key 





Clone vector for Recombinants  Screening 



无色化合物(5-溴-4-氯-3-吲哚-β-D-半乳糖
苷) 

半乳糖 + 深蓝色化合物(5-溴-4-靛蓝) 

β-半乳糖苷酶 



Blue White Screening for identifying the Recombinants 

Ligation Transformation Screening 

White colonies 

Blue colonies 

No colonies 



• Most common used host cells 

• E. coli – bacteria 

• S.cerevisiae (酵母）– eukaryotic host 

 



Inserting recombinant DNA into eukaryotic host cells 

• DNA introduction into microbes 

• transformation 

• electroporation 电击转化 

• gene gun 基因枪 

• Ti plasmid of Agrobacterium tumefaciens 农杆
菌 (used to introduce foreign DNA into plant 

genomes) 



Pioneer of Genetic Engineering 

Stanley Cohen Herbert Boyer 
Stanford University UCSF 



Herbert Boyer Stanley Cohen 

Hawaii, 1972 

Bacterial resistance 
to antibiotics 

Restriction Enzyme 

Attempt to recombine gene from 
different bacteria into one DNA molecule 



四环素 卡那霉素 





Plasmid digestion by Restriction enzyme 
限制性内切酶酶切 



Restriction enzyme 

EcoRI 



Plasmid digestion by 
Restriction enzyme 
限制性内切酶酶切 



 

+ 

DNA Ligase DNA 连接酶 



DNA Ligase DNA 连接酶 



DNA Ligase  

Kan+/Tet+ 

Kan+ 

Tet+ 



 

Plasmids transformed to Competent Cell 

 

+ 

Doug Hanahan 



The First Recombinant Plasmid 



One Possibility 

Recombinant Plasmid Twoe re-ligated plasmids 



Recombinant Plasmid Characterization by Restriction Enzyme 



 

+ 

Frog Gene recombined to the E.coli plasmid 

Frog rRNA gene 



First Time Genetic Engineering 

 Frog 

ribosomal 

RNA gene 

 Bacterial 

cells 

chemical cell 

transformation 

method 

Escherichia 

coli plasmid 

pSC101 

 EcoRI 

 Ligase 



Genetic Engineering invented by “Boyer and 

Cohen” a quick and easy way to make chemicals like: 

 

HGH (human growth hormone),  

synthetic insulin,  

factor VIII for hemophilia 血友病,   

somatostatin 生长抑制素for acromegaly 肢端肥大症 

clot-dissolving agent tissue plasmogen activator (tPA) 

……………. 

$$$$$$$ 



Bio-Science and Technology Make Fortune 

Herbert W. Boyer Robert A. Swanson 



Founder in 1976 



First Recombinant Insulin Protein 

• 1978 genetically cDNA fragment coding for human insulin 胰岛素 recombined into E. coli vector  

• produced new source of human insulin 

• first commercial use for recombinant protein 

 

 



丙氨酸 





Outline 

• Genomics in Microbiology 

• DNA/RNA are the genetic materials 

• Transcription regulation of Operon 

• DNA mutation 

• DNA repair 

• Horizantal Gene Transfer & Transposition 

• Genetic engineering by DNA recombination 



Genetic 

Genomics 

Gene 

Genome 



Genomic 基因组学 in Microbiology 

Genome DNA sequencing 

DNA sequencing methods:       

         Sanger DNA sequencing 

• Sanger Method 

• Second generation and next-generation 

sequencing 



Sanger Method for DNA sequencing 



"for their contributions concerning the 

determination of base sequences in nucleic acids" 



Craig Venter and Francis Collins 

2000,  

Human Genome 

Project/HGP 



Craig Venter Francis Collins 



Whole-

genome 

shotgun 

sequencing 



Haemophilus influenzae流感嗜血杆菌 genome sequencing finished at 

1995  using Whole-genome shotgun sequencing 

1.8 million bp, 1700 genes estimated 



Evolution of sequencing instruments over time 





Metagenomics 

宏基因组学 

Metagenomics is the study of genetic material 

recovered directly from environmental samples 



Why Metagenomics? 

Microorganism that  

are culturable 

Microorganism that are not culturable 



Metagenomics 

• Bioinformatics/Data analysis 

• High-throughput Sequencing 

• Applications 

• Biotechnology 

• Disease prevention and treatment 

• Agriculture 

• Environment 



Discovery of Novel Protein from Non-culturable Microorganism 



Treasury In The Deep Sea 



Diagnosis of Pathogen infection by Genome Sequencing  

http://www.google.com.hk/url?sa=i&rct=j&q=human+body+infection&source=images&cd=&cad=rja&docid=Edqy9SlEgmEJCM&tbnid=2WFk5KamSbRTlM:&ved=&url=http://www.123rf.com/photo_10892145_lung-infection-represented-by-a-human-with-x-ray-image-of-the-lungs-and-body-with-virus-cells-attack.html&ei=LIvTUZj2I4fvlAW04oHADA&psig=AFQjCNF7-Ul6yTX9F9Z63TMUEkHHN2Gpnw&ust=1372904620986649


Human Microbiome Project 

• Development of a reference set of 

microbial genome sequences and 

preliminary characterization of the 

human microbiome 

• Elucidation of the relationship 

between disease and changes in 

the human microbiome 



Metagenomics for Microorganism 

Resident in Human 



放线杆菌 actinobacteria 

bacteroidetes  拟杆菌 

厚壁菌 firmicute 

Proteobacteria  变形菌门 



A healthy adult human harbors: 

• about 100 trillion microbes outnumbering 

our own cells by a factor of ten; 

• expanding our own gene repertoire by at 

least two orders of magnitude. 



• Population-based 

metagenomics analysis reveals 

markers for gut microbiome 

composition and diversity， 

Science. 2016 

• Population-level analysis of gut 

microbiome variation，
Science. 2016 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Population-based+metagenomics+analysis+reveals+markers+for+gut+microbiome+composition+and+diversity
https://www.ncbi.nlm.nih.gov/pubmed/?term=Population-based+metagenomics+analysis+reveals+markers+for+gut+microbiome+composition+and+diversity
https://www.ncbi.nlm.nih.gov/pubmed/?term=Population-based+metagenomics+analysis+reveals+markers+for+gut+microbiome+composition+and+diversity
https://www.ncbi.nlm.nih.gov/pubmed/?term=Population-based+metagenomics+analysis+reveals+markers+for+gut+microbiome+composition+and+diversity










Temporal Stability of the Human Skin Microbiome 

Cell. 2016 May 5;165(4) 

https://www.ncbi.nlm.nih.gov/pubmed/27153496


Discussion: 

水土不服 

夫妻相 



• Restriction–Modification Systems in archaea 

and bacterial  

Evolve to distinguish cell own DNA and any foreign DNA 

entering the cell, and destroy the later. 

• CRISPR/Cas9 system in archaea and 

bacterial  

bacterial immune system 



The Biology of CRISPR/Cas9 

• CRISPR (Clustered Regularly Interspaced Short 

Palindromic Repeats)  

   规律成簇间隔短回文重复 

 

• CRISPR-associated (Cas) genes  

 

• essential in adaptive immunity in select bacteria 

and archaea, enabling the organisms to respond 

to and eliminate invading genetic material.  



Clustered regularly interspaced short palindromic repeat 

sequences， 

成簇的、规律间隔的短回文重复序列,即CRISPR序列 

J Bacteriol. 1987 Dec;169(12):5429-33 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ishino,+Y.,+et+al.+(1987)+J.+Bacteriol.+169,+5429%E2%80%935433
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ishino,+Y.,+et+al.+(1987)+J.+Bacteriol.+169,+5429%E2%80%935433
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ishino,+Y.,+et+al.+(1987)+J.+Bacteriol.+169,+5429%E2%80%935433


Clustered Regularly Interspaced Short Palindromic Repeat 

sequences， 

成簇的、规律间隔的短回文重复序列,即CRISPR序列 

Repeats 

Spacers 



CRISPR: widespread occurrence in 

bacteria and archaea genomes 

1.Jansen R, Embden JD, Gaastra W, Schouls LM. Identification of genes that 
are associated with DNA repeats in prokaryotes. Mol Microbiol. 
2002; 43:1565-75. 

 
2. Mojica FJ, Diez-Villasenor C, Soria E, Juez G. Biological significance of a 

family of regularly spaced repeats in the genomes of Archaea. Bacteria 
and mitochondria.Mol Microbiol. 2000; 36:244-6. 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8


CRISPR: biological function 

1987 

2005 

2007 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


CRISPR: biological function? 

The first functional clue emerged until 2005, with 

the observation that CRISPR spacers showed 

homology (序列同源) to viral sequences. 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


1.Pourcel C, Salvignol G, Vergnaud G. CRISPR elements in 
Yersinia pestis acquire new repeats by preferential uptake of 
bacteriophage DNA, and provide additional tools for 
evolutionary studies. Microbiology. 2005; 151:653-63.  

 
 

2.Mojica FJ, Diez-Villasenor C, Garcia-Martinez J, Soria 
E. Intervening sequences of regularly spaced prokaryotic 
repeats derive from foreign genetic elements. J Mol Evol. 
2005; 60:174-82.  

 
 

3.Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered regularly 
interspaced short palindrome repeats (CRISPRs) have 
spacers of extrachromosomal origin.Microbiology. 
2005; 151:2551-61.  

耶尔森氏鼠疫杆菌 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


耶尔森氏鼠疫杆菌 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8


2. Intervening sequences of regularly spaced prokaryotic 
repeats derive from foreign genetic elements. J Mol Evol. 
2005; 60:174-82.  

序列同源 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8


超嗜热古菌 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8


CRISPR: biological function 

CRISPR spacers showed 

homology to viral sequences 

Invaded 
Viral DNA 

Virus 
invasion 

Protection Adaptation 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


Milestone Discovery 

嗜热链球菌-S. thermophilus 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


Abstract 
……………. 
We found that, after viral challenge, bacteria 
integrated new spacers derived from phage 
genomic sequences.  
 
Removal or addition of particular spacers modified 
the phage-resistance phenotype of the cell.  
 
Thus, CRISPR, together with associated cas genes, 
provided resistance against phages, 
and resistance specificity is determined by spacer-
phage sequence similarity. 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


CRISPR: biological function 

CRISPR spacers showed 

homology to viral sequences 

Invaded 
Viral DNA 

Virus 
invasion 

Protection Adaptation 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


CRISPR: Molecular mechanism 

1. Brouns SJ, Jore MM, Lundgren M, Westra ER, Slijkhuis 
RJ, Snijders AP et al.. Small CRISPR RNAs guide 
antiviral defense in prokaryotes. Science. 
2008; 321:960-4. 

 
2. Marraffini LA, Sontheimer EJ. CRISPR interference 

limits horizontal gene transfer in staphylococci by 
targeting DNA. Science. 2008; 322:1843-5. 

 
   
3. Hale CR, Zhao P, Olson S, Duff MO, Graveley BR, 
Wells L et al.. RNA-guided RNA cleavage by a 
CRISPR RNA-Cas protein complex. Cell. 
2009; 139:945-56. 

葡萄状球菌 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B15
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B14
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B15
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B16


CRISPR associated (Cas) protein 

Cas encodes proteins involved in the three stages of 
CRISPR-encoded immunity, namely adaptation, 
expression and interference 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


1. Adaptation 

CRISPR-Cas systems and 
adaptive immunity 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


1. Adaptation 
 CRISPR-Cas protein machinery involved process-identification and 

integrating the short segments of foreign invading DNA (termed spacers) 

into the CRISPR array locus in host cell genome, forming an 

immunological memory to invading DNA molecules. 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


2. Expression 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


2. Expression 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


3. Interference 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


CRISPR-Cas systems and adaptive immunity. CRISPR repeats, together with 

CRISPR spacers, constitute repeat-spacer arrays that define clustered regularly 

interspaced short palindromic repeats (CRISPRs). These CRISPR arrays are 

typically flanked by CRISPR associated sequences (cas) that encode Cas proteins 

involved in the three stages of CRISPR-encoded immunity, namely adaptation, 

expression and interference.  

 

During adaptation, Cas proteins sample invasive DNA, leading to the genesis of a 

new repeat-spacer unit that is inserted in a polarized manner in the CRISPR array.  

 

During the second stage — expression — the CRISPR array is transcribed into a full 

pre-crRNA transcript that is processed into small, mature, interfering CRISPR RNAs 

(crRNAs).  

 

In the third stage: interference, crRNAs guide Cas effector proteins towards 

complementary nucleic acids for sequence-specific targeting. Interaction between the 

interference complex and the target nucleic acid is typically initiated by binding to the 

protospacer adjacent motif (PAM), which triggers interrogation of flanking DNA by the 

loaded crRNA. If complementarity extends beyond the seed sequence, an R-loop is 

formed, and nickase domains within Cas effector proteins cleave the target DNA.  

Key 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


Evolutionary significance 

CRISPR/Cas in vivo:   

Bacterial Adaptive Immunity 

Found in 90% of archaea and 40% of bacteria tested 

so far 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


CRISPR/Cas  
Developed as Molecular Biology Tools 
used for genome editing in Eukaryotic 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


Diversity of CRISPR-Cas Machines in Prokaryotes 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


Class II type Cas system 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B7
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B8
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B10
http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B11


Engineering Type II CRISPR/Cas system 

Cas9 

trans-activating 

CRISPR RNA 

(tracrRNA) 

crRNA 

Three-component  System 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


single guide RNA (sgRNA) 

Streptococcus pyogenes 

酿脓链球菌 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


Engineering Type II CRISPR/Cas system 

Cas9 

trans-activating 

CRISPR RNA 

(tracrRNA) 

crRNA 

Three-component 

System 

• Cas9 

• sgRNA 

Two-component  

System 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


DNA repairing machine in eukaryote 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


Mutation introduced in DNA repair 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9




CRISPR-Cas systems and adaptive immunity. CRISPR repeats, together with 

CRISPR spacers, constitute repeat-spacer arrays that define clustered regularly 

interspaced short palindromic repeats (CRISPRs). These CRISPR arrays are 

typically flanked by CRISPR associated sequences (cas) that encode Cas proteins 

involved in the three stages of CRISPR-encoded immunity, namely adaptation, 

expression and interference.  

 

During adaptation, Cas proteins sample invasive DNA, leading to the genesis of a 

new repeat-spacer unit that is inserted in a polarized manner in the CRISPR array.  

 

During the second stage — expression — the CRISPR array is transcribed into a full 

pre-crRNA transcript that is processed into small, mature, interfering CRISPR RNAs 

(crRNAs).  

 

In the third stage: interference, crRNAs guide Cas effector proteins towards 

complementary nucleic acids for sequence-specific targeting. Interaction between the 

interference complex and the target nucleic acid is typically initiated by binding to the 

protospacer adjacent motif (PAM), which triggers interrogation of flanking DNA by the 

loaded crRNA. If complementarity extends beyond the seed sequence, an R-loop is 

formed, and nickase domains within Cas effector proteins cleave the target DNA.  

Key 

http://www.genomebiology.com/sfx_links?ui=s13059-015-0816-9&bibl=B9


In the acquisition/adaptation phase, foreign DNA is 

incorporated into the bacterial genome at the CRISPR 

loci.  

 

CRISPR loci is then transcribed and processed into 

crRNA during crRNA biogenesis. Expression 

 

During interference, Cas9 endonuclease complexed 

with a crRNA and separate tracrRNA cleaves foreign 

DNA containing a 20-nucleotide crRNA complementary 

sequence adjacent to the PAM sequence.  
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Modified cell resistant to HIV 
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W. Hu et al., “RNA-directed gene editing specifically eradicates latent and prevents new HIV-1 

infection,” PNAS, doi:10.1073/pnas.1405186111, 2014. 

Researchers use the 

CRISPR/Cas9 method to remove 

the virus from the host genome 

in human cell lines. 

Genome Editing Cuts Out HIV 
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CRISPR Takes the PERV Out of Pig Organs 
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