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HC70A Spring 2021
Genetic Engineering in Medicine, 

Agriculture, and Law

Professor Bob Goldberg
Lecture 6

21st Century Genetic Engineering 
Applications
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Themes

1. What Are the Major Breakthoughs to Engineer Cells? 
2. What is Marker Assisted Breeding and How Can It 

Speed Up Crop Improvement?
3. What Are l Applications of Transgenic Genetic 

Engineering?
4. How Can Genetic Engineering Be Used To Eliminate or 

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

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

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

Gene Drive Systems?
10.What Are Other Applications of CRISPR-Cas9 Editing?
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Genetic Engineering Breakthroughs
Classical Breeding – 8,000 BCE

Transgenic Genetic Engineering – 1973

Polymerase Chain Reaction (PCR) – 1985

Synthetic Genomes – 2,000

Gene Editing or Clustered Regularly 
Interspaced Short Palindromic Repeats 

(CRISPR) – 2015

Our Primitive Biotechnology Ancestors

Berg, Cohen, & Boyer

Mullis

Venter

Doudna & Carpentier
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21st Century ”Classical” Breeding

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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How Was This 
Accomplished

Over the Past 100+ Years?

Advances in Classical 
Breeding Techniques!!

What About the Next 100 
Years?
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CROP YIELD INCREASES HAVE “ROCKETED UPWARDS”
OVER THE LAST 100 YEARS AND CONTRIBUTED TO A 

LONGER AND “BETTER” LIFE

Bushels/Acre

• 1920 30
• 1940 40
• 1960 60
• 1980 100
• 2020 172

Conclusion:  Crop yields increased >500% over the past 100 years      
and lead to a similar reduction in food costs!!!!!

Life Span

48 Years

80 Years

% Farm 
Workers

55%

1.5%

%  Income 
on Food

50%

7%

1920: 30 bushels/acre 2020: 172 bushels/acre   
1920: 1 farmer fed 10 people 2020: 1 farmer feeds 200 people

22%
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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
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Alleles Are Different Forms of the Same Gene
That Arise By Mutation & Can be Made in a 
Laboratory By Modern Genetic Engineering!

Alleles

Alleles Reside at the Same Position on a Chromosome Because They Represent 
the SAME Gene

Gene Engineering Can 
Generate New Forms of 
Alleles of a Gene and, 

Therefore, Results in More 
Genetic DiversityDifferent 

Genes

Allele Phenotypes 
Specify

Markers For Each 
Gene Location!

Single Nucleotide Polymorphisms 
or SNPs

8
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Tomatoes Were Engineered From Small Wild Relatives
Because of Mutations in Fruit Size Genes!

The Early Tomato “Bioengineers” Selected For Large
Fruit Size Because it Provided More Food!

What They Were Selecting Was a Different Form (Allele) of a Fruit Size Gene! 

al·lele əˈlēl/ Noun GENETICS plural noun: alleles
one of two or more alternative forms of a gene that arise by mutation and are found at the same place on a chromosome.

1. Classical Breeding

New Allele Combinations Single Nucleotide Polymorphisms or SNPs
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The Problem With Breeding the 
“Old Fashioned Way”

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

Disease Resistance/Fruit Size!
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Need Mature Plants to Assess Traits in 
Breeding Program
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Need Mature Plants to Assess Important 
Desired Traits in Breeding Program

Takes Time and Space in Fields!

Takes Time!   One Generation Seed to 
Seed = Three Months!!
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Breeding the 21st Century Way
Can Predict Results!

Identifying Crop Diversity Genes/Alleles
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Restriction Fragment Length Polymorphism or RFLPs

SNPs

Need to Find
By DNA Sequencing

Both Alleles

Plant Phenotypes Can Be Followed Using DNA 
Methods (e.g., PCR) With DNA Markers (RFLPs) 
Linked to Specific Phenotypes (“Fingerprinting”)

Use PCR to Detect 
in “Field”
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Using DNA Fingerprints to Identify
Traits in Breeding Program – Marker Assisted 

21st Century Breeding (Using RFLPs)

• Speed Up Breeding Program
• More Predictable Breeding ProgramAdvantages

Using DNA 
Markers, or 
RFLPs, Can 

Select
For Phenotype
In Seeds or 

Seedling 
Stage

Don’t Have
To Wait For 
Mature Plant
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Using DNA Markers to Identify
Traits in Breeding Program – Marker Assisted 

21st Century Breeding (Using RFLPs)

Combine
Three Traits

Flavorful
Aromatic

Firm

CONVENTIONAL MARKER ASSISTED

16
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21st Century Uses of Transgenic Engineering

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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Using Genetic 
Engineering to Make 
Drugs & Vaccines in 

Plants & Animals

18
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Animals Can 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 fermenters + 
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?

19

Genetically Engineered Drug-Producing Mammals 
Can Also Be Cloned

Somatic Cells
Can Also Be 
Genetically

Engineered and
Then Inserted 

Into Egg

Transform 
With

Vector 
Containing
Drug Gene

20
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Antithrombin-Treat Anti-Thrombin Deficiency
A Dominant Human Genetic Disorder

Issues
Food Supply?
Containment?

Animal Health?
Effective Drug?
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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?

22
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Using Genetic 
Engineering to Make 
Animals & Plants For 

Food & Feed

23

Crops Can Be Engineered Many Other Traits
Using Transgenic Technology

Bacteria Insect Resistance Genes
Plant Virus “Immunity” Genes

Bacteria Herbicide Tolerance Genes
Bacteria and Plant Chimeric Male Fertility Genes

24
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Farm Animals Can Be Engineered
Using Transgenic Technology

A Genetically Engineered Pig With 
Double Muscles For Leaner & More 

Meat!

A Genetically Engineered Salmon
That Grows Faster Than Non-
Engineered Salmon & Has Been 

Approved by the FDA For Human 
Consumption!
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Food & Industrial Products
Made With Genetic Engineering

Using Microbes as Factories
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Recombinant Chymosin Is Used To Make Cheese

Is Cheese A GMO?

Chymosin (Rennin) 
Acts On Milk 
Proteins To 

Coagulate Milk ®
Cheese
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Plant Based Foods Using Genetic Engineering

Genetically Engineered Yeast 
That Synthesizes a Soybean 
Protein Giving the Impossible 

Burger Its Red Color
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Metabolites Are Produced By Cellular Pathways That Use 
Specific Enzymes and  Genes To Synthesize Specific Small 

Molecules

Butanol
or

Ethanol

Yeast

Cellular Metabolic Processes
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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

30
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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

31

Engineering E.coli Pathways To Make BioFuel

32
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Cell, November 27, 2019

33

Six Genes From
Three Different 

Organisms To Reconstruct 
the Poppy Opioid Pathway 

in Yeast!

Complete Biosynthesis of Plant-Based Opioids in Yeast and E. coli

34
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Ancient Plant DNA and Yeast Cells Can Be Used to 
Resurrect Fragrances From Extinct Plants!!

Worldwide 
Fragrance 
Industry

$72B in 2018!

Sesquiterpene
Synthase 
(SQSs)

Genes From 
Ancient 
Hibiscus

Sci. Amer. February, 2019

5. Transform Yeast Cells

3. Synthesize DNA

2. Construct Gene Sequence 
Using Bioinformatics

1.  Extract DNA

4. Yeast Vector

6. Ancient Plant Fragrance
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Using Genetic Engineering 
Animals to Fight Major 
Insect-Born Diseases

1.4 Million Deaths Per Year!!

36
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Using Genetic Engineering to Fight 
Mosquito-Transmitted Diseases

Female Lethal Gene

37
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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” (5 Years)
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The CRISPR-Cas Bacterial Immunity System

Clustered
Regular
Interspaced
Short
Palindromic
Repeats

CRISPR
Associated
System

CAS is an 
Endonuclease 
That Cleaves 

dsDNA

Repeat-Spacer-Repeat

CRISPR LOCUS

CAS Genes

Spacer = Phage DNA

1 2

40
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Restriction-Modification

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

Prevent Phage Infection

PLOS Pathogens June 11, 2015

And CRISPR!!!
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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

42



4/27/21

22

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

“Legos” in Eukaryotic Cells

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)

1.

3.

4.

2.

1. Transcribe Precursor Crisper RNA,
Tracr RNA, & Cas9 Gene

2. Process  Crisper RNAs
RNA-RNA Duplexes

3. & 4. RNA-guided  Cleavage of Target DNA

4.

Target DNA

Guide RNA

Cas9 Nuclease

Guide RNA
+

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

“Legos” in Eukaryotic Cells

Bacterial Repeats

Phage DNA

Cas 9 Nuclease

Complexes
With Cas 9

Protein & Spacer RNA

44
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Jennifer Doudna, Emmanuelle Charpentier, and Feng Zhang
CRISPR-Cas9 Editing (Molecular Typewriter)  

CRISPR Technology
Editing Human Cells

45

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

1

2

3

Endogenous Bacteria Engineered Eukaryotes
Clone Cas9 and gRNAs (Specific Gene)

Transform Cells

Edit Target Sequence in Genome With
Specific Guide RNAs

1

2

3

Note:  Two Different Chimeric Genes & Engineering Somatic Cells

46
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Advantages of Gene Editing Over “Cohen-
Boyer” Transgenic Genetic Engineering

• Simple Method to Edit, Correct, or Modify 
Any Endogenous Gene

• Multiple Genes Can Be Corrected at Once
• Dominant Alleles Can Be Mutated & Turned 

Off

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

• Cannot Add Foreign Genes (e.g., GFP)
• Limited to Species-Specific Gene 

Corrections

47

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!

48
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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!!

49

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

50
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Genetic Engineering Mosquitos -“Gene Drive”
Spreading Resistance to Plasmodium
Throughout the Mosquito Population!

Mutate Plasmodium-Required Gene & Add Cas9 + Guide 
RNA Into One Locus of Mosquito Germ Cell Genome

Autocatalytic Gene Editing!! 

51

Potential Gene Drive Applications

52
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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
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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
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Other Uses Of CRISPR-Cas9 Editing

55

Removing Viral Sequences and Genes That Cause Human Tissue 
Rejection From Pig Genomes To Facilitate 

Human Pig Organ Transplants

Glycoprotein 
Galactosyl 

Transferase1
Gene
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Using CRISPR-Cas9 Editing For Crop Improvement

57

Using Gene Editing to Improve Crop Plants

58
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CRISPR-Edited Crops Have Non-regulated 
Status in US 
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Germline Gene Therapy + Gene Enhancement

Using CRISPR-Cas9 Editing For Correcting Human 
Genetic Disorders

Somatic Cell  Gene Therapy

60
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Future?

CRISPR & Synthetic Biology

61


