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Twenty-First Century Genetic Engineering 
Applications 

Themes 

1.  What is a GMO? 
2.  What Are the Three Procedures to Engineer Cells?  
3.  How Do Classical Breeding, Foreign Gene Insertion, and 

Editing Differ? 
4.  What is Marker Assisted Breeding and How Can It Speed 

Up Crop Improvement? 
5.  What Are Industrial Applications of Genetic Engineering? 
6.  How Can Genetic Engineering Be Used To Eliminate or 

Reduce Mosquito Populations? 
7.  What is the CRISPR-Cas Bacterial Immunity System? 
8.  What Are the Individual Components of the CRISPR-Cas 

Immunity System? 
9.  How Can CRISPER-Cas9 be Used For Gene Editing? 
10. What is Gene Drive and How Can it Be Used To Fight 

Malaria? 
11. What Are the Ethical and Regulatory Concerns of Using 

Gene Drive Systems? 
12. What Are Other Applications of CRISPR-Cas9 Editing? 
13. What Are the Ethical Concerns For Editing the Human 

Genome in Somatic and Germ Cells 



Genetic Engineering is a TECHNIQUE! 

Breeding or DNA Manipulation – They 
Are the SAME 

&  
Called Gene Manipulation 
WHAT IS A GMO??? 

1.  Classical Breeding By Selective 
Mating (Thousands of Years) 

2.  Insertion of New Genes Into An 
Organism’s Chromosomes (50 Years) 

3.  Editing Existing Genes Like A “Word 
Program” (1-2 Years) 
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Breeding Uses Natural Genetic Variability of Genes 
As Raw Material - Variability Generated by Mutations 

Mutations in a Gene That Change Its Chemical Sequence 
& Slightly Alters Its Function (e.g., fruit size, color) 

Wheat Genetic Diversity 

Nikolai Vavilov 
1887-1943 

A Noah’s Ark For Seeds & Crop Diversity 



The Problem With Breeding 
the �Old Fashioned Way� 

Cannot Predict Results! 
Takes Many Generations – Slow! 
Cannot Follow Traits Easily – e.g., 

Disease Resistance! 

Need Mature Plants to Assess 
Important Phenotypes in Breeding 

Program 



Breeding the 21st Century Way 
Can Predict Results! 

Identifying Crop Diversity Genes/Alleles 

Using DNA Fingerprints to Identify 
Traits in Breeding Program – Marker Assisted 

21st Century Breeding 

•  Speed Up Breeding Program 
•  More Predictable Breeding Program Advantages 



Genetic Engineering is a TECHNIQUE! 

Breeding or DNA Manipulation – They 
Are the SAME 

&  
Called Gene Manipulation 
WHAT IS A GMO??? 
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3.  Editing Existing Genes Like A “Word 
Program” (1-2 Years) 

There Are Numerous Applications of “Cohen-Boyer” 
Genetic Engineering – Many Have Been Discussed in Class 

Basic Sciences 

1. 

2. 

3. 

4. 

5. 
Genomics 6. 

Applied Uses 

1. 

2. 

3. 

4. 



Using Genetic 
Engineering to Make 
Drugs & Vaccines 

 

A $500 Billion Dollar Market (2016)!! 

One of the Most Important Applications of Genetic 
Engineering Technology Has Been To Manufacture 

Drugs & Vaccines to Treat Human and Animal Diseases 

Created a Multibillion Dollar Biotechnology Industry, 
Was Responsible For the Acceptance of Recombinant 

DNA Technology in the 1970s,& Lead to  
Pioneering Decisions in Patent Law 



Engineering a Bacterial Cell to Make a 
Human Protein (e.g., Insulin) 

      

Insulin cDNA 

Bacterial Gene Promoter/Switch 

What Needs To 
Be “Done” to 
the Human 

cDNA to Have 
it Expressed in 
Bacterial Cells? 

Recall: Insulin 
cDNA 

Synthesized 
Directly From 
Insulin mRNA 
Isolated From 

Pancreas 
mRNA to cDNA to 

Engineered E. coli to Drug! 

Purify 
Factor VIII 

Protein! 

Factor VIII cDNA What is the 
Reason For Using 
Mammalian Cells? 
[Chinese Hamster Cells 

(CHO)] 
 

Recall: 
Extraordinary 

Measures, 
Pompe’s Disease 

&  
α-Glucosidase 

Enzyme 

Engineering an Animal Cell to Make a 
Human Protein (e.g., Factor VIII) 

Recall: Factor 
VIII 

Gene Isolated 
First Using 

Genetic Code & 
Protein Sequence 

Protein to Gene to mRNA to 
cDNA to Drug 



Animals Can Also be Used as 
Factories to Produce Large Amounts 

of Human Proteins 

1. Many human proteins need to be 
modified after translation to be 
active.  Only eukaryotic cells can do 
this. 

2. Bacteria need big fermentors + 
elaborate protein purification 
schemes-Farm animals can be used 
for this purpose w/o special 
processing/machinery. 

3. Proteins stable, can be made in large 
amounts, and purified easily 

Advantages of Molecular Pharming 

Where 
Active? 

Antithrombin 

Issues 
Food Supply? 
Containment? 

Animal Health? 
Effective Drug? 



Genetically Engineered Drug-Producing Mammals  
Can Also Be Cloned 

Somatic Cells 
Can Also Be 
Genetically 

Engineered and 
Then Inserted 

Into Egg 

And Don’t Forget Plants! 

Elelyso® Made in Engineered Carrot Cells 
To Treat Gaucher’s Disease – A Lysosomal 
Storage Disease That Prevents Molecules 

From Being Degraded and Disposed of Properly 
in Cells – 100x Prevalence in Ashkenazi Jews.  

Gene on Chromosome 1, and Encodes a 
Glucocerebrosidase. 

Advantages of Plants? 



Using Genetic 
Engineering to 
Make Vaccines 

Vaccines Work With Body  
Immune System 



Using Genetic Engineering To Make Vaccines 

Clone Pathogenic 
Antigen Gene in 

E. Coli or 
Other Host (e.g., 

Yeast, Virus) 
And Synthesize 

Large Amounts of 
Antigen 

Synthetic Biology Can Be Used  
to Rapidly Synthesize Vaccines 



Vaccines Work!!! 

California Vaccination Requirements 



Industrial & Food Products 
Made With Genetic Engineering 



Bacteria & Other Microbes Are the Source 
Of Many Different Products 

Specific Proteins and/or 
Metabolic Pathways Can 

Be Improved and/or 
Manipulated By 

Recombinant DNA! 

Metabolites Are Produced By Cellular Pathways That Use 
Specific Enzymes and  Genes To Synthesize Specific 

Small Molecules 

Butanol 
or 

Ethanol 



Engineering E.coli Pathways To Make BioFuel 

Bacteria Can Be Engineered To Degrade 
Biomass Waste-Containing Cellulose (e.g., paper) 

⊕  Energy 
For Us!! 

Agriculture, Timber Processing, Human Activities: e.g., Plants Left Over From Harvests, 
Animal Manure With Grasses, Municipal Water Paper, Cotton Leftovers, Hay, Etc.  

Energy for Bacteria 

Green Waste! 



Engineering E.coli To Synthesize Indigo- The Major 
Blue Dye For Jeans & Other Clothes & Uses 

$200M/Year Industry 
Indigo Previously Obtained From Plants! 

E. coli Gene 

Pseudomonas Gene 

Bacteria Can Be Engineered To Degrade Several 
Different �Toxic� Compounds 

A Landmark Decision- Diamond vs. Chakrabarty 

Chakrabarty US Patent 4,259,444  1981 
Genetically Engineered Microorganisms 

Are �Inventions� 

Life Can Be Patented ! 

Pseudomonas 



Recombinant Chymosin Is Used To Make Cheese 

Is Cheese A GMO? 

Chymosin (Rennin) 
Acts On Milk 
Proteins To 

Coagulate Milk → 
Cheese 

Chymosin In Cheese Making 
1.  ~80-90% of Cheeses Are Made With 

Recombinant Chymosin (a Protease) 
2.  Approved For Use In Cheese Making By FDA - 

1992 

3.  Not Different From Non-Recombinant Chymosin-  
    ∴ GRAS- Generally Regarded As Safe & No 

Labeling Needed — Because Not An Additive & 
Not Different From Non-Recombinant Chymosin!! 

Is Cheese Made Using Recombinant Chymosin a GMO? 

Industry Adds Claim That Recombinant Chymosin is 
�Kosher� & �Vegetarian� 

Why No Fuss? 



Genetic Engineering Can Be Used To Make 
Better/More Effective Antibiotics 

By Modifying 
Pathways 

Leading to 
Antibiotics 

In Bacterial Cells. 
But Need To Know 
Genes/Proteins in 

Pathway 
&  

By Finding Their 
Targets 

In  
Pathogens As Well 

Using Genetic Engineering 
Animals to Fight Major 
Insect-Born Diseases 



Using Genetic Engineering to 
Fight Malaria 

1.4 Million Deaths Per Year 

Using Genetic Engineering to Fight 
Mosquito-Transmitted Diseases 



Using Genetic Engineering to Fight 
Other Mosquito-Transmitted Diseases 

Release of Insects Carrying a Dominant Lethal Allele 

Field Tests of GM Mosquito Control Systems 



Genetic Engineering is a TECHNIQUE! 

Breeding or DNA Manipulation – They 
Are the SAME 

&  
Called Gene Manipulation 
WHAT IS A GMO??? 

1.  Classical Breeding By Selective 
Mating (Thousands of Years) 

2.  Insertion of New Genes Into An 
Organism’s Chromosomes (50 Years) 

3.  Editing Existing Genes Like A “Word 
Program” (1-2 Years) 



PNAS, November, 2015 

Mosquito Genes Required For Harboring 
Disease Parasites Are Targets For Genetic 

Engineering & Disease Control 

Mutate Genes & Prevent Pathogen From Residing in Mosquito 



What Happens If 
Viruses Infect 

Bacterial Cultures? 

What Does Yogurt Making Have To Do With  
Discovering CRISPR-Cas9? 

Lactobacillus bulgaricus and Streptococcus thermophilus 

Lactobacillus 
bulgaricus  

Streptococcus 
thermophilus 

The CRISPR-Cas Bacterial Immunity System 

Clustered 
Regular 
Interspaced 
Short 
Palindromic 
Repeats 

CRISPR 
Associated 
System 

Cas is an 
Endonuclease 
That Cleaves 

dsDNA 

CRISPR & Cas Discovered 
In Yogurt Bacteria Resistant 

To Viral Infections! 



Restriction-Modification 

The CRISPR-Cas Bacterial Immunity System is 
One of Many Bacterial Defense Systems That 

Prevent Phage Infection 

PLOS Pathogens June 11, 2015 

The CRISPR-Cas Bacterial Immunity System 

1.  Phage Infects Bacteria 
2.  Spacer (Phage) DNA “Captured” 
3.  Spacer DNA Incorporated Into CRISPR Locus 

in Bacterial Genome 
4.  Spacer DNA Transcribed Into Guide RNA 
5.  Guide RNA Complexes With Cas Endonuclease 

Protein to Form Cleavage Complex 
6.  Cleavage Complex Recognizes Phage DNA With 

Complementary DNA Sequences in Subsequent 
Infection 

7.  Cas Endonuclease Digests Phage DNA and 
Infection Is Stopped 



1.  Transacting Crispr RNA (tracrRNA) – Interacts 
With crRNA & Cas9 Protein (Specific RNA 
Sequence) 

2.  Cas9 Endonuclease – “Cuts” DNA at Target Site 

3.  Crispr RNA (crRNA) – Directs Cas9 to Target Site 

4.  Complementary Base Pair Relationships & Varies 
With Target Sequence 

5.  Protospacer Adjacent Motif (PAM) – Sequence on 
Target That Cas9 Recognizes 

6.  Guide RNA (gRNA) – Engineered Hybrid tracr + 
crRNAs (Combine 1 + 3) 

Components of the CRISPR-Cas Bacterial Immunity 
System Can Be Cloned and Engineered to Work 

Like “Legos” in Eukaryotic Cells 

1. 2. 

3. 
4. 

2. 

Transcribe Precursor Crisper RNA 

Process  Crisper RNAs 

Using CRISPR-Cas9 Editing and Gene Drive To 
Knock-Out Mosquito Genes Required For Harboring 

the Malarial Plasmodium Parasite 

Jennifer Doudna, Emmanuelle Charpentier, and Feng Zhang 
CRISPR-Cas9 Editing (Molecular Typewriter)   



How To Use the CRISPR-Cas System 
For Editing Specific Genes 

1 

2 

3 

Endogenous Bacteria Engineered Eukaryotes 
Clone Cas9 and gRNAs 

Transform Cells 

Edit Target Sequence in Genome 

1 

2 

3 

Editing Can Either Mutate the Gene, Correct 
a Specific Defect, or Add DNA Sequences 

Sequence Specific Changes in a Complex Genome!!!! 



Advantages of Gene Editing Over “Cohen-
Boyer” Genetic Engineering 

 
•  Simple Method to Edit, Correct, or 

Modify Any Endogenous Gene 

•  Multiple Genes Can Be Corrected at Once 

Disadvantages of Gene Editing Over “Cohen-
Boyer” Genetic Engineering 

 
•  Cannot Add Foreign Genes (e.g., GFP) 

•  Limited to Species-Specific Gene 
Corrections 

How Can Gene Editing Be Used in 
Genetic Engineering? 

•  Editing Crop Gene Genomes 
(e.g., drought resistance) 

•  Editing Farm Animals (e.g., 
pathogen resistance) 

•  Eliminating Mosquito Borne 
Diseases 

•  Correcting Human Genetic 
Defects – Gene Therapy 

•  Human Trait Enhancement  

•  Editing Alters Endogenous 
Genes Because Specific 
Targets Are Needed! 

•  Foreign Genes Are Not 
Added to the Genome! 



Using Gene Editing to Eliminate 
Mosquito-Transmitted Diseases 

Specific Mosquito Genes Are Required For the Plasmodium 
Life Cycle If Mutated, Mosquitos Cannot Harbor the 

Malaria Parasite!! 

Editing Specific Mosquito Genes Using the CRISPR-
Cas9 System Will Inhibit Infection With Plasmodium 

Parasites & Prevent Malaria! 

Sequence Specific Changes in a Complex Genome!!!! 

Editing Specific 
Mosquito Genes 



Genetic Engineering Mosquitos -“Gene Drive” 
Spreading Resistance to Plasmodium 
Throughout the Mosquito Population! 

Mutate Plasmodium-Required Gene & Add Cas9-
Guide RNA Into The Mosquito Genome 

Autocatalytic Gene Editing!!  
Gantz et al., Science 348, 442 (2015); Hammond et al., Nat. Biotech. 34, 78 (2015)  

Potential Gene Drive Applications 



Potential Gene Risks & Benefits 

National Academy of Sciences - 2016 

•  Resistance 
•  Escape to Non-Target 

Organism 
•  Altering Ecological 

Balances 
•  Unforeseen 

Consequences in the 
Wild 

•  Eliminating Mosquito 
Borne Diseases & 
Saving Millions of Lives 

•  Reducing Ecological 
Impacts of Invasive 
Species 

•  Preventing Lyme 
Disease By Eliminating 
Animal Vectors 

Recommendations For Using Gene Drive Systems 

•  More Research Needs To Be Performed Before Gene 
Drive Modified Organisms Are Released Into The 
Environment 

•  Phased Testing of Gene Drive Modified Organisms From 
Laboratory to the Field Should Be Carried Out Under the 
Relevant Regulatory Oversight 

•  Robust Ecological Assessment Needs to be Carried Out 
Before Each Gene Drive Test Should Be Approved 

•  Public Engagement Must Be Built Into the Risk 
Assessment, and Policies Should Be Developed For How 
Public Engagement Will Factor Into Research sand Policy 
Decisions 

•  Current Regulatory Framework For Assessing Risks and 
Potential Environmental Impacts of Releasing Gene Drive 
Modified Organisms Are Inadequate. Regulations Does 
Not Fit Within Purview of USDA, EPA, or FDA 

•  There Are Regulatory Concerns About Biosafety, 
Biosecurity, and Potential for Misuse For Harmful 
Purposes 

Gene Drives on the Horizon – National Academy of Sciences - 2016 



Other Uses Of CRISPR-Cas9 Editing 

Removing Viral Sequences From Pig Genomes 
To Facilitate Human Pig Organ Transplants 



Using CRISPR-Cas9 Editing For Crop 
Improvement 

Germline Gene Therapy + Gene Enhancement 

Using CRISPR-Cas9 Editing For Correcting Human 
Genetic Disorders 

Somatic Cell  Gene Therapy 



Using CRISPR-Cas9 Editing For Correcting  
Sickle Cell Anemia 

Recommendations For Using Human Gene Editing 

•  Basic & Preclinical Research on Human Gene Editing Should 
Proceed Subject To Appropriate Legal and Ethical Rules 
and Oversight  

•  Clinical Trials of Somatic Cell Gene Editing of Human 
Disease Genes Can Proceed Under Existing Gene Therapy 
Regulatory Frameworks 

•  Germline Editing of Human Genes Poses Many Important 
Issues (e.g.,Difficulty of Predicting Harmful Effects, Permanent 
Change in Human Gene Pool, Permanent Genetic Enhancements 
Causing Social Inequalities, Changing Human Evolution), and it 
Would Be Irresponsible To Proceed Clinically Until These 
Issues Are Resolved   

•  Need For International Standards and Norms Governing 
the Clinical Uses of Human Genome Editing Because There 
is One Human Genome Shared By All of Humanity 

•  Genome Editing For Purposes Other Than Treatment For 
Prevention of Human Disease Should Not Be Carried Out 

International Summit on Human Gene Editing, December, 2015 & Human Genome 
Editing Report, 2017, National Academy of Sciences  




