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Themes

DNA

A 1. What Are the Three Procedures to Engineer Cells?
2. What is Marker Assisted Breeding and How Can It Speed
O Up Crop Improvement?
3. What Are Industrial Applications of Genetic Engineering?
4. How Can Genetic Engineering Be Used To Eliminate or
il 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?
UL el 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?

Cloning: Ethical Issues
and Future Consequences
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Three Genetic Engineering Techniques
That Generate GMOs!!!

1. Classical Breeding 2. Transgenic Organism

Creating a transgenic animal

Gene of choice
is manipulated
and prepared

in the laboratory

= OO /

& 3 Transgene is injected
into the egg of an animal

/ /

_E?g is implanted §
into a surrogate

Matching genomic

Cas9
sequence

Repalt {} Donor DNA
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Targeted genome editing
Human cells :/ \:
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Reminder.....Genetic Engineering
is a TECHNIQUE!

1. Classical Breeding By Selective
Ma'ring (Thousands of Years)




How Was This Accomplished
Over the Past 100+ Years?

"ot EVERYONE

AGRICULTURAL ADJUSTMENT ADMINISTRATION
U.S. DEPARTMENT of AGRICULTURE




CROP YIELD INCREASES HAVE “ROCKETED UPWARDS”
OVER THE LAST 100 YEARS AND CONTRIBUTED TO A
LONGER AND “BETTER” LIFE

% Farm 7% Income

Workers on Food Life Span
Bushels/Acre
55% 50% — |+ 1920 30 “— 48 Years
. 1940 A 40
1960 [ 60
22% — |+ 1980 ' 100
1.5% 7% — |- 2019 170 | — 80 vears
1930: 30 bushels/acre 2019: 170 bushels/acre
1930: 1 farmer fed 10 people 2019: 1 farmer feeds 200 people

N

Conclusion: Crop yields increased >5007% over the past 100 years //

/

/ g , and lead to a similar reduction in food costs/!!l! {







Breeding Uses Natural Genetic Variability of Genes
As Raw Material - Variability Generated by Mutations

Tomato Genetic Diversity

Wheat Genetic Diversity

Nikolai Vavilov
1887-1943

Mutations in a Gene That Change Its Chemical Sequence
& Slightly Alters Its Function (e.g., fruit size, color)
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.. The Problem With Breeding
of @ Bacteri the “Old Fashioned Way”

1. Cannot Predict Results!
2. Takes Many Generations - Slow!

DNA Fingerprinting

3. Cannot Follow Traits Easily - e.gq.,
Disease Resistance!

Cloning; Ethical Issues i Ui (VS 7 L T
and Future Consequences |¢ The Whole
: Seed Catalog
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Need Mature Plants to Assess Traits in

Breeding Program

The seven character differences studied by Mendel

O o A

Round or wrinkled ripe seeds I

r—\l ‘:
? i n

Yellow or green seed interiors

Purple or white petals

l i

Inflated or pinched ripe pods  Axial or terminal flowers Long or short stems

4
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Need Mature Plants to Assess Important
Desired Traits in Breeding Program

Insect-susceptible

Insect-resistant i
X
‘ orange carrot

purple carrot
{Cross)

Many
Generations

Insect-resistant
orange carrot

Takes Timel One Generation Seed
to Seed = Three Monthsl!




Breeding the 21s* Century Way

Can Predict Results!
Identifying Crop Diversity Genes/Alleles

Genetic Code of Life

The 3,000 rice genomes project

1,2,3*t

Entire Genetic Code
of a Bacteria

The 3,000 rice genomes project

DNA Fingerprinting
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and Future Consequences
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Using DNA Fingerprints to Identify
Traits in Breeding Program - Marker Assisted

S Ay 21" Century Breeding (sing rFLrs)
DESIGNING AND BUILDING NEW CROPS

When scientists know which gene controls a specific plant a traceable marker for the trait. Instead of waiting a full

trait, such as seed size, they can search different varieties growing season for plants to mature, the breeder could rapidly
of the domesticated plant and its wild relatives to find a find out if seedlings have the desired trait by testing them
preferable version, or allele, of the gene. A breeder could then for the allele in each round of breeding. Such marker-assisted
move a desirable allele from one plant into another through breeding would dramatically shorten the time required to
conventional crossbreeding, using the allele itself as develop a new crop variety.

Entire Genetic Code * N \ _'/ J ¥ /
of a Bacteria V + 0\ —'/!f/
| —ryrey Can Select

Rice varieties + —_— ? / / yl FOf‘ Phenotype
Elite cultivar Seedlings In seeds Or'
.
Each of four different rice varieties with a desirable trait can be crossed with an elite Some, but not all, of the seedlings seedl lng
breeding line, or cultivar, to produce tens of thousands of seedlings. will inherit the desirable allele.

Progeny with desired allele STage
WA Fingtl'pf‘iﬂﬁng Elite cukivarﬂ A r ( Don.f Have

Backcrossed ‘ + 9\ To WOH’ FOf‘
(.4 md"";(' Y/ Mature Plant
* —‘ Enharlnged elite

Elite cultivar
' Desired DNA “fncerorint =+ :lllltel; edsesired
Cloning: Ethical Issues allle gerp '
dnd Fum COHSBQUCI‘ICGS Instead of having to grow thousands of + ‘ - !

plants to maturity to see which ones

inherited the trait, breeders can test each Only progeny with the desired Crossing and backcrossing are repeated,
seedling’s DNA for the desired allele just days alleles are grown until they are with the progeny’s genes tested in every
after germination with the technology used mature enough to breed with the elite round, until all the desired alleles have been
forso-called DNA fingerprinting. cultivar, a step known as backcrossing. moved into the elite crop plant.

- Speed Up Breeding Program
* More Predictable Breeding Program

Advantages

Plants of Tomorrow



Using DNA Markers to Identify
Traits in Breeding Program - Marker Assisted
ONA 215" Century Breeding (using rFLPs)

Genetic Code of Life

Conventional Backeross Marker-Assisted
Breeding Backerossing
Havorful and aromatic Firm but bland: Flavorful and aromatic Firm but bland:
but goes soft quickly good for shipping but goes soft quickly  good for shipping

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues

and Future Consequences : »:

Once scientists establish genetic “markers” for

Breeders typically have to wait a full season different traits—such as flavor and firmness—
for experimental crops to mature before they they can analyze DNA extracted from seeds or
can assess the quality of the produce and select the leaves of young plants and reveal ideal
1% ot the top contenders for continued breeding candidates (yellow highlighting) for breeding
b < 2 (yellow highlighting). experiments long before harvesttime.

Plants of Tomorrow



Genetic Engineering is a TECHNIQUE!

DNA
Genetic Code of Life

Entire Genetic Code

Gl 2. Insertion of New Genes Into An

‘ Organism’'s Chromosomes (50 Years)

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

[Basic Sciences]
4.

Find chromosomal location

Express protolnand sy of cloned gene, determine

protein structure and function Use purified protein to make

PP . . ene copy number, and stud
1. in vivo; isolate and purify protein antibodies for medical purpose gene strz)éture y

to study protein structure and and/or make vaccines for the

function in vitro. treatment of disease

X

Mutate gene and study
5. function of altered
protein produced

N
6. }eqomics

Study gene structure, gene sequence,
2. and gene expression in organs, tissues,
and individual cells

Create new, genetically
engineered microorganisms
animals, and plants with a
range of applications
from waste-degrading
microorganisms to
disease-resistant
plants and animals

Recombinant
plasmids with
cloned gene of
interest

4

Create transgenic animals and
gene knock-out animals to study

3. gene function @

Scale-up production, isolation, and
purification of therapeutic proteins
1 (i.e., insulin, human growth hormone,
: and clot-dissolving proteins used to
treat heart attacks) for use in humans
as recombinant DNA products

Gene used to
., alter bacteria
for cleaning

Gene for pest
resistance
inserted into
plants

Use in forensic
applications
Use in human 3. such as DNA
gene therapy fingerprinting

Copies of protein =g~
product isolated

Diagnose human genetic

disorders and infectious
disease conditions Appl ied Uses

Copyright © 2009 Pearson Education, Inc.
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Entire Genetic Code

Using Genetic
Engineering to Make
o e Drugs & Vaccines

A $1.1 Trillion Dollar Market (2019)!l

Cloning: Ethical Issues
and Future Consequences

one child dies
every 20 seconds

from a disease
that is vaccine-preventable.
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One of the Most Important Applications of Genetic
Engineering Technology Has Been To Manufacture
Drugs & Vaccines to Treat Human and Animal Diseases

Genetic Code of Life

Entire Genetic Code
of a Bacteria

Follistim'AQ  Follistim
e 38 W3 P

e
GARDASIL™

v S

Multi-dose Vial

@ ! (‘r s 6,11, 1;,’;:;";:(::mrbinan( Vaccine) :' .
.~:..:—:—-.q, mP: ¥ BT . Herceptin® X
== Eiw e s tosuumib

DNA Fingerprinting . 440 mg

| KEEP REFRIGERATED R only

Genentech

Cloning: Ethical Issues
and Future Consequences

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

Plants of Tomorrow




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

vector

Expression_

Recall: Insulin
cDNA
Synthesized
Directly From
Insulin mRNA
Isolated From

Pancreas

mRNA to cDNA to
Engineered E. coli to Drug!

LIFE 8e, Figure 16.16

sequence
~———BamHl

\Terminator of

transcription

__~Promoter Bacterial Gene Promoter Switch
Ribosome-binding

l/ e Foreign gene Insulin cDNA

e BamHl|

—Foreign
gene

T BamH

LIFE: THE SCIENCE OF BIOLOGY, Eighth Edition © 2007 Sinauer Asso

ion,

What Needs To
Be "Done” to
the Human
cDNA to Have
it Expressed in
Bacterial Cells?

ciates, Inc. and W. H. Freeman & Co.



0

Rty .
S ) L Baxter,
S =

[/ 'I”

=

What is the
Reason For Using
Mammalian Cells?

[Chinese Hamster Cells
(CHO)]

Recall:
Extraordinary
Measures,
Pompe's Disease
&

x—-6Glucosidase

(a) Transient transfection

Promoter g,
Vector () Viral origin of
replication

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

ona Factor VIII cDNA

Transfect cultured cells

l by ligid treatment
or electroporation

©°0 19"

Protein is expressed from cDNA in plasmid DNA

(b) Stable transfection (transformation)
cDNA

Promoter .=

Vector

_neo*

Transfect cultured cells
l by ligid treatment
or electroporation

Recall: Factor

Protein to Gene to mRNA to

VIII
Gene Isolated
First Using
Genetic Code &

Protein Sequence

cDNA to Drug

l Select for G-418 resistance
G-418-resistance clones

Enzyme

Protein is expressed from cDNA integrated into host chromosome =

Purify

Proteinl




Animals Can Also be Used as

Factories to Produce Large Amounts

DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

{ A l
l Trangenic progeny are identified by PCR
1 Expression of YFG is
restricted to mammary tissue
{1
Obtain milk from transgenic animals
]F YFG product is secreted into milk

l Fractionate milk proteins

W

Pure YFG product

< 00~-=_100

of Human Proteins

Advantages of Molecular Pharming

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

Plants of Tomorrow
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Genetically Engineered Drug-Producing Mammals

Can Also Be Cloned

Disperse
Grow in culture

Enucleate @ @ @

Pipette

OJOXE)

‘ Induce Gg phase

@ ®

Fuse ' @
Activate

Nucleus ™

Transform
With
Vector
l In vitro embryo cultur CO"Tﬂining
3@a Drug Gene

Figure 19.17 Cloning sheep by
nuclear transfer. The nucleus of an
ovum is removed (dashed arrow)
with a pipette. Cells from the mam-
mary epithelium of an adult are
grownin culture, and the G, state is
induced by inhibiting cell growth.
A G, cell and an enucleated ovum
are fused, and the renucleated
ovum is grown in culture or in lig-
ated oviducts until an early embry-
onic stage before it is implanted
into a foster mother, where devel-
opment proceeds to term. In the ex-
periment described by Wilmut et
al. (1997), 277 enucleated ova were
fused with G, mammary cells, and
1 of 29 transferred early-stage em-
bryos produced a live lamb.

Somatic Cells
Can Also Be
Genetically
Engineered
and
Then Inserted
Into Egg




February 7, 2009

F.D.A. Approves Drug From Gene-Altered Goats

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

New Drug From Genetically Engineered
Goat Issues

?
FDA OKs ATryn, 1st Drug Made in Milk of a Genetically Engineered Food Supply:
Animal Cc?ntammen'r?
By Miranda Hitti Ammal. Health?
WebMD Health News Effective Drug?

Feb. 6, 2009 -- The FDA today approved ATryn, the first drug made in genetically
engineered animals.

Bioengineering on the Farm
The Food and Drug Administration has approved the first drug produced in
the milk of genetically engineered animals.
e

Goat ( e 7,_7.?
DNA Qi

_‘: Human

S - /s

\\‘ 7 gene - 4
Goat E
DNA { 99
MODIFYING THE DNA IMPLANTING THE DNA TESTING THE OFFSPRING EXTRACTING THE PROTEIN
A human gene that The modified DNA is Kids born from the modified Milk from the herd is filtered
produces the blood injected into the nucleus eggs are tested for the and purified. Annually, each
protein antithrombin is of a fertilized goat egg, presence of antithrombin in  goat can produce as much
inserted into a short which is then implanted their milk. Promising kids antithrombin as 90,000
strand of goat DNA. into a female. are bred normally to create human blood donations.
Sources: GTC Biotherapeutics a herd of modified goats.




Antithrombin-Treats Anti-Thrombin Deficiency
A Dominant Human Genetic Disorder

Xl

Extrinsic pathway Intrinsic pathway
XIIa
Tissue factor Xla
VI Vlla Villa I)(a R IX
Xa(©———— Antithrombin
/’;\
| la\Z
{Thrombin)
Fibrinogen  Fibrin

LI DATND

;

7 8 9

LR

10111213141516 17181920212

binar!

~ Antithrombin
=" (Recombinant
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And Don't Forget Plants!

e || Drug-making plant blooms

The US Food and
orug Administration | | Approval of a ‘biologic’ manufactured in plant cells may pave the way for similar products.
in May approved

Elelyso
(taliglucerase alfa),

an enzyme produced
in genetically PLANTS IN THE PIPELINE
ggﬁ;"efzrr"t‘:e?t:;‘: Manufacturers have begun or completed phase |l clinical trials on a handful of biologics made in plants,
type 1 Gaucher's and hope to follow Elelyso to market.
Carrot cell disease. This is the .
bioreactors first plant-made Drug Condition Company Platform
~— drugapproved . . )
by the regulators, and for Israeli company Locteron Hepatltls (& Biolex Therapeutlcs Duckweed
Protalix BioTherapeutics of Carmiel, it is (interferon-a)
the first product made in their ProCellEx
protein expression system to reach the H5N1 vaccine Influenza Medicago Tobacco
market. The plant cell platform produces
recombinant proteins with a glycan and VEN100 Antibiotic-associated diarrhoea | Ventria Bioscience Rice
amino acid structure similar to naturally
produced human counterparts. Some 10,000 CaroRx Dental caries Planet Biotechnology Tobacco
patients worldwide have Gaucher’s, a rare

genetic disorder in which individuals fail
to produce the enzyme glucocerebrosidase.

Elelyso® Made in Engineered Carrot Cells
To Treat Gaucher's Disease - A Lysosomal N
Storage Disease That Prevents Molecules Wound @
From Being Degraded and Disposed of Properly | | — Ohigimggomal
in Cells - 100x Prevalence in Ashkenazi Jews. (TT'B'ﬁ,‘i';“d‘/ gall tumor
Gene on Chromosome 1, and Encodes a | rce”
Glucocerebrosidase. ? @@

Plant cell

Advantages of Plants? chromosomal TDNA integrates

into plant cell genome

Agrobacteria
infect wound
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It starts with you

DNA @

Genetic Code of Life . .
one child dies
every 20 seconds

from a disease
that is vaccine-preventable.

Entire Genetic Code
of a Bacteria

Using Genetic
° Engineering to
o Make Vaccines

Cloning: Ethical Issues ./
and Future Consequences . g h t
. one child dies
u every 20 seconds
from a disease

; bzt . . that is vaccine-preventable.
Plants of Tomorrow It starts with you
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=\ Vaccines Work!ll
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Genetic Code of Life i ;R_ Iﬂlm s

TABLE 12.1 Annual cases in Canada from various diseases before and after the
introduction of vaccines against the causative agents of the diseases

Entire Genetic Code Disease Annual no. of cases before No. of cases in
of a Bacteria vaccine was introduced 2002

Polio 20,000 0
Diphtheria 9,000 0
Rubella 69,000 16
Mumps 52,000 197

2,000 48

) - Haemophilus influenzae
DNA F nti : 5
ngerprinting type b infection

Whooping cough 25,000 2,557
Measles 300,000 7

Cloning: Ethical Issues
and Future Consequences

Measles outbreaks make 2018 a near-record

year for U.S. 22 Cases -All Unvaccinated!

Measles has been declared a public health emergency in one Portland-area county.

.'_ ~
.

Plants of Tomorrow




Polio

Also called: poliomyelitis

DNA SYMPTOMS
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting
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Measles

Also called: rubeola

SYMPTOMS TREATMENTS

Fever
Dry cough

Runny nose

/
/

NDC 0006-4681-00

10 Single-dose 0.5-mL vials

MEASLES, MUMPS, AND RUBELLA VIRUS VACCINE LIVE
— M-M-R® 1

NDC 0006-4309-00

10 Single-Dose
0.7-mL Vials

STERILE DILUENT

FOR MERCK SHARP & DOHME CORP.
LIVE VIRUS VACCINES Rx only

(Sterile Water) o s s 0
CONTAINS NO PRESERVATIVE D} | (St
This carfon contains 10 dduent-containing vials. Use one dduent vial D ; R oely

for reconstitution of one single-dose vial of live virus vaccine.

CONTAINS M)
PRESERVATIE
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GUIDE TO IMMUNIZATIONS REQUIRED FOR SCHOOL ENTRY \
OA®

Grades K-12 ¢ CDOPH

INSTRUCTIONS  Use this guide as a quick reference to help you determine whether children seeking admission to your
school meet California’s school immunization requirements. For the actual laws, see Health and Safety
Code, Division 105, Part 2, Chapter 1, Sections 120325-120380; California Code of Regulations, Title 17,
Division 1, Chapter 4, Subchapter 8, Sections 6000-6075. If you have any questions, call the Immunization
Coordinator at your local health department.

IMMUNIZATION To enter into public and private elementary and secondary schools (grades kindergarten through 12,
REQUIREMENTS including transitional kindergarten), children under age 18 years must have immunizations.

VACCINE REQUIRED DOSES

Polio 4 doses at any age, but... 3 doses meet requirement for ages 4-6 years if at
least one was given on or after the 4" birthday'; 3 doses meet requirement
for ages 7-17 years if at least one was given on or after the 2" birthday.'

Diphtheria, Tetanus, and Pertussis | Age 6 years and under: DTP, DTaP or any combination of DTP or DTaP with
DT (diphtheria and tetanus) 5 doses at any age, but... 4 doses meet require-
ments for ages 4-6 years if at least one was on or after the 4" birthday.’

Age 7 years and older: Tdap, Td, or DTP, DTaP or any combination of these
4 doses at any age, but...3 doses meet requirement for ages 7—17 years if at
least one was on or after the 2" birthday." If last dose was given before the

2" birthday, one more (Tdap) dose is required.

Measles, Mumps, Rubella (MMR) | Age 4-6 years (kindergarten and above): 2 doses? both on or after
1% birthday.!

7" grade: 2 doses? both on or after 1+ birthday.

Age 7-17 years and not entering or advancing into 7" grade: 1 dose on or
after 1¢ birthday.’

Hepatitis B’ Age 4-6 years (kindergarten and above): 3 doses.

Varicella 1 dose* ®

Tdap Booster (Tetanus, reduced | 7" grade: 1 dose on or after 7" birthday. 57
diphtheria, and pertussis)




STATE NEWS

California Passes a ‘No Exemption' Vaccination
£ Policy for School Children. California Governor

:gw.
S = h’:o TANANORTHE S

e L) '.'.'i: . . .
SECUMMADNOU S8t = Jerry Brown signed S.B. 277 into law. The law will
e 2 DA WIOMNG DAKOTA "f“n"" S8 o M I .
=3 ggé‘uhzm‘;"':fﬂ’fggf&lp LI =g~ & ban the use of personal or religious beliefs as
S A OLoneo KANSASEEE 2. Bélhea . .. .
’2},5‘ P AH Giakicy KANSAS S8 7 “.,',,.":2»;'{;,{ grounds for exemption from vaccination, mandating

"5.’!‘0’%%‘;;;;; -'3 13, that all children must be vaccinated by the

=TEXASEE.™ % beginning of school. California joins two other
states, Mississippi and West Virginia, which do not
have any exemptions for vaccination — though

students in all three states may still opt out if a doctor says they should not get

vaccinated for a medical reason. The law's passage comes following a deadly outbreak

of measles in Disneyland. 2015

accine bill is passed In

tate Senate 2019

ARZOME
Aurmrm

TERRS
TEXAS

California Assembly advances crackdown on vaccine exemptions

for students 2015
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— Recombinant vaccines (selection)

antigen status
viruses hepatitis B surface antigens registered
Herpes simplex type 2 surface antigens clinical studies
rabies vaccine surface antigens not registered
yellow fever virus surface antigens preclinical studies
AIDS virus surface antigens clinical studies
bacteria | Streptococcus pneumoniae polysaccharide conjugate registered
Clostridium tetani tetanus toxin not registered
Mycobacterium tuberculosis surface antigens clinical studies
| parasites | Plasmodium falciparum (malaria) clinical studies
i | Trypanosoma sp. (sleeping sickness) clinical studies
’ Schistosoma mansoni (bilharziosis) clinical studies

~ Vaccination by recombinant Vaccinia virus ———————————

gene coding for hepatitis )
hepatitis B coat protein B coat protein .
L (.j/ ~ Beels dl ’ ff«
recombi- injection - N1 > P
nant into blood ©& %i } %
. e
Vaccinia
virus {::}
antibody antibody against
Vaccinia virus against hepatitis-B coat

Vaccinia virus protein

TR A VI
reactor pro- | injection into muscle 3, B
,_W'itllrecom- -»> -;(/\ ) » y )
nant yeast x@ ‘z;;;{ B-cells synthesize antibody {"-{’3 )
\/J‘ - \ (" ~
¢ injection, oral, intranasal 0% 2 (‘Q ‘
5 74~ - administration o ¥/
> BV . : N 8%
“b ) X9) B-cells synthesize antibody ([~ '
plasmid with recombinant s
gene for virus virus coat protein
coat protein ;g

in the event of infection, antibodies
bind to virus and lead to its destruction
by the immune system

Using Genetic Engineering To Make Vaccines

N

Clone Pathogenic
Antigen Gene in
E. Coli or
Other Host (e.g.,
Yeast, Virus)
And Synthesize
Large Amounts of
Antigen

ermentation and recovery of recombinant hepatitis B vaccine

4 bioreactor recovery ;
recombinant S. cerevisiae expresses ’ by precipitation, diafiltration, rHBAg vaccine
plasmid-coded rHBAg protein chromatography

‘ complex quality control (absence of pathogens, allergens, etc.)




Synthetic Biology Can Be Used
to Rapidly Synthesize Vaccines

VACCINES

Synthetic Generation of Influenza Vaccine Viruses
for Rapid Response to Pandemics

Synthetic Biologists Engineer A
Custom Flu Vaccine In A Week

A synthetic biology method proves its chops.

— Synthetic Biology Could Speed
Flu Vaccine Production

Advanced genetic engineering is already changing vaccine
development and could make inroads into other branches of
medicine.
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Using Synthetic DNA To Make Vaccines

P

) is

e The genetic sequence for WNV

@ The RNA (singl
from the West

Nile virus (WNV) (destroying the virus).

RNA is converted to DNA (doubl ded g ic infor

The DNA rep

West Nile virus
(cross-section)

the WNV

RNA Envelope:
E protein
M protein

Destroyed

virus

is generated from the DNA.

Egene U e Based on the DNA sequence,

prM gene
]

primers (short sequences of
DNA) specific to the prM and
E gene region are produced.
These primers will in turn

DNA synthesizer

(e B\ be used to generate
asmid a cDNA fragment
M containing both the 7
& L rM and E genes.
k:7§ @ P g
5 2
';;1 % | @ The cDNA fragment
8 = is then inserted
% @‘! into a circular piece
@ g\) > of DNA called a plasmid.
“p, ‘Q?
YU 3
4453@&@@ 7
o o
e The plasmid carrying
7 the prM and E genes \.
/ are grown in large
quantities in bacteria

and purified by
column chromatography.

The West Nile virus vaccine includes the
prM and E genes (shown as green and blue)
that encode for the WNV transmembrane
protein (M) and glycosylated envelope
protein (E), respectively. A cDNA fragment
containing both genes is inserted into a small,
circular piece of non-WNV virus DNA called
a plasmid. Once in the body, the DNA plasmid
vaccine directs the cells to manufacture the
M and E proteins. The immune system should
pond by ing a defe against the
M and E proteins that would protect an
individual from a natural WNV infection.

TN Purmcajxi;
/ 1

Column
chromatography
filter

Purified plasmids

Vaccine

\__J) @ The purified DNA plasmids

carrying the prM and E genes
make up the investigational vaccine.




Industrial & Food Products
Made With Genetic Engineering
Using Microbes as Factories




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

food the many molecules
molecules that form the cell % )
/L

-"x,\.{. 342 ﬂ}% S

L
\\ P
\\ D §
useful ! I
N | formsof —»— ==\ |
CATABOLIC energy ANABOLIC :
PATHWAYS . PATHWAYS ==
1P
\ lost "
heat .ll s
NRENS 2= NS S
& D = ay,

.
/8 %w Pac
LA s

[the many building blocks ]
for biosynthesis

Butanol

molecule molecule molecule molecule molecule
or
‘ — — I_ —_—
catalysis by catalysis by catalysis by cataly5|s by catalysis b Ethanol
enzyme 1 enzyme 2 enzyme 3 enzyme 4 enzyme

ABBREVIATED AS
@ o o ® @ o




Complete biosynthesis of opioids in yeast

[New opiate Tactory

To engineer yeast to make
opiates, researchers
outfitted the microbes’
chromosomes with genes
from a rat (blue), a bacte-

rium (orange), and several
plants (green), including
three forms of poppies.

~

Six Genes From
Three Different
Organisms To
Reconstruct the Poppy
Opioid Pathway in Yeast!

Yeast Added ‘ Pseudomonas
cells genes bacterium

Total biosynthesis of opiates by stepwise
fermentation using engineered Escherichia coli




Genetically Engineered Microbes Are the

Source Of Man

~ Enzymes as additives in industry -

application enzyme organisms market size economic
type (examples) (% of total) advantage
detergents proteases, Bacillus licheniformis 40 1
cellulases, Aspergillus nidulans
lipases Trichoderma reesei
starch hydrolysi a-amy Bacillus amyloliquefaciens 5 3,4
glucose iso- glucose Streptomyces venezuelae 7 1,3
merization isomerase
beer brewing vl Bacillus subtilis 3 3.4
fruit processing, cellulases, Aspergillus niger 5 3,4,5,6
wine hemicellulases,
pectinases
flour, bakery a-amylase, Aspergillus oryzae 8 13
goods proteases
cheese facture, p animal rennin, 12 2
aroma chymosin, Rhizomucor miehei,
lipases Saccharomyces cerevisiae
silage and animal feed  phytases Aspergillus niger 8 3
paper and textiles a-amylase, lipase  Bacillus, Humicola 2 4
leather pr Aspergillus oryzae 10 1.7
% detergents quantities for different applicationsn [ €U and japan
40 USA

high-fruc-

and bakery

cheese leather

fruitsand  starch

y Different Products

Specific Proteins and/or
Metabolic Pathways Can
Be Improved and/or
Manipulated By
Recombinant DNA!

20 tose syrups goods wine hydrolysis
10 [P ] R
process|application enzyme cost per unit important goals in application
quantity (US S) technology

starch liquefaction

ca. $ 2 pertstarch

1

leather tanning

glucose from starch $ 3.5pertstarch

isomerization of glucose $ 6per tstarch

HFSin USA $ 67 per tstarch 2
| Tethanol $ 1 pertstarch

beer $ 0.1per 100L 3

bakery goods USA $ 0.1per 100kg flour

bakery goods EU $0.1-0.5per 100kg flourf] 4

fruit juice $0.1-0.5 per 100L juice

wine $0.1-0.5 per 100L wine 5

stabilization of fruit

lemonade by glucose oxidase $0.3-0.8 per 1000L 6
| cheese manufacture $0.05 per 100L milk

detergents $0.05 per kg detergent 7

$1.2-3 pertskin

higher product quality
improved taste

better yields

reduced process costs
better filtration

better conservation

improved working conditions,
reduced environmental load

Cells
Proteins ‘
Bioreactors C@
Extraction of crude Concentration
protein preparation | — | and initial
from source material purification
Stabilization of ‘
final product and Chromatographic —
adjustment of -<—— | purification
activity to (if required)
required level
) Final product
I(?fr)r/én%icr);g)r puct | packaging and —_—
q labeling

End products




CARBON DIOXIDE-EATING
BACTERIA OFFER HOPE
FOR GREEN PRODUCTION

Lab workhorse E. coli engineered to make nutrients
from greenhouse gas rather than from sugars.




Engineering E.coli Pathways To Make BioFuel

nature Vol 451|3 January 2008 doi:10.1038/nature06450

LETTERS

Non-fermentative pathways for synthesis of
branched-chain higher alcohols as biofuels

Shota Atsumi', Taizo Hanai' & James C. Liao"’ [2-Ketoisovalerate | [o-Keto-3-metnyi-valerate
2-Ketovalerate 2-Keto-4-methyl-pentanoate

g e e~ Dp oy

v 2-Keto-acid decarboxylase

v Alcohol dehydrogenase

OH OH
PN o S~ \/‘\/OH Y\/ @/\/
1-Propanol 1-Butanol 3-Methyl-1-butanol
Isobutanol 2-Methyl-1-butanol 2-Phenylethanol

Glucose

b l Phenylpyruvate
1-Propanol l Phenylalanine KDC

Pyruvate biosynthesis ADH
L-Threonine —

\ l (VA Valine biosynthesis 2-Phenylethanol
livIHCD
Leucine biosynthesis
Isoleucine l"V'HCD I LeuABCD
’ ) e
2-Ketovalerate biosynthesis L
N A, E KDC 2-Keto-4-methyl-pentanoate|
prere 2-Keto-3-methyl-valerate ADH
ADH KDC
ADH Isobutanol
1-Butanol
2-Methyl-1-butanol 3-Methyl-1-butanol
Figure 1| Production of higher alcohols through the synthetic non- production in engineered E. coli. Red arrows represent the 2-keto acid
fermentative pathways. a, Various 2-keto acid precursors lead to decarboxylation and reduction pathway. Blue enzyme names represent
corresponding alcohols through 2-ketoacid decarboxylase and alcohol amino acid biosynthesis pathways. The double lines represent a side pathway

dehydrogenase. b, The synthetic networks for the non-fermentative alcohol  leading to norvaline and 1-butanol biosynthesis.



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

Crystalline region Amorphous region
AN AN
P —breen Wastel!
Cellulose
ANNN—
ANANAN AN

l Endoglucanase

Energy for Bacteria

Exoglucanase Exoglucanase

—o
—o —o—0
—9

Cellobiohydrolase o ° °
09 02
Cellobiose Cellotriose Glucose

D-Glucose chains

® Energy

Endoglucanase
j\ : For Usll

Exoglucanase Exoglucanase

B-Glucosidase
(cellobiase)

Figure 13.27 Enzymatic biodegradation of cellulose. Cellulose hydrolysis begins
with the cleavage of B-1,4-linkages within the accessible amorphous regions of the
cellulose chains by endoglucanase(s). This reaction is followed by the removal of
oligosaccharides from the reducing ends of the partially cleaved cellulose chains by
exoglucanase(s) and cellobiohydrolase(s). The degradation of cellulose is completed
when the cellobiose and cellotriose are converted to glucose by p-glucosidase.

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



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

COOH £ coli Gene AN
[ Tryptophanase - | j Indole
N N, = \N
Tryptophan ®

Xylene
oxidase
Naphthalene Y
dioxygenase

or Pseudomonas Gene _~ OH
| Spontaneous > | | Indoxyl
N OH dehydration AN N N

cis-Indole-2,3-
dihydrodiol

Indigo

Figure 12.8 Indigo biosynthesis from tryptophan in genetically engineered E. coli.
Tryptophanase is an E. coli enzyme. In pathway A, the naphthalene dioxygenase is
derived from the NAH plasmid; in pathway B, the xylene oxidase is from the TOL
plasmid. E. coli transformants that synthesize indigo contain either pathway A or B
but not both pathways.

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




Bacteria Can Be Engineered To Degrade Several
Different “Toxic” Compounds

CAM plasmid

O Mating [

Strain A
Plasmid

recombination

O

Strain E

CAM/OCT
plasmid

Pseudomonas CAM/OCT

, / plasmid V yﬂasmid

OCT plasmid XYL plasmid NAH plasmid

~ StrainB - o ‘StrainC o Strain D

XYL plasmid

Mating | O O )

 Strain F

—,. XYL plasmid

A Landmark Decision- Diamond vs. Chakrabarty

/
. _NAH plasmid

O

e VIS RS

Strain G

Chakrabarty US Patent 4,259,444 1981
Genetically Engineered Microorganisms
Are “Inventions”

Life Can Be Patented !

Figure 13.5 Schematic representation of the development of a bacterial strain that
can degrade camphor, octane, xylene, and naphthalene. Strain A, which contains a
CAM (camphor-degrading) plasmid, is mated with strain B, which carries an OCT
(octane-degrading) plasmid. Following plasmid transfer and homologous recombi-
nation between the two plasmids, strain E carries a CAM and OCT biodegradative
fusion plasmid. Strain C, which contains a XYL (xylene-degrading) plasmid, is
mated with strain D, which contains a NAH (naphthalene-degrading) plasmid, to
form strain F, which carries both of these plasmids. Finally, strains E and F are mated
to yield strain G, which carries the CAM/OCT fusion plasmid, the XYL plasmid,
and the NAH plasmid.



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

DNA
Genetic Code of Life

- Occurrence ————— — Systemic antibiotics (2001)

taxonomic relative type value (billion US $)

group number (%)

Actinomycetes 50 cepi_ma_ln.)sponns @

el . penicillins 46

e er EETE i chinolones (synthetic) 4.6

fungi 20 macrolides 43

lichens 1 tetracyclines 0.7

algae 2 T S 0.6 By Mod|fy| ng

plants 15 peptide antibiotics, glycopeptides 0.5 |

animals 2 other 22 ‘ Pa.rhways
Entire Genetic Code ~25000 compounds from nature total Ll

Of a Bacteria - Classification by chemical structure — - Lead | ng 1-0
1 carbohydrate aminoglycosides streptomycin (medicine), kasugamycin (rice fungicide) A nT i b i .
otics

antibiotics
2 macrocyclic macrolides erythromycin (medicine) .
lactones polyene antibiotics pimaricin (cheese production) In BGCTe r' I al Ce I Is .
ansamycines rifamycin (against tuberculosis)
3 chinones tetracyclines tetracycline, chlorotetrycycline (medicine, feed B N d K
and related antibiotic) UT ee TO nOW
antibiotics anthracyclines doxorubicin (cancer therapy) G /P . .
4 amino acid amino acid derivatives cyclosporin (organ transplantation) enes r‘OTe I ns I n
and peptide phosphinothricin (plant protection)
antibiotics B-lactam antibiotics  penicillins, cephalosporins (medicine) Pafhway
peptide antibiotics bacitracin (medicine), virginiamycin (feed antibiotic)
DN ngcrpr { chromopeptides actinomycin (cancer therapy),
A F' lnhng glycopeptides bleomycin (cancer therapy), vancomycin (medicine), &

avoparcine (cattle feed antibiotic)

5 N-heterocyclic nucleoside antibiotics  polyoxins, blasticidin S (fungicides for plant protection) By F | nd ] ng The inr

compounds
6 O-heterocyclic polyether antibiotics  monensin (chicken feed)
compounds Tar‘gefs
7 alicyclic cycloalkane derivatives cycloheximide (leaf fungicide) I
compounds n

4 5

aromatic benzene derivatives  chloramphenicol (medicine)
antibiotics griseofulvin(f‘ungicide)lI PGThogenS AS We"

— Antibiotics - point of attack —

Cloning: Ethical Issues

? | T 1
Qnd Fm Consequenccs polyeneg cell B-lactam cell 705- rlbosome nhew'y den
anthra- wall  antibiotics ~ membrane ,_— trf)i'::\
cyclines 308 O P molecule molecule molecule molecule molecule molecule
oA (repliction /ms,mn ot N Yy Oy @
w@ @sos @
ABBREVIATED AS
f *o—o0—0—0—0—0
R tRNA 02
A Litranscription S oo °% o =+ ~® @
AAAAA. ammo \:'@ s erythromycin
AAAAANNAN .
%\mRNA I acids o rifampicin a tetracycline
) s streptomycin = chloramphenicol
y —

Plants of Tomorrow —




Recombinant Chymosin Is Used To Make Cheese

~ Composition of milk Plasmi
| forthe otor
’ expression X
‘ of chymosin ?r:g:ir:ny. i,'
| in E. coli
\

T7 ter-

~ Processing of milk ——— :

tart
zu1:u?';s lactase | reduced-lactose @@@§©© oil-in-water
> | milk products @@ emulsion with
000 Q < mixed micelles
QOO Q from a-, B-

@% (&) and x-casein
animal feed,

lactase .
—— | fermentation hydrophobic core

membrane LW material
l lseparation polar part phosphate
of x-casein groups of a-
soft cheese | lactose and ? and B-casein
N whey protein ° .
lipases, pro- C h (R )
hydrolysis of the polar region of ymos l n ennl n

) Kk-casein by chymosin (rennin) leads .
ultures to destruction of micelles, resulting A C"'s On M | I k

in coagulated milk (salted out by
ca®")

sour milk
products

Ilactose syrup!

: Proteins To

ggiflire of chymosin ——

native microbial recombinant C I M o I k
{ of young animals preculture recombinaj nism OGgU 01'2 ' >
cutting, activation at pH <5 high-yield mutants of Mucor Escherichia coli .

miehei or M. pusillus c h e e s e

- - -
~ extraction bioreactor > bioreactor
salt water, 14d dextrose syrup, soy meal, maltodextrins, 37°C, 36h
30°C,72h
~ - -
 purification purification purification

ultrafiltration separation of mycelium, re- isolation of inclusion bodies, 7
standardization verse 0smosis, precipitation Tritron-X100/EDTA, urea-/alkali- Is C eese A MO &

extract, ion-exchange chromato-

graphy, acid treatment
[ 200ujkgstomach | [ 5000U/m?in72h 20000U/m3in 36h |
| — R . e — — ol
— Lactose intolerance and galactosemia ——————
lactose intolerance* galactosemia**
v galactose \J
lactose ———>E——»> +  — galactose-1-phosphate ———=>&——— UDP-galactose
B-galactosidase, ~ glucose v v
lactase galactitol, toxic normal
smoticffects i smallntestine, cramps and diarthea metabolsm

>70% of adult Bantus, American Blacks, Indians, Chinese, Aboriginees
* *galactose-1-phosphate-uridyltransferase defect on chromosome 9, frequency 1:100000




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

DNA
Genetic Code of Life

Jurassic Park for Perfume: Ginkgo

Sci. Amer. February, 2019 Bioworks Reconstructs Scents
From Extinct Plants
R,()ad to Resllrrection Synthetic biologists resurrect fragrance-producing
genes from bygone plant species

Bringing genes back from the dead is not simply a matter of finding
ancient DNA. The genetic material has to be refashioned into
aworking gene that can instruct a cell to make molecules.

Dned The gene—in this case from an extinct Hawaiian plant called
Hibiscadelphus a mountain hibiscus—then has to be placed into a new, living

F - .
i Seine ’ host. Synthetic biologists at Ginkgo Bioworks inserted the gene sesqu ' Te r'pe ne
]

o 2 into yeast, where it actually made fragrant compounds. s Th
From dried plant samples, 4 : o n a s e
Entire Genetic Code e 1. Extract DNA Y

of a Bacteria 5 TN gy (SQSS)

o The fragments are analyzed I EE .
ina sequencer machine, EEELE] G G F
which reads the order of their DNA fragments Sequencer HEm e ne s ro m

component nucleotides

(dubbed A, T,Cand G). Anc ien*

2. Construct Gene Sequence

Template SQS gene drawn from related organism . o o . s :
- T | o Using Bioinformatics Hibiscus
[ ]

9 The gene that researchers

want to re-create is for
sesquiterpene synthase (SQS),

H : : the enzyme that assembles

wA F | m ml nh 'g most floral scent molecules. I:?;I::;is:: :j:}:z BE,LT

Scientists take the ancient [ fragments go next to one Missing sections
sequences and find some m another and if some nucleo- between fragments
that match parts of an 505' tides are mismatched. are filled with
sequence based onagene in sequences from
acurrent organism. The living Reconstructed mountain u the template.
sequence becomes atemplate hibiscus SQS gene
to determine the position of
each fragment.

y

o The reconstructed sequence
L isturned into real DNA with
. . a DNA printer, which builds out
Clon'm: th] cal Isms the molecule one component

atatime. The end product is

and Future Consequences anSQS gene.

Worldwide
Fragrance
Industry

colonies grow in small wells. ’ $7ZB in

The instructions coded into Scent molecule .

e ne @? 2018!

" 6. Ancient Plant Fragrance ‘35 (‘Q

5. Transform Yeast Cells
The gene is inserted into
ayeast “host” engineered
to accept it,and the yeast

Plants of Tomorrow
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Using Genetic Engineering
Animals to Fight Major
Insect-Born Diseases

~ ANOPHELES ™~ AEDES MOSQUITO

/ Malaria Diseases spread g:ir:(%:z::;inml;nwp?\;tnc filariasis
Pregnant females Which mosquitoes bite? mgmtfetm
Night When do they bite? Day
With abdomen sticking upwards Resting position Lies parallel to resting surface
Predominantly rural Location éredominantly urban
Bodies of water Breeding ground ' Shallow water surfaces

WHO: Zika virus ‘spreading explosively, level of alarm
‘extremely high’
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Using Genetic Engineering to
Fight Malaria

MALARIA DEATH
DISPARITY

The Lancat numbers differ because the
authors used verbal autopsy, Inwhich they
Intarview the relatives of a parsonwho has
recently died to datermine a cause of death.
Intarviews can Identify people who died of
malaria butwentundiagnosed or treated.

. 90% africa
. 6% ScutheastAsla
. 2% Eastem Mediterranean

DEATHS

BY REGION
(WHO)

Every 60

seconds a
child dies
of malaria

. I% The Americas

I% Western Pacific

0%

90% of malaria deaths
are InAfrica -

1.24M deaths
worldwide,
714,000 under
the age of &

655,000 deaths
worldwide,
563,300 under

the age of 6

e o — o — o — o e b
=i o =i o =il o =il 0 = 0 =] o =] 0 =) 0
e i — b

o i — o — o
SHje=ije=ieo=ie

COTEDIVOIRE ~ BENIN UGANDA
WHO: 1023 WHO: 064 WHO: 8431
Lancet: 31,664 Lancet: 14,415 Lancet 41,648

" | e=o == e =i =i =Ho=Eo=He

&
=]
2
£
T
=]

==50000 [ Deaths
people B Deaths under Syrs

1.4 Million Deaths Per Year
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Using Genetic Engineering to Fight
Mosquito-Transmitted Diseases

More killing power

ZAP MALE FLIES WITH RADIATION
TO MAKE THEM STERILE

RELEASE MILLIONS OF STERILE MALES
- ¥

w *_ %
w b *

"_/"\\ /5‘:\ x*oow
L SN

MALES MATE WITH WILD FEMALES

BUT EGGS DON'T HATCH

The "sterile insect technique” has been used against disease-carriers since the 1950s but genetically
engineered “autocidal” animals should be even more effective

I Autocidal technique I

ADD GENE TO MOSQUITO THAT KILLS
OR DISABLES ADULT FEMALES

S

RELEASED MALES MATE WITH WILD FEMALES

\

EGGS HATCH AS NORMAL AND LARVAE DEVELOP

7774

MALE OFFSPRING DEVELOP NORMALLY AND PASS ON
GENE TO MORE WILD MOSQUITOES. FEMALES DIE
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Using Genetic Engineering to Fight
Mosquito-Transmitted Diseases

Release of Insects Carrying a Dominant Lethal Allele

Develop RIDL strain Mass rear Remove females Release sterile males
(a) Sterility gene

Y oy

Mosquito

DNA 00000000000 “ A

Target site /
l A4, 4

....... AR
300000GEX ; xapooooo< ) 4 A
AR,

Marker makes insects AN

with inserted gene in Y "} Y

their DNA glow when
viewed under a
fluorescent microscope

I Suppressor in diet I
| | |

Turns Lethal Switch Off

drosomycin 3' UTR  tetO, fs(1)K10 3' UTR

Act5C promoter hsp70
piggyBac 3' DsRed2 tTAV /piggyBac 5!

A
< ]
N
€—mmmmmmmm oo >
fluorescent marker <
“‘positive feedback”

Releases of the genetically engineered Oxitec mosquito, commonly
known as ‘Friendly Aedes aegypti’, reduced the dengue mosquito
population in an area of Juazeiro, Brazil by 95%, well below the
modelled threshold for epidemic disease transmission.

lethal system

Genetically engineered moths can knock down crop pests, but will they

take off?
o OXITEC
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FDA approves releasing GMO
mosquitoes to fight Zika in Florida

The Florida Keys approve a trial release of
genetically modified mosquitoes to combat Zika

Other tests have reduced mosquito populations by 90 percent

o) .
wEPA Guidance for Industry ED A

Regulation of Mosquito-Related Products

1. Examples of New Animal Drugs — Regulated by FDA
a. Products intended to reduce the virus/pathogen load within a mosquito, including
reduction in virus/pathogen replication and spread within the mosquito and/or reduction

in virus/pathogen transmissibility from mosquitoes to humans.

b. Products intended to prevent mosquito-borne disease in humans or animals.

2. Example of Pesticide Products — Regulated by EPA

Products intended to reduce the population of mosquitoes (for example, by killing them at
some point in their life cycle, or by interfering with their reproduction or development).5




Genetic Engineering is a TECHNIQUE!
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Entire Genetic Code
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‘ 3. Editing Existing Genes Like A "Word

ONA Fingerprinting Program” (1-2 Years)

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow
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New Weapon to Fight Zika: The Mosquito

How mosquitoes with ‘self-destruct’ genes could save us
from Zika virus

A Call to Fight Malaria One Mosquito at a
Time by Altering DNA

Engineering Mosquitoes’ Genes to Resist
Malaria

Gene-Engineered Mosquitoes Can't Spread Malaria:
Researchers

by MAGGIE FOX
Researchers in California say they have genetically engineered mosquitoes that cannot be infected

with the malaria parasite — and they've done it in a way that virtually guarantees the trait will
spread quickly in a population.

Highly efficient Cas9-mediated gene drive for
population modification of the malaria vector
mosquito Anopheles stephensi s, noenber, 2015
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Mosquito Genes Required For Harboring
Disease Parasites Are Targets For Genetic
Engineering & Disease Control

Ma]aria Caused by Single-Cell Plasmodium Organism Human Liver Stages

Livercell / u . -, Infected

-"

(Plasmodium spp.)

Mosquito Stages

- Ruptured g o
R ® oocyst o A [A] )

G Mosquito takes
NS a blood meal . )
I\ m (injects sporozoites) Exo-erythrocytic Cycle
@ Oocyst / ﬂsporozoites
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» .
% :: ...o..o. SChiZOnt
DN AT
A\ . )
L)

"'-.'::‘- o d
.\..
Sporogonic Cycle ‘ , Human Blood Stages

\ (5) ’\ Immature
-h trophozoite
@ Ookinete (8] ' ‘ (ring stage)
’ A

Mosquito takes
a blood meal
(ingests gametocytes)
Macrogametocyte
MatureA

A Erythrocytic Cycle

00 G - -
s = :
Microgamete entering - . / 0o — ‘\'.: So & trophozoite
macrogamete ! e 'y
9 o [ s . Q‘.. ~
- P Ialc:parum O on
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A= Diagnostic Stage P. ovale
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Mutate Genes & Prevent Pathogen From Residing in Mosquito
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What Does Yogurt Making Have To Do With
Discovering CRISPR-Cas9?

k' tU w 10 MAS (Al TPTT
i J YIS I\ / MM\ /K
TERY AN 4 \J ~f VIiIN |
PAGY: [ GO D ‘f :
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Plants of Tomorrow
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What Happens If
Viruses Infect
Bacterial Cultures?
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The CRISPR-Cas Bacterial Immunity System

CRISPR & Cas Discovered
In Yogurt Bacteria Resistant
To Viral Infections!

Clustered
Regular
Interspaced
Short
Palindromic
Repeats

CRISPR
Associated
System

Cas is an
Endonuclease
That Cleaves

dsDNA

LASTING PROTECTION

About 90% of known archaea and one-third of bacteria have some
form of CRISPR-Cas immunity. This is controlled by a cluster of
short DNA repeats separated by ‘spacer’ sequences and a series
of nearby genes that encode CRISPR-associated (Cas) proteins.

IMMUNIZATION IMMUNITY

Bacterial
cell wall

<

MR

U

% Spacer §
g sequence IS
( Py

RNA transcribed from the
= spacers guides Cas proteins
to invading DNA or RNA so

that it can be disarmed.
Spacers are sequences

captured from invading

viruses, which are Guide RNA
incorporated into the SN _
bacterial genome. %
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The CRISPR-Cas Bacterial Immunity System is
One of Many Bacterial Defense Systems That
Genetic Code of Life Prevent Phage Infection

Attachment Inhibition
—~

Entire Genetic Code Attachment

of a Bacteria

-------

e
DNA Injection  gre— — [fi’

DNA Fingerprinting
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Cloning: Ethical ssues i wa
and Future Consequences Y
PLOS Pathogens June 11, 2015 P
?

Plants of Tomorrow



DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

JANUARY 13,2020

BLOG

»

compartments

Some viruses can defeat CRISPR

3 S
4 »

_ 4!‘{ Y o

@
ORF152

Doy,

Phage DNA




DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

The CRISPR-Cas Bacterial Immunity System

WN =

o ol b

. Phage Infects Bacteria
. Spacer (Phage) DNA "Captured”
. Spacer DNA Incorporated Into CRISPR Locus

in Bacterial Genome

. Spacer DNA Transcribed Into Guide RNA
. Guide RNA Complexes With Cas Endonuclease

Protein to Form Cleavage Complex

. Cleavage Complex Recognizes Phage DNA With

Complementary DNA Sequences in Subsequent
Infection

. Cas Endonuclease Digests Phage DNA and

Infection Is Stopped

Prokaryotic cell
Stage 1: Foreign DNA acquisition ,@j p
e
~ \
— 5

ssssssss

DD i
l CRISPR locus transcription viral element
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Components of the CRISPR-Cas Bacterial Immunity
System Can Be Cloned and Engineered to Work

R Like “"Legos” in Eukaryotic Cells

The CRISPR locus in bacteria

Entire Genetic Code spacers

of a Bacteria _—— // \\

cas operon

DNA Fingerprinting CRISPR

Bacterial chromosome
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Components of the CRISPR-Cas Bacterial Immunity
System Can Be Cloned and Engineered to Work
B Like "Legos” in Eukaryotic Cells

A Genomic CRISPR locus . .
1. Transcribe Precursor Crisper RNA,

Maturation and interference Adaptation Tracr RNA, & Cas9 Gene
l.l tracrRNA I_, cas9 I casl cas2 csn2 I
[fg — Y Y >_F’—l<>l0l<>l0I<>l<>l
L
Entire Genetic Code cas operon CRISPR repeat-spacer array

of a Bacteria

B tracrRNA:crRNA co-maturation and Cas9 co-complex formation

RNase IlI
, / 2. Process Crisper RNAs

pre-crRNA (precursor crRNA)

DNA Fingerprinting iraceRtA
¢ RNApuidsdiclsavage of tirget DNA 3. & 4. RNA-guided Cleavage of Target DNA
_Ridoop /—/Ru?\ TargetDNA \i;,l\n”;u’“’il
targetmg 4. “formation _/— Cleavage "’fu',’
Cloning: Ethical Issues IH\E
HNH lllll
and Future Consequences u///
T =
:—;—m
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Using CRISPR-Cas9 Editing and Gene Drive To
Knock-Out Mosquito Genes Required For Harboring
Cenctic ot of Life the Malarial Plasmodium Parasite

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

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

Cloning: Ethical Issues
and Future Consequences

Genomic DNA Casd / .
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Guide RNA HH

chNA/ &.ﬂ_\

tracrRNA




DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

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

Endogenous Bacteria  Engineered Eukaryotes

Mojica and Montoliu (2016) Trends in Microbiology

@ Clone Cas9 and gRNAs

Cas9 RNA
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Cas9 l
@ Mammalian embryo

Mammalian cells

@ Edit Target Sequence in Genome
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tracrRNA cas9 cas1 cas2csn2 CRISPR array

Expression ‘
WV
V

Spacer

WV V
tracrRNA JL[U Cas9 pre-crRNA W
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Editing Can Either Mutate the Gene, Correct
a Specific Defect, or Add DNA Sequences

DNA
Genetic Code of Life

g,é

P
Cas9

DNA Target site
II|||||||||iIIIIIIIIII

Entire Genetic Code
of a Bacteria

oz
d
DNA Fingerprinting &=
Double Stranded Break DNA repair
Non-Homologous Homologous
End Joining z Recombination

D 3¢ T

Donor DNA

Insertion

Cloning: Ethical Issues

and Future Consequences m m

Deletion

Gene Disruption for
Site Directed Mutagenesis

Gene addition/correction for
Targeted Gene Transfer/Replacement

g2 N Sequence Specific Changes in a Complex Genomellll
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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
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How Can Gene Editing Be Used in
Genetic Engineering?

CRISPR-Cas9

How the genome editor works

Guide
RNA
(gRNA)

Acellis transfected witha
DNA plasmid that expresses
both the Cas9 proteinand a
sequence of guide RNA
(gRNA), which matches that
of the gene of interest.

Cas9-..

gRNA

Cas9 identifies the
corresponding DNA sequence
on the host cell's genome,
and cuts both strands of DNA.

o
Cas9 cuts both PAM 3
the DNA strand to which the gRNA binds ~ Seduence
and the opposite strand (see below
right)
rm \IIHIIIIHIHIIHW
5 o 3
5 T HTTTTTTTTTTTTTTTT
s Uwrl"‘lll‘l‘llmlll‘ .
o LT
The cell's attempt to repair the
break effectively silences the
targeted gene by joiningthe -,
cleaved DNA back together, ..
using a process called non- Pl Cas'.)l reqlgres a
joini : simple and common
?ﬁﬂg‘)’g‘m endjeining Double strand break in target DNA *+***+-.. . & ceauones of base
K pairs called a PAM
o TTTTTTTTTTIITIT 5 TTTTTITIT Semees
‘ bind to target DNA.
(5] LU LU CVITTIT - s s
bacteria can prevent
Afaulty gene can be Cas9 from chopping
‘corrected’ with a replacement up important
segmentoroNA oranewgene | | | | [ | [ [ ][ [ ][] memerised
altogether can be introduced. sequences of foreign
If amodified piece of DNA I I I I | | | I I I I I I | | I I DNA n their own
whose flanking regions match n . genome - by
the target sequenceis also .‘ : Replacement : ensuring there are
supplied, then thereisagood .~ : gene no PAM sequences
chance that it will recombine inthose regions.

with the host DNA when the cut
is made, thus introducing a new
or replacement gene. This.
pathway is known as homology
directed repair (HDR).

'go

FOOD AND
LIVESTOCK
MODIFICATION
Researchers have
already created plants
and mammals with
edited genomes. It is
hoped such technology
could help boost
productivity and
improve food security.

GENE DRIVE
Some genes are more

GENE THERAPY
Genetic disease could
be treated by
introducing gene editing
systems into affected
cells. Researchers in the
USA are trialling this to
treat HIV by knocking
out the gene for the
specific T-cell receptor
that the virus targets.

likely to be passed on
than others. If an ‘edit'is
linked to these genes, it
will quickly spread

through a wild
population. That sounds
alarming, but could help
eradicate malaria-
carrying mosquitos.

HUMAN GERM LINE
Modifying human
eembryos, sperm or eggs
would introduce
changes to the genome
of future generations.
Some argue that other
techniques, such as
embryo screening, can own gene editing

just as effectively outside regulatory
prevent genetic disease. systems?

DESIGNER ORGANISMS
/AND MORE...

In future, could
babies be ‘designed’
with a genome of
our choosing?
Could amateur
biologists do their

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!
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Using Gene Editing to Eliminate

[ ] [ ) [ ]
Mosquito-Transmitted Diseases
Genetic Code of Life
Malarla Human Liver Stages
g
(Plasmodium spp.)
Liver cell /-N .+ +re. Infected
.'1 & i :' ali
Mosquito Stages 5
Z= Ruptured
Ve ®
:jj \_oocyst Mosqunto takes
: h (m; 3:’:& ;‘Zﬁ'&s) Exo-erythrocytic Cycle
- : < elease 0
Entire Genetic Code @ Oocyst / Aspomzo,tes
of a Bacteria @Ruptured schizont 5 ©
% 3 .,.: o Schizont
X ;..:-Z:‘o:.'- —
e .‘.‘
Sporogonic Cycle 1 Human Blood Stages
’
\E (5] — Immature
trophozoite
@Ookmete 0 . (ring stage)
Mosquito takes , A
: o a blood meal
wA Fmgerprm‘hng Macrogametocyte (ingests gametocytes)
. B
Ed ‘ Erythrocytic Cycle
/ A . ry ytic Ly MatureA
Microgamete entenng f . “l‘: S trophozoite
macrogamete @) @ , ‘.. .. Fad
P Ialc:parum
LA
Exflagellated \9 ' ‘ RUP‘”"ed <Y /
microgametocyte schizont we'e A
) i 9 " "00 Schizont !‘:‘-
Cloning: Ethical Issues ‘, GametocytesA 73
. T
and Future Consequences A\ = nfective Stage & @3 ™ Gametocytes
A= Diagnostic Stage P ovale " SSE d'
P. malariae

Specific Mosquito Genes Are Required For the Plasmodium
Life Cycle If Mutated, Mosquitos Cannot Harbor the
Malaria Parasitell
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Editing Specific Mosquito Genes Using the CRISPR-
Cas9 System Will Inhibit Infection With Plasmodium

el Parasites & Prevent Malarial
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

NAu DNA renair
Non-Homologous
End Joining K %

Cloning: Ethical Issues Insertion

and Future Consequences IE E di 1'mg Speci fIC
Deletion MOSQUH'O Genes

Gene Disruption for
Site Directed Mutagenesis

Sequence Specific Changes in a Complex Genomellll
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Genetic Engineering Mosquitos -"Gene Drive”

Spreading Resistance to Plasmodium
Throughout the Mosquito Population!

Normal inheritance

Alteredgene Wildtype
A
UE

/ Jo
Male \ ‘

\\ /J Female
=

Altered gene without
gene drive: One copy
inherited from one parent.
50 percent chance of
passing it on.

Altered gene does not spread

Gene drive inheritance

Genedrive Wildtype
N

AN
A )
N/

Altered gene as gene drive:
One copy converts gene
inherited from other parent.
More than 50 percent chance
of passingiton.

s

Repair

/)‘ul
[ .
Y o
NZ/ N7
T%%I A

Altered gene is almost always inherited

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




Potential Gene Drive Applications

Public Health

Genetic Code of Life

e  Control or alter organisms that carry infectious diseases that affect
humans, such as dengue, malaria, Chagas, and Lyme disease

e Control or alter organisms that directly cause infection or disease,
such as Schistosomiasis

e Control or alter organisms that serve as reservoirs of disease,
such as bats and rodents

e, WY h
Aedes aegypti

Image Source: US Centers for
Disease Control and Prevention

Ecosystem Conservation

Entire Genetic Code
of a Bacteria

e Control or alter organisms that carry infectious diseases that
threaten the survival of other species

e Eliminate invasive species that threaten native ecosystems
and biodiversity

e  Alter organisms that are threatened or endangered.

Hemignathus munroi
(‘Akiapola’au honeycreeper)
Image Source: US Department

of Fish and Wildlife Service

Agriculture

DNA Fingerprinting

e Control or alter organisms that damage or carry crop diseases
e  Eliminate weedy plants that compete with cultivated crops

Fruit damage from spotted
l wing drosophila infestation

Image Source: US Department of Agriculture

"

Basic Research

Cloning: Ethical Issues
and Future Consequences

e Alter model organisms to carry out research on gene-drive function
and effects, species biology, and mechanisms of disease

DNA Double Helix
Image Source: National Institutes of Health

Plants of Tomorrow
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Gene Drives on the Horizon

Advancing Science, Navigating Uncertainty,
and Aligning Research with Public Values

Entire Genetic Code
of a Bacteria

-

Cloning: Ethical Issues
and Future Consequences

The National Academvies of
SCIENCES * ENGINEERING - MEDICINE

National Academy of Sciences - 2016

Plants of Tomorrow

Potential Gene Risks & Benefits

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




DNA
Genetic Code of Life

Entire Genetic Code
of a Bacteria

DNA Fingerprinting

Cloning: Ethical Issues
and Future Consequences

Plants of Tomorrow

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

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

Dawn of the
gene-editing age
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Removing Viral Sequences and Genes That Cause Human
Tissue Rejection From Pig Genomes To Facilitate

DNA Human Pig Organ Transplants
Genetic Code of Life

Hope from pig organs

Researchers have taken a major step toward cloning pigs
whose organs could be safely transplanted into humans, giving
new hope to the thousands of ill people waiting for organs.

Xenotransplantation
Process of replacing The problem y with gene-
Entire Genetic Code human organs with those M Pigs have two copies of the GGTA1 modified
\ from other mammals gene, which makes pig cells trigger the human piglets
of a Bacteria immune system, which then rejects a transplanted pig organ
New solution
A good match W Scientists cloned pigs with altered GGTA1 genes Pi
Pigs are promising &AL 9
sources for transplants 1 Fetal cell DNA
because their organs removed from GGTA1
closely match the size
and shape of humans’ femals P O é
HUMAN PIG !
Heart Chromosome
2 Scientists replace

DNA Fingerprinting one of cell’s two
GGTA1 genes with

a nonworking copy

3 Modified cell
Kidneys multiplies in
culture dish

4 DNA of modified
cells injected into
unfertilized pig egg
cells; eggs implanted
in female pig

—

e

5 Piglets with only
one working GGTA1

gene are born _ ‘
e

| il
(9! a ) { 6 In about 18 months, breeding of
L {/ e cloned pigs produces piglets with

Cloning: Ethical Issues
and Future Consequences

both GGTA1 genes deactivated ;”

@

What’s next K

: . 0 =

o Belsioh Exbraes PPL M Researchers wull‘ work to M If the pigs’ organs can be transplanted (=
Therapeutics, United Network for breed pigs that can't transfera  successfully into chimpanzees or other €
S e e harmful pig virus to humans  primates, human testing may start by 2006 %
3

Graphic Selected by SIRS Staff
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Using CRISPR-Cas9 Editing For Crop
Improvement

DESIGNING AND BUILDING NEW CROPS

When scientists know which gene controls a specific plant
trait, such as seed size, they can search different varieties
of the domesticated plant and its wild relatives to find a
preferable version, or allele, of the gene. A breeder could then
move a desirable allele from one plant into another through
conventional crossbreeding, using the allele itself as

atraceable marker for the trait. Instead of waiting a full
growing season for plants to mature, the breeder could rapidly
find out if seedlings have the desired trait by testing them

for the allele in each round of breeding. Such marker-assisted
breeding would dramatically shorten the time required to
develop a new crop variety.

B\ LL L4

Desirable trait b \
+
) \
Rice varieties +
Elite cultivar

Each of four different rice varieties with a desirable trait can be crossed with an elite
breeding line, or cultivar, to produce tens of thousands of seedlings.

Progeny with desired allel
Elite cultivar )
Backcrossed +
seedling |
v + r_tl f

—

—~Frrry

Seedlings

Some, but not all, of the seedlings
will inherit the desirable allele.

e

Enhanced elite [
cultivars

Elite cultivar
| with desired
q. sP alleles

inherited the trait, breeders can test each Only progeny with the desired Crossing and backcrossing are repeated,
seedling’s DNA for the desired allele just days alleles are grown until they are with the progeny’s genes tested in every
after germination with the technology used mature enough to breed with the elite round, until all the desired alleles have been
for so-called DNA fingerprinting. cultivar, a step known as backcrossing. moved into the elite crop plant.

*+I!I —

Desired e 3
allele DNA “fingerprint”

Instead of having to grow thousands of ‘ + ‘ - ’

plants to maturity to see which ones
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Using Gene Editing to Improve Crop Plants

Geneticists Have Used CRISPR|
Gene Editing to Create Crops
That Grow More Food

We're editing our way through global food shortage

SCIENTISTS USE CRISPR-CAS9 TECHNOLOGY TO
IMPROVE DROUGHT AND SALT TOLERANCE IN RICE

| GM Wheat Used to Make Bread with Less Gluten |

Researchers Engineer Potyvirus Resistance
Using CRISPR/Cas9




CRISPR-Edited Crops Have Non-regulated
Status in US

DNA
Genetic Code of Life

USDA Will Not Regulate CRISPR-Edited Crops

Restrictions will remain on transgenic plants, which contain artificially inserted genes
from other species.

Entire Genetic Code

of a Bacteria CRISPR-Cas9 Triple Gene Edited Camelina Plant
Receives Nonregulated Status

Section: News from Around the World

ONA Fi - GENE-EDITED SOYBEANS BEING HARVESTED IN THE US
ingerprinting

Farmers in three US states are harvesting 16,000 acres (~6,475 hectares) of soybeans
developed through gene editing technique. The soybeans are expected to be sold to consumers
for use in frying oil, salad dressings, and granola bars. It is the first commercialized crop in the
US developed using the new promising technique.

In March 2018, US Agriculture Secretary, Sonny Perdue, issued a statement that products of
new breeding innovations such as genome editing will not be regulated because there are no
risks present in using the techniques. According to Perdue, the new techniques expand
traditional plant breeding tools because they can introduce new characteristics precisely and
rapidly, making improved crops available to farmers earlier than using other techniques.

Cloning: Ethical Issues
and Future Consequences

£ B | EU verdict on CRISPR crops dismays scientists

Plants of Tomorrow



M\ Using CRISPR-Cas9 Editing For Correcting Human
W\ Genetic Disorders

Sentic Code of Life Somatic Cell Gene Therapy

Ex Vivo
ELL € RE VED

Entire Genetic Code
of a Bacteria

DESIRED EDIT

DNA Fingerprinting
Germline Gene Therapy + Gene Enhancement
Editing humanity

The prospect of genetic enhancement
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