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Lecture 1: Genetic modification in agriculture and the advent of Synthetic Biology.  

Lecture 2: Genetic circuits and genome scale DNA engineering. 

1. BioBricks, standardisation and social engineering 
2. Type IIS assembly and common syntax 
3. Smart DNA registries and software tools 
4. Chromosome engineering 
5. Reprogramming metabolic pathways in plants 
6. Implementing plant pathways in microbes   

Lecture 3: Engineered logic and the control of gene expression. 

Lecture 3: Self-organisation and reprogramming of multicellular systems. 

Additional resources: http://www.haseloff-lab.org (Education) 

http://www.haseloff-lab.org


Decoupling
Insulate design process from fabrication details

gcaactagcggcatggttagtaaaggagaagaact
tttcactggagttgtcccaattttagttgaactagatggc
gacgtgaacggtcataagttcagtgtctccggcgaa
ggtgagggtgatgcaacgtacggtaagttaactttga
agttaatatgtacaaccggcaagctgcctgttccctg
gcctaccctggtgacaacgttaggttatgggttgatgt
gctttgctagatacccagatcacatgaaaaggcatg
acttctttaaatctgcaatgccagaaggttacgtccaa
gaacgtactattttctttaaagatgacggtaattataaa
actagggctgaagttaaattcgaaggtgacacacttg
taaatcgaatagagttaaaggggattgatttcaaaga
ggatggtaatattctaggccataaacttgaatataact
ataattcacacaacgtttacattaccgccgacaagca
gaagaatggaatcaaagccaccgca

gattcgtacgtgtgacgcaactagcggcatggttagt
aaaggagaagaacttttcactggagttgtcccaatttt
agttgaactagatggcgacgtgaacggtcataagttc
agtgtctccggcgaaggtgagggtgatgcaacgtac
ggtaagttaactttgaagttaatatgtacaaccggca
agctgcctgttccctggcctaccctggtgacaacgtta
ggttatgggttgatgtgctttgctagatacccagatcac
atgaaaaggcatgacttctttaaatctgcaatgccag
aaggttacgtccaagaacgtactattttctttaaagatg
acggtaattataaaactagggctgaagttaaattcga
aggtgacacacttgtaaatcgaatagagttaaaggg
gattgatttcaaagaggatggtaatattctaggccata
aacttgaatataactataattcacacaacgtttacatta
ccgccgacaagcagaagaatggaatcaaagcca
ccgcagattcgtacgtgtgac

gattcgtacgtgtgacagtgctacgttcgaacetgca
aaggagaagaacttttcactggagttgtcccaatttta
gttgaactagatggcgacgtgaacggtcataagttca
gtgtctccggcgaaggtgagggtgatgcaacgtacg
gtaagttaactttgaagttaatatgtacaaccggcaa
gctgcctgttccctggcctaccctggtgacaacgttag
gttatgggttgatgtgctttgctagatacccagatcaca
tgaaaaggcatgacttctttaaatctgcaatgccaga
aggttacgtccaagaacgtactattttctttaaagatga
cggtaattataaaactagggctgaagttaaattcgaa
ggtgacacacttgtaaatcgaatagagttaaagggg
attgatttcaaagaggatggtaatattctaggccataa
acttgaatataactataattcacacaacgtttacattac
cgccgacaagcagaagaatggaatcaaagccac
cgctagattcgtacgtgtgac





B0034

Amp

SP

B0034

EcoRI XbaI SpeI PstI

BioBricks 
Standardised, interchangeable parts for Biology
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The BioBricks Foundation 
■ Develop and implement legal strategies to ensure that BioBrick™ standard biological 

parts remain freely available to the public. 

■ Support the development of open technical standards that define BioBrick™ standard 
biological parts. 

■ Develop and provide educational and scientific materials to allow the public to use and 
improve existing BioBrick™ standard biological parts, and contribute new BioBrick™ 
standard biological parts.

biobricks.org

http://www.synbio.org.uk


International 
Genetically Engineered 
Machine competition 
for Synthetic Biology



iGEM2016 Synthetic Biology competition: Plant Track and distribution of Common Syntax DNA parts

iGEM Genetically Engineered Machine competition



The Registry of Standard Biological Parts
http://parts.igem.org

http://parts.igem.org


Libraries of Standard Parts
DescriptionA transcription factor (LuxR, BBa_C0062) that is active in the 

presence of cell-cell signaling molecule 3OC6HSL is controlled by 

a TetR-regulated operator (BBa_R0040). Device input is 

3OC6HSL. Device output is PoPS from a LuxR-regulated operator. 

If used in a cell containing TetR then a second input signal such as 

aTc can be used to produce a Boolean AND function.

BBa_F2620
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Registry of Standard Biological Parts

 making life better, one part at a time

 3OC
6HSL → PoPS Receiver

http://parts.mit.edu/registry/index.php/Part:BBa_F2620 Authors:

Barry Canton [bcanton@mit.edu]

Anna Labno [labnoa@mit.edu]
Last Update: 19 October 2007

License: Public

Conditions (abridged)
Output:  PoPS measured via BBa_E0240

Culture: Supplemented M9, 37ºC

Vector:  pSB3K3Chassis:  MG1655*Equipment:  PE Victor3 plate reader

**Equipment:  BD FACScan cytometer

R0040 B0034 C0062  B0015 R0062BBa_C0062: luxR ORF
BBa_R0040: LuxR-regulated operator

BBa_R0040: TetR-regulated operator 

Parts

1E0
1E1

1E2
1E3

1E4

GFP (arbitrary units)
D
oublin

gs

20
38

56

74

92

High Input 
(1E -7 M 3OC

6HSL)

92

1E0
1E1

1E2
1E3

1E4 D
oublin

gs 

20
38

56

74

Low Input(0 M 3OC
6HSL) 

GFP (arbitrary units)

Stability**

Genetic: 
>92/<74 replication events**

Performance: >92/<74 replication events** 

 

(low/high input)

Transcriptional Output Demand (low/high input)

Nucleotides:  0.2xNt / 6xNt nucleotides cell-1 s-1

Polymerases: 4.4E-3xNt  / 1.5E-1xNt RNAP cell-1

(Nt = downstream transcript length)

 

Part Compatibility  
Chassis: MC4100, MG1655, and DH5α

Plasmids: pSB3K3 and pSB1A2

Devices: E0240, E0430 and E0434

 
Crosstalk with systems containing C0040

Input Compatibility* 

BBa_F2620 Response Time:  <1 min

(PoPS calculated from polynomial fit to GFP synthesis 

rate data.  High/Low input - 1E-7/0 M 3OC
6HSL)
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Population MeanColony RangeHill Equation
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GFP synthesis rate (High Input)

Polynomial Fit (High Input)

PoPS (High Input)GFP synthesis rate (Low Input)
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Bioproduction of scents

eau d’e coli

mit igem
2006
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Type IIS  
DNA assembly 
protocols: 

Golden Gate
MoClo
ENSA
Golden Braid:

adopted by the
plant research
community





OP1 OP2

CT

CDS1

CDS 3’ UTR5’ UTR

TGAC TCCC TACT
      Met

CCAT(g)
  Met
AATG

   Ala
AGCC

Stop
(*)GCTT GGTA CGCTGGAG

   Ser
TTCG

MinP

PRO + 5U

TER

3U + TER

3U5UPRO CDS3nsNT

B6B4 B5A1 A2 A3 B1 B2 B3 C1

3’ NT5’ NT TRANSCRIBED REGION

5U(f) NT1

A common syntax for plant DNA parts 
Based on Golden Gate standard assembly and type IIs restriction enzyme splints.

NPH-L-2015-19556.R1 Standards for Plant Synthetic Biology: A Common Syntax for Exchange of DNA Parts 
by Patron, Nicola; Orzaez, Diego; Marillonnet, Sylvestre; Warzecha, Heribert; Matthewman, Colette; Youles, Mark; 
Raitskin, Oleg; Leveau, Aymeric; Farre-Martinez, Gemma; Rogers, Christian; Smith, Alison; Hibberd, Julian; Webb, 
Alex; Locke, James; Schornack, Sebastian; Ajioka, Jim; Baulcombe, David; Zipfel, Cyril; Kamoun, Sophien; Jones, 
Jonathan; Kuhn, Hannah; Robatzek, Silke; Van Esse, H Peter; Oldroyd, Giles; Sanders, Dale; Martin, Cathie; 
Field, Rob; O'Connor, Sarah; Fox, Samantha; Wulff, Brande; Miller, Ben; Breakspear, Andy; Radhakrishnan, Guru; 
Delaux, Pierre-Marc; Loque, Dominique ; Granell, Antonio; Tissier, Alain; Shih, Patrick; Brutnell, Thomas; 
Quick, Paul; Rischer, Heiko; Fraser, Paul; Aharoni, Asaph; Raines, Christine; South, Paul; Ané, Jean-Michel; 
Hamberger, Björn; Langdale, Jane; Stougaard, Jens; Bouwmeester, Harro; Udvardi, Michael; Murray, Jim; Ntoukakis, 
Vardis; Schafer, Patrick; Denby, Katherine; Edwards, Keith; Osbourn, Anne; Haseloff, Jim Haseloff
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Development of smart registries for DNA parts
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Smart Libraries of DNA parts

h"p://www.jbei.org/fuels3synthesis/synth.shtml

JBEI%Inventory%
for%Composable%
Elements%(ICE)%

Open9source9registry9
so;ware9for9DNA9parts

Nathan9Hillson
Tim9Hamm9

Smart Registry for DNA parts
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Systems Biology Markup Language (SMBL), Synthetic Biology Open Language (SBOL), Microsoft GEC

Software for compilation of DNA circuits 
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Synthetic Biology Open Language: is a software standard for the electronic exchange of 
specifications and descriptions of genetic parts, genetic devices, genetic modules, 
genetic systems, and engineered genomes.

SBOL



SBOL Compliant Software Tools

TinkerCell - Synthetic biology CAD tool offering drawing and 
quantitative simulation 

Clotho - Biological engineering tool set 
for development and management of biological systems 

GenoCAD - Design of synthetic DNA sequences based 
on grammatical models of genetic part 

GD-ICE - Laboratory registry software to track and search 
composable DNA constructs 

Device Editor - Graphical user interface for J5.  J5 is a bioCAD tool 
that provides rule-based validation of genetic designs that are 
constructed using SLIC, Gibson, Golden-gate, or CPEC assembly 
methods. 

SBPkb - Knowledgebase of standard biological parts using all the data 
from the Registry of Standard Biological Parts at MIT. 

iBiosim - Analysis tool for design of genetic circuits and discovery of 
their connectivity from experimental data 

Electronic Datasheets - Human- and machine-readable datasheets for 
the standard biological parts being developed at the BIOFAB

http://www.tinkercell.com/
http://clothocad.org/
http://genocad.org/about.php
http://code.google.com/p/gd-ice/
http://j5.jbei.org/index.php/Main_Page
http://www.sbolstandard.org/sbol-in-use/sbpkb
http://partsregistry.org/
http://www.async.ece.utah.edu/iBioSim/
http://biofab.org/data
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High%Level*DNA*Language*
Given*a*design,*automa8cally*determine*the*DNA*

?????????   ?????????   ?????????????    ?????????

3*



Low$Level(DNA(Language(
A(simplified(view(of(DNA(instruc:ons((

c0040 b0015b0034
r0040

ATGCTTACC  GGTACGTT  TACGACTACGT   AGCTAGCAT

GGUACGUU  UACGACUACGU

Protein

polymerase

ribosome

2(

Promoter((start)(
Terminator((stop)(

Protein(Coding(Region(
Ribosome(Binding(Site(



2008 - DNA synthesis of the first bacterial genome...



Chemical synthesis of a Bacterial Genome: 
Mycoplasma mycoides, JCVI 2010 

Assembly of M. mycoides genome
1. Overlapping oligonucleotides 
(including yeast vector, lacZ) 
recombined to make 1080 bp cassettes 
(orange arrows).

2. In sets of 10, the cassettes 
recombined to produce 109 ~10kb 
assemblies (blue arrows)

3. In sets of 10, the ~10kb assemblies 
recombined to produce 11 ~100kb 
assemblies (green arrows)

4. These 11 assemblies were  
recombined to the final genome, 
sMmYCp235 synthetic genome to 
create JCVI-syn1.0 cell line



Gibson assembly 
Breakthrough in large-
scale, rapid DNA assembly

Nature Biotechnology, May 2009



Large DNA fragment assembly via homologous 
recombination in yeast



Creating Bacterial Strains from Genomes that 
have been cloned and engineered in yeast 

Transplantation of M. mycoides 
genome via yeast engineering

1. Insertion of yeast vector into bacterial 
genome
2. Transform yeast with entire genome, 
engineer in yeast
3. Isolate DNA, protect (methylation) 
4. Transform recipient bacteria
5. Resolve (loss of recipient genome)

Lartigue et al. (2009) Science 325: 1693-1696

1.

2.

4.

3.

5.



Transplantation of a synthetic bacterial genome: 
Mycoplasma mycoides, JCVI 2010 

Genome transplantation
DNA from the final assembly in yeast 
sMmYCp235 synthetic genome was 
transplanted into a M. capricolum cell to 
ultimately produce JCVI-syn1.0 

A&B. WT M. mycoides colonies are 
white, JCVI-syn1.0 are blue (lacZ/beta 
galactosidase + Xgal). “Fried egg” 
morphologies characteristic of 
mycoplasma species.

C,D,E & F. Electron micrographs of 
cells. Both WT and JCVI-syn1.0 show 
the same morphology



SC2.0  Synthetic Yeast Genome Project





SynIII: 
refactored 
synthetic 
chromosome 
III for yeast



Multi-scale DNA assembly methods





Golden rice

Rice plants have beed developed containing 
two genes that carry out the four steps 
required for the production of beta-carotene 
in rice endosperm. Endosperm is the 
nutritive tissue surrounding the embryo of a 
seed and makes up the majority of the rice 
grain that we eat. The resulting plants 
appear normal except that after milling (to 
remove the brown bran), their grain is a 
golden yellow color due to the presence of 
provitamin-A. 

Dr. Ingo Potrykus of the Swiss Federal 
Institute of Technology in Zurich and Dr. 
Peter Beyer of the University of Freiburg in 
Germany



Golden Rice 2

Engineered metabolic pathway with 
Maize phytoene synthase 
37 µg carotenoids per gram 

Nature Biotechnology 23, 429 - 430 (2005)



diphosphate (GGPP) is limiting. Here, the enzyme
1-deoxy-D-xylulose-5-phosphate synthase (DXS) could be
the key enzyme because of its ability to link the primary
C3 metabolism to isoprenoid biosynthesis and its postu-
lated function in regulating carotenoid biosynthesis [7].
The other two avenues considered were how to optimize
the introduced enzymes PSY and CRTI to increase their
expression level or enzymatic efficiency.

Considering how to increase the expression of CRTI
seemed reasonable because its low expression in the
prototype events rendered it undetectable in western
blots. This was significantly improved by using the vector
pFun3 (Figure 1), carrying a codon-optimized version of
CRTI under endosperm-specific promoter control. How-
ever, the carotenoid amount was not significantly
increased (S. Al-Babili et al., unpublished). Similarly, the
introduction of DXS from daffodil in combination with
pFun3 using a co-transformation approach did not result
in the desired improvement. Thus, neither the flux of
carbon into prenyllipid synthesis nor the efficiency of
CRTI is the rate-limiting step in carotenoid synthesis
in GR.

This is corroborated by results obtained by Syngenta
scientists who focused on optimizing the expression of PSY
[8]. A side-by-side comparison of PSYs from different
plants was carried out in a maize tissue culture model
system, which revealed substantial differences in caro-
tenoid accumulation. Moreover, those stemming from
known carotenoid overproducers, such as from daffodil
(used in all previous versions of GR), carrot and tomato,
were less effective, whereas there was a marked increase
in carotenoid biosynthesis with PSYs from Graminaceae
(i.e. rice itself or maize). These findings translated into
large increases in the amounts of carotenoids synthesized,
up to 37 mg/g (of which 84% is b-carotene), which led to the
development of a new version of Golden Rice (GR2;
Figure 3) that relies on the maize PSY enzyme
(pSYN12424, Figure 1). This demonstrates that phytoene
synthesis is a rate-limiting step in rice and also helps to
explain why the experiments to optimize CRTI transgene

expression did not yield the desired effect on their own.
Similarly, there seems to be no shortage of GGPP as a
precursor, which might enable further increases in
provitamin A content, if required. Thus, the situation
seems somewhat similar to the one found with transgenic
canola, which relied on the overexpression of a bacterial
PSY to increase carotenoid content markedly [9]. How-
ever, the overall biochemistry might not be comparable
because the rice grain is not an oil-rich seed and the need
for additional desaturase activity has been demonstrated
in rice.

b-Carotene is also known as provitamin A because after
absorption it undergoes central enzymatic cleavage by a
recently identified oxygenase [10] to yield vitamin A.

Box 3. The Partnership

The product development of Golden Rice (GR) is based on a ‘deal’,
secured by licenses, signed between the inventors and Syngenta, in
which the inventors granted exclusive worldwide commercial rights to
the invention. In exchange, Syngenta granted a humanitarian license
together with all relevant associated intellectual property necessary to
attain ‘Freedom-to-Operate’ in developing countries. (Today, Syn-
genta still retains the commercial rights but is not interested in
executing them; see press release in 2004 http://www.syngenta.com/
en/media/intro.aspx). Syngenta further agreed to support the inven-
tors in their task to introduce the technology free of charge to
nutritionally deprived farmers and their customers in developing
countries. This resulted in the creation of a private–public partnership
between the inventors and Syngenta. This partnership facilitated the
licensed access to a small number of what were then key technologies,
with relevant intellectual property held by several players in the field of
biotechnology. These included Bayer (http://www.bayer.com), Mon-
santo (http://www.monsanto.com), Novartis (http://www.novartis.
com), and Mogen (formerly), as well as Syngenta. In addition,
Syngenta scientists during the past years have contributed substan-
tially to the improvement of the technology [8] as well as to product
development and regulatory expertise and advice.

The humanitarian GR license allows the use of the pro-Vitamin A
technology free of cost for farmers with a farming income of up-to
US$10 000/year and permits national, but not international, trade. The
license obliges licensees, which are all public sector research
institutions, to use and to develop the technology in accordance
with the respective national and international regulations. To date, 16
research institutions (in India, The Philippines, China, Bangladesh,
Indonesia, Vietnam and South Africa) are licensees and contribute to
GR product development as a consortium, termed the Golden Rice
Network. Most of this research is funded by national grants
from the countries in which the research institutions are based,
by the Rockefeller Foundation (http://www.rockfound.org), USAID
(http://www.usaid.gov), and the HarvestPlus Consortium (http://www.
harvestplus.org). Syngenta’s in-house work for the project has also
been a significant contribution.

The Humanitarian Board, an advisory panel, has been formed by
several individuals with complementary and relevant expertise from
public sector institutions and Syngenta, with the mission to
ensure the intended use of the technology and to facilitate and to
steer the overall program (for additional information see http://www.
goldenrice.org).

Figure 3. Golden Rice colors. (a) Wild-tape rice; (b) GR1, expressing the phytoene
synthase from daffodil along with CRTI; (c) GR2 expressing the phytoene synthase
from maize along with CRTI. Photograph courtesy of Aron Silverstone.

Review TRENDS in Plant Science Vol.10 No.12 December 2005 569

www.sciencedirect.com
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Malaria kills ~1m annually and threatens 300-500m 



2
Jacob Koella, Imperial College





A Handbook of Prescriptions
for Emergencies

By Ge Hong

14

(a) Ming dynasty version (1574 CE) of the handbook. (b) “A handful of qinghao immersed with 2 liters of water, wring out the 
juice and drink it all” is printed in the fifth line from the right. (From volume 3.)

















Artemisinin, a sesquiterpene lactone endoperoxide extracted 

from Artemisia annua L (sweet wormwood), is  highly effective 

against multi- drug-resistant Plasmodium spp., but is in short 

supply and unaffordable to most malaria sufferers
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