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Lecture 1: Genetic modification and Synthetic Biology. 

Lecture 2: Engineered DNA circuits. 
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Lecture 1 
1. Origins of modern crops 
2. Selection and breeding of new crop varieties 
3. Genetic modification (GM) for plant improvement 
4. Consolidation of agricultural biotech 
5. From science to engineering 
6. DNA technology 
7. From Science to Engineering 
8. Industrial revolutions 
9. How to engineer biology? 

Lecture 2: Engineered DNA circuits. 

Lecture 3: Reprogramming of multicellular systems.

Outline of this lecture

3 crop species (rice, 
wheat and maize) 
provide 60% of all 
calories and 54% of 
all protein in human 
food

~400,000 plant species

120 cultivated plant species

Crop plants sample a tiny fraction of total plant diversity. It 
estimated that there are around 400,000 plant species on 
Earth. Only around 20,000 of these have ever been used by 
humans as food, and only 2000 plant species have any 
economic importance as food crops. 30 species provide most 
of the world’s food. Three species - rice, wheat and maize, 
provide 60% of calories and over half of the protein in human 
food. A vast reservoir of biological diversity remains 
untapped.

Plants are programmable
A wide variety of modern watermelon cultivars are shown. 
Selective breeding has allowed manipulation of the genetic 
content of the species to give rise to a range of useful crop 
traits - useful in agronomy and attractive to the consumer. 
The story of crops like the watermelon illustrate the flexible 
nature of plant development and growth, and the ability of 
humans to harness this. It provides an insight into what 
might be possible for many or all plant species - with the 
current adoption of faster, more powerful strategies for 
reprogramming plant genomes.



Nikolai Vavilov

Origins of world crops Nicolai Vavilov was a Russian biologist who first popularised 
the idea of geographical centres of diversity for the origin of 
modern crop species. These centres corresponded to areas of 
botanical diversity that coincided with the establishment of 
early human societies and plant domestication.

The origin of domesticated watermelon was unclear until 
recently. Early collections (late 1700’s) of presumed ancestors 
were mis-identified as Type Specimens by 20th Century 
taxonomists, and modern watermelons were thought to has 
originated in South Africa. However, the genome sequencing 
of the extant 7 Citrullus species, along with ancient preserved 
seeds (up to 6000 years old) suggests that the domestication 
took place in North East Africa, and the early crop was 
adopted in the Nile Valley.
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Wild relatives or progenitors of crops are important resources 
for breeding and for understanding domestication. 
Identifying them, however, is difficult because of extinction, 
hybridization, and the challenge of distinguishing them from 
feral forms. Researchers have used collection-based 
systematics, iconography, and resequenced accessions of 
Citrullus lanatus and other species of Citrullus to search for 
the potential progenitor of the domesticated watermelon. A 
Sudanese form with nonbitter whitish pulp, known as the 
Kordofan melon (C. lanatus subsp. cordophanus), appears to 
be the closest relative of domesticated watermelons and a 
possible progenitor. These early forms may have been 
consumed primarily for the seed content, as the seed can be 
easily harvested and stored as a foodstuff. Recognisable 
images are seen in Egyptian tomb paintings that suggest that 
the watermelon may have been consumed in the Nile Valley 
as a dessert by 4360 BP. The genetic signature of bitterness 
loss is present in the Kordofan melon genome, but the red 
fruit flesh colour only became fixed in the domesticated 
watermelon. Mapping the genome variations in over 400 
Citrullus accessions revealed shifts in allelic frequencies, 
suggesting that fruit sweetness has gradually increased over 
the course of watermelon domestication. That a likely 
progenitor of the watermelon still exists in Sudan has 
implications for targeted modern breeding efforts.
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Watermelon (Citrullus lanatus, 2n = 2 × = 22) is one of the 
most popular fruit crops worldwide. It belongs to the 
Citrullus genus of the Cucurbitaceae family, and origi-

nated in Africa1. Watermelon has been domesticated for more than 
4,000 years, and has been improved by domestication and modern 
breeding from wild watermelons with small fruits harboring hard, 
pale-colored and bitter- or bland-tasting flesh, into modern sweet 
watermelons carrying large fruits with crisp sweet and red flesh and 
a thin rind2. A watermelon fruit captured in a seventeenth-century 
painting by Italian artist Giovanni Stanchi displayed unevenly  
colored pinkish flesh, a thick rind and many dark-colored seeds, 
which may represent a sweet watermelon in the midst of its  
domestication. Modern breeding of sweet watermelon has focused 
primarily on fruit quality traits, such as sugar content, flesh color 
and rind pattern, resulting in a narrow genetic base of sweet water-
melon3. How natural and human selections leading to marked 
phenotypic changes have shaped the watermelon genome remains 
largely unknown.

The genus Citrullus contains seven extant species4. The only 
diecious and most morphologically unique species, Citrullus nau-
dinianus, is commonly found in sub-Saharan Africa3,5. Citrullus 
ecirrhosus and Citrullus rehmii are adapted to a desert environment 

and are endemic to southern Africa. Citrullus colocynthis is grown 
for its medicinal properties and seed oil, and is widely distributed in 
northern Africa and southwestern and central Asia2. The wild form 
of Citrullus amarus can be found in southern Africa, and the culti-
vated types are grown throughout the Mediterranean region, where 
they are used for jam and animal fodder and as a source of water5. 
Citrullus mucosospermus is mainly grown for seed consumption and 
is now distributed in western Africa5. In addition, C. colocynthis, 
C. amarus and C. mucosospermus have been used in breeding pro-
grams to identify new sources of disease and pest resistance for the 
improvement of sweet watermelon3.

Weak reproductive barriers have obscured the taxonomy of 
Citrullus species2,4. Previous studies aiming to elucidate the relation-
ship between the seven Citrullus species are mainly based on genetic 
diversity present at a limited number of nuclear and plastid loci4,5. 
A high-resolution genome variation map is essential for a better 
understanding of the evolution and divergence of Citrullus species. 
In this study, we first assembled an improved genome sequence of 
the watermelon cultivar ‘97103’ using PacBio long reads combined 
with BioNano optical and Hi-C chromatin interaction maps. We 
then resequenced the genomes of 414 watermelon accessions repre-
senting all seven extant Citrullus species and performed population 

Resequencing of 414 cultivated and wild 
watermelon accessions identifies selection  
for fruit quality traits
Shaogui Guo! !1,9, Shengjie Zhao2,9, Honghe Sun! !1,3,9, Xin Wang3,9, Shan Wu! !3,9, Tao Lin! !4,9, 
Yi Ren1, Lei Gao! !3, Yun Deng2, Jie Zhang1, Xuqiang Lu2, Haiying Zhang1, Jianli Shang2, Guoyi Gong1, 
Changlong Wen1, Nan He2, Shouwei Tian1, Maoying Li1, Junpu Liu2, Yanping Wang1, Yingchun Zhu2, 
Robert Jarret5, Amnon Levi6, Xingping Zhang1, Sanwen Huang! !4,7*, Zhangjun Fei! !3,8*, Wenge Liu! !2* 
and Yong Xu! !1*

Fruit characteristics of sweet watermelon are largely the result of human selection. Here we report an improved watermelon 
reference genome and whole-genome resequencing of 414 accessions representing all extant species in the Citrullus genus.  
Population genomic analyses reveal the evolutionary history of Citrullus, suggesting independent evolutions in Citrullus amarus  
and the lineage containing Citrullus lanatus and Citrullus mucosospermus. Our findings indicate that different loci affecting  
watermelon fruit size have been under selection during speciation, domestication and improvement. A non-bitter allele, arising 
in the progenitor of sweet watermelon, is largely fixed in C. lanatus. Selection for flesh sweetness started in the progenitor of 
C. lanatus and continues through modern breeding on loci controlling raffinose catabolism and sugar transport. Fruit flesh col-
oration and sugar accumulation might have co-evolved through shared genetic components including a sugar transporter gene. 
This study provides valuable genomic resources and sheds light on watermelon speciation and breeding history.
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Population genomic analyses revealed better the 
evolutionary history of Citrullus, and suggested independent 
evolution and genetic exchange between Citrullus amarus 
and the lineage containing Citrullus lanatus and Citrullus 
mucosospermus. This indicated that different loci affecting 
watermelon fruit size have been under selection during 
speciation, domestication and improvement. A non-bitter 
allele, arising in the progenitor of sweet watermelon, is 
largely fixed in C. lanatus. Selection for flesh sweetness 
started in the progenitor of C. lanatus and continues through 
modern breeding - selecting for loci controlling raffinose 
catabolism and sugar transport. Fruit flesh colouration and 
sugar accumulation might have co-evolved through shared 
genetic components including a sugar transporter gene. 

Archaeobotanical evidence provides a record of the origin 
and progress of domestication for  the dessert watermelon. 
watermelons were domesticated for water and food there 
over 4000 years ago, and that sweet dessert watermelons 
emerged in Mediterranean lands by approximately 2000 
years ago.  
Descriptions in art and literature are consistent with evidence 
from genome sequencing and show the approximate 
timeline for spread and wider use of the crop - through to 
modern breeding and agriculture.

Watermelon phenotypes: ranging from the ancestral form 
(lower left), through to modern varieties. Modern breeding 
has produced an expanded variety of different characters 
including fruit colour, size and seed content. This illustrates a 
general feature of crop breeding. Plant form and secondary 
metabolism is highly plastic. Relatively few plant species have 
been domesticated and subjected to extensive breeding 
programmes.  However for these few, it has been possible to 
generate very different cultivars adapted for human use, that 
breed true and grow vigorously, and form the basis of global 
agriculture for food production, animal feed and much 
bioproduction of materials.

Domestication of modern crops

 Early forms of maize strongly resemble teosinte, a plant 
endemic to Mesoamerica, and a subspecies of Zea mays.  This 
likely  progenitor has a strikingly distinct morphology, with 
smaller numbers of kernels arranged on a spike. It has been 
estimated that new varieties of maize been selected for over 
9000 years. Modern varieties are characterised by a cob 
architecture with much larger numbers of kernels on each 
inflorescence. Europeans adopted maize as a crop and the 
1800s saw large plantings across the Midwest of the United 
States. Before 1900 farmers in the Midwest were highly self-
sufficient. They looked to the outside world for things like salt 
and nails, but external inputs into crops were minimal.  
Fertiliser inputs were limited to manure, pesticides were 
unknown and crops were true breeding and seed corn was 
obtained from previous year’s crop. In the 1900s scientists 



like G.H. Shull observed that open pollinated inbred forms of 
maize became less productive over time.  In contrast 
heterosis or out-crossing gave rise to highly productive 
progeny. (Maize plants have separate male and female 
flowers and detasseling of male flowers is a simple way of 
ensuring selective crossing). Through the 1920s, plant 
breeding stations were established to create parental inbred 
lines that could be used for different crosses and to create 
highly productive maize seed. Entrepreneurs like Roswell 
Garst helped transform US agriculture last century. He helped 
to establish sales of hybrid corn seed with the noted corn 
breeder Henry Wallace in 1930s in Iowa. Wallace established 
Pioneer Hi-Bred, and Garst established Garst seed. There was 
a loss of diversity, from 786 varieties in 1903 to 52 in 1983. 
Farmers were previously highly self reliant - but the 20th 

 Selective breeding of other crops has dramatically improved 
their yields also.  The decades following 1960's saw the 
breeding of highly productive new varieties of wheat.  Many 
of these varieties were dwarf, which provided agronomic 
benefits and allowed commitment of more resources to seed 
production during growth. In addition, improved response to 
inorganic fertilisers and introduction of disease resistance 
through cycles of out-crossing and back-crossing contributed 
to new elite varieties. Shown above: “The harvesters” by 
Pieter Bruegel the Elder (1565) - with a graphic 
representation of a partly harvested wheat field in northern 
Europe. Note that the height of these wheat crops reached 
shoulder height. Modern wheat crops are much shorter, 
shown here with Norman Borlaug and colleagues at a trial 
field of Sonora-64. The story of Borlaug career is inspiring, a 
short version can be found at https://en.wikipedia.org/wiki/
Norman_Borlaug.  He has been credited with saving a billion 
people from starvation, and his work was extended to rice 
varieties.

The Green Revolution
From the 1960s, the worldwide production of grain has 
increased dramatically in yield and total production despite 
relatively constant area of cultivation and planted seed. The 
bulk of these increases have been seen in the developed 
world, China and India. The benefits of increased production 
have not been so widely seen in Africa.
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Until the early 1980s, the genetic modification of crops 
required the introduction of new genes through sexual 
crossing and refinement of traits through breeding. 
Specialised breeding techniques can allow access to gene 
pools outside of the same species - but access is confined to 
closely related plants. The advent of techniques to create 
transgenic plants allows synthesis of effectively any 
engineered DNA construct and unconstrained modification 
of plant genomes. This breakthrough came in 1983 with the 
independent publication of the first Agrobacterium-
mediated plant transformation papers from three groups. 
The most predominant transgenic traits are herbicide and 
pest resistance. Countries in North and South America have 
seen the fastest and greatest increase in planting of biotech 
crops. They account for the overwhelming majority of GM 
producers globally. Outside of the Americas, there has been 
poor uptake of transgenic crops for food production. 
However, transgenic cotton is finding some adoption in Asia. 
Notably, there has not been wide adoption of transgenic 
crops in Europe or Africa to date.

The intensive nature of modern agriculture has led to 
increasing costs and complexity for farmers. Increasing yields 
come at the expense of increased fertiliser, pesticide, fuel and 
seed costs. The industry seen ever increasing levels of 
integration, so that a few companies are the major players in 
global agriculture.

16

The concentration of the Agricultural Biotech and Seed 
industry began in the 1970s and 1980s when intellectual 
property rights for seed improvements expanded, 
incentivising the research and development of new 
biotechnology seed traits and varieties by private companies. 
Improving biotechnology resulted in the first genetically 
modified crop varieties. Meanwhile, mergers between 
companies that specialised in pesticides, seed treatments, 
crop seeds and seed traits have over time resulted in an 
increasingly consolidated and highly integrated industry. 
There has been ongoing consolidation and concentration of 
the U.S. agriculture industry in recent decades. In 2015, six 
firms controlled the majority of the U.S. crop seed and 
agricultural chemical markets. Today, just four firms — Bayer, 
Corteva, ChemChina’s Syngenta Group, and BASF — 
dominate those markets. 



Consolidation of ownership in plant biotechnology Six major agrochemical companies underwent mergers 
2017-2019.

Disruptive technologies 

Synthetic Biology: 
adoption of formal 
engineering principles in 
biology

The last few years have seen the emergence of new 
technologies for new engineering approaches that promise 
both highly efficient modular construction of DNA systems 
and systems for rational design. These have the potential to 
disrupt existing products and ways of working.

The Industrial Revolution: 
based on innovations in coal, iron, steam and 
mechanical engineering

The late 1700s to early 1800’s saw the emergence of new 
technologies and understanding of physical power and how 
this might be harvested and utilised by mechanical devices. 
(Here represented by Stevenson’s “Rocket” the innovative 
forerunner of railways and global transport systems.)

 ▪ Steam power - Improved steam engines were initially used for pumping out mines, 
but from the 1780s were applied to power machines. This enabled rapid development of 
efficient semi-automated factories 

 ▪ Iron founding - Coke replaced charcoal in iron smelting. Improved production of 
bar iron, and eventually steel, resulted. 

▪ Textiles - Cotton spinning was revolutionised by the invention of Richard Arkwright's 
water frame, James Hargreaves's Spinning Jenny, and Samuel Crompton's Spinning 
Mule). Similar technology was applied to spinning worsted yarn for various textiles and 
flax for linen.

Second phase of the Industrial Revolution: manufacturing

First phase of the Industrial Revolution: innovation

(Paul Bairoch, "International Industrialization Levels from 1750 to 1980")

The Industrial Revolution progressed in stages. At first, raw 
technical developments, which stemmed from the late 1700’s 
in Great Britain, had minimal impact on manufacturing 
output. At this point, the assembly of mechanical devices was 
bespoke. The design, assembly and interconnection of 
increasingly large and complex systems was difficult. What 
was required, was the development of new engineering 
standards that would allow simplification of these processes.

http://en.wikipedia.org/wiki/Steam_engine
http://en.wikipedia.org/wiki/Mining
http://en.wikipedia.org/wiki/Coke_%28fuel%29
http://en.wikipedia.org/wiki/Charcoal
http://en.wikipedia.org/wiki/Smelting
http://en.wikipedia.org/wiki/Wrought_iron
http://en.wikipedia.org/wiki/Cotton
http://en.wikipedia.org/wiki/Spinning_%28textiles%29
http://en.wikipedia.org/wiki/Richard_Arkwright
http://en.wikipedia.org/wiki/Water_frame
http://en.wikipedia.org/wiki/Spinning_Jenny
http://en.wikipedia.org/wiki/Spinning_Mule
http://en.wikipedia.org/wiki/Spinning_Mule
http://en.wikipedia.org/wiki/Worsted
http://en.wikipedia.org/wiki/Yarn
http://en.wikipedia.org/wiki/Flax
http://en.wikipedia.org/wiki/Linen


Standardisation of parts for construction

Joseph Whitworth 1842

A simple example is the development of standardised screw 
threads for mechanical fasteners. Joseph Whitworth was 
awarded a patent for his establishment of a universal 
standard. Before this, individual machine shops would be 
machining incompatible fasteners. With the adoption of such 
standards, designers were liberated from these kinds of 
underlying details, and specialist manufacturers could 
emerge to supply a growing industry with standardised parts 
that everyone used. 

Interchangeable parts led to continuous production methods The emergence of standardised parts and protocols for 
device interaction was required for the kinds of large scale 
machinery and power that was required for the 
establishment of continuous production methods, seen in 
the mid to late 1800’s. It was this that led to large increases in 
manufacturing output, with economies of scale, and a 
synergistic effect on further development of the 
technologies. 

The development of new 
general purpose technologies 
drive revolutions in innovation. 

What is a General Purpose Technology (a GPT)?  
• Wide scope for improvement 


• Cost reductions 

• Quality improvements 


• Wide variety of uses 

• Multiple industry applications • 

• Many follow-on inventions 


• Strong complementarities, both technological and 
economic.

The five waves that have crashed into our 
society so far are as follows: “Early 
Mechanisation” (1770s to the 1830s), “Steam 
Power and Railways” (1830s to 1880s), 
“Electrical and Heavy Engineering” (1880s to 
1930s), “Fordist Mass Production” (1930s to 
1970s) and “Information and 
Communication” (1970s to 2010s).
https://www.maize.io/cultural-factory/
technological-waves/

Solid-state electronics: first transistor in 1948

Photo of the first transistor, a bespoke device produced in 
1948 at Bell labs. The simple solid-state device found 
immediate application as a low-voltage, low-power 
replacement for thermionic valves, used for electronic 
amplification and switching.

https://image2.slideserve.com/4153139/what-is-a-general-purpose-technology-a-gpt-l.jpg


...by the 1950’s transistors were in wide use 

Within a few years, transistors had become commercial 
products and were sold widely. This generated additional 
development of the technology.

Title Text
Body Level One

Body Level Two

Body Level Three

1958 - First integrated circuit, Jack Kilby

In 1958, Jack Kilby produced the first crude, handmade  
integrated circuit, which contained 5 logic devices on the 
same piece of semiconductor. This started a race to generate 
larger scale devices that lasts to this day.

...and perfected…early 1960’s

Within a few years the combination of new 
photolithographic and planar transistor techniques had 
created recognisable prototypes of the commercial devices 
that we would recognise today.

1. Standardisation of parts

Standard mechanical and electrical interfaces were established for 
integrated devices by the early1960’s, and form the basis for 
today’s microelectronics industry

Within a few years mechanical and electrical interfaces had 
been standardised. This allowed the interoperability of these 
devices, and for engineers to mix devices from different 
sources.



At first, these devices were designed by hand.

2. Development of automated design tools and 
modular circuits to deal with increased complexity

Increasing complexity saw the emergence of new automated 
design tools and reusable modular elements. Modularisation 
and standardisation are the hallmarks of modern 
engineering. They allow management of highly complex 
systems.

… to allow circuits with billions of logic elements

Modern integrated circuits contain billions of logic elements 
and themselves rely heavily on computer technology for 
their own design, testing and manufacture. 
(e.g. M4 Max contains about 100 Billion transistors on a single 
chip with 3nm scale features)

Clay Christensen (2004)

Economist (2012)Intel 4004 (1971)

This level of consolidation has been seen in other industries. 
For example, the minicomputer industry was dominated by 
three companies (IBM, Control Data and DEC) through the 
1960s. However the invention of the microprocessor in the 
early 70s, and the emergence of low-cost microcomputers 
caused disruption and saw the decline of these companies, 
and the emergence of a whole new range of businesses. The 
microcomputer industry was itself disrupted by the 
emergence of smart phones and apps. GM agribusiness is 
based on the use of 1980s technologies. Could this be due for 
disruption?



1953 - discovery of the structure of DNA...

James Watson

Francis Crick

Over roughly the same time period, we have seen basic 
innovations in biology that allow similar engineering 
approaches. From discovery of the structure of DNA in 
1953…

1975 - invention of DNA sequencing methods...

Fred Sanger

… To the development of DNA sequencing methods - at the 
kilobase-scale with Sanger sequencing in 1975

new generations of sequencing technologies...

… Through to today’s next generation gigabase-scale 
sequencing efforts.

36
1973 - first molecular cloning experiments...

The first molecular cloning experiments were published in 
1973. In these first experiments DNAs were cut with 
restriction endonucleases, separated by electrophoresis, and 
pasted together with T4 DNA ligase. These experiments have 
triggered decades of genetic engineering experiments. 



But...bespoke DNA assembly techniques are still common practice in the !eld after 40 years

Smithsonian museum exhibit: Stanley Cohen’s laboratory bench

Photograph of the reconstruction Stanley Cohen's laboratory 
bench in the Smithsonian Museum. Not dissimilar to a 
modern molecular biologist’s bench. 

Enabling DNA Technologies
DNA Sequencing, DNA Assembly, DNA Synthesis & 

Computational Modelling & Genetic Design

‘Synthetic Biology - Life 2.0’ 
The Economist,  August 31st 2006

Not only has the speed of DNA reading improved at an 
exponential rate, but the technology of DNA synthesis has 
also improved. It is now possible to synthesise DNA at 
dramatically lower prices, pennies per base-pair. 

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

This has led to the construction of synthetic and refactored 
microbial genomes, for Mycoplasma (shown above), E. coli 
and yeast. From a technical point of view, we have the ability 
to generate unlimited new genomes, and potentially, 
generate novel species or variants. However (to date) all 
redesigned genomes have been forced closely follow the 
structures of natural systems. The current opportunity for 
synthesis is matched by the challenge of redesigning the 
DNA code for living systems, which possess complex, non-
linear logic that is required for self-organisation, homeostasis 
and self-repair. Arguably the challenge of this century, and 
requires new engineering paradigms to deal with these levels 
of complexity. Synthetic Biology.

syn·thet·ic   [sin-thet-ik] –adjective 

1. Prepared or made artificially, not of natural origin. 

2. Relating to, or involving synthesis  
(construction of a coherent whole from  
        separate elements) 

What is it?  
Creation of artificial life? 
Extension of genetic engineering?

What is synthetic biology? The word “synthetic” can mean (i) 
artificial or (ii) relate to synthesis or construction. We will look 
at how the latter meaning can be used to refer to systematic 
approaches to biological construction. 



Tom Knight, as teenager at MIT in 1965 Tom Knight is a computer science pioneer and the godfather 
of synthetic biology. After competing in the Science Talent 
Search programme in 1965 with an electroencephalograph 
(EEG) he built himself, Knight studied and taught at MIT. 
There, he worked in the emerging computer science field, 
developing the internet precursor, ARPANET. In the 1990s, 
Knight became interested in biology and leveraged his 
computer science background to create BioBricks, a type of 
DNA building block, and established the MIT Registry of 
Standard Biological Parts. In 2009, he co-founded Ginkgo 
Bioworks, which produces revolutionary organisms for 
commercial use. Ginkgo Bioworks went public in 2021 with 
the ticker symbol DNA. Knight is also co-founder of the 
international science competition iGEM. (https://golden.com/
wiki/Tom_Knight_(scientist)-ZXDYE9)

Invention of standardised parts for biology...

Tom Knight, MIT

Tom Knight, a computer scientist at MIT, proposed a 
generalised method for large-scale DNA assemblies: 
Idempotent Vector Design for Standard Assembly of 
Biobricks (2003) 
“The lack of standardization in assembly techniques for DNA 
sequences forces each DNA assembly reaction to be both an 
experimental tool for addressing the current research topic, 
and an experiment in and of itself. One of our goals is to 
replace this ad hoc experimental design with a set of 
standard and reliable engineering mechanisms to remove 
much of the tedium and surprise during assembly of genetic 
components into larger systems.” http://hdl.handle.net/
1721.1/21168

B0034

Amp

SP

B0034

EcoRI XbaI SpeI PstI

BioBricks 
Standardised, interchangeable parts for Biology

DNA parts would be composed in a standardised format for 
modular assembly. The modular parts would therefore be 
interchangeable, and…
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Cut with EcoRI & SpeI Cut with EcoRI & XbaI

Mix & Ligate

Idempotent assembly method
…the combination of any two parts would recreate the 
format of a standard part. (An object’s properties remains 
unchanged during an idempotent operation). Note the 
arrangement of prefix (P) ands suffix (S) elements in this 
diagram, as two fragments are ligated.



Abstraction
Insulate relevant characteristics from process from excessive details

gcaactagcggcatggttagtaaaggagaagaacttttcactggag
ttgtcccaattttagttgaactagatggcgacgtgaacggtcataagtt
cagtgtctccggcgaaggtgagggtgatgcaacgtacggtaagtta
actttgaagttaatatgtacaaccggcaagctgcctgttccctggcct
accctggtgacaacgttaggttatgggttgatgtgctttgctagatacc
cagatcacatgaaaaggcatgacttctttaaatctgcaatgccagaa
ggttacgtccaagaacgtactattttctttaaagatgacggtaattata
aaactagggctgaagttaaattcgaaggtgacacacttgtaaatcg
aatagagttaaaggggattgatttcaaagaggatggtaatattctag
gccataaacttgaatataactataattcacacaacgtttacattaccg
ccgacaagcagaagaatggaatcaaagccaccgca

These advances have facilitated the efficient construction of 
engineered DNA sequences in a technical way. They also 
allow researchers to regard DNA encoded functions in a 
modular fashion. For example, this DNA part encodes the 
sequence of the green fluorescent protein. The modular 
nature of assembly standards can help insulate the designer 
from the underlying molecular-scale details of the DNA part.

Standardisation
Construction from “off the shelf” parts with known characteristics

gcaactagcggcatggttagtaaaggagaagaacttttcactggag
ttgtcccaattttagttgaactagatggcgacgtgaacggtcataagtt
cagtgtctccggcgaaggtgagggtgatgcaacgtacggtaagtta
actttgaagttaatatgtacaaccggcaagctgcctgttccctggcct
accctggtgacaacgttaggttatgggttgatgtgctttgctagatacc
cagatcacatgaaaaggcatgacttctttaaatctgcaatgccagaa
ggttacgtccaagaacgtactattttctttaaagatgacggtaattata
aaactagggctgaagttaaattcgaaggtgacacacttgtaaatcg
aatagagttaaaggggattgatttcaaagaggatggtaatattctag
gccataaacttgaatataactataattcacacaacgtttacattaccg
ccgacaagcagaagaatggaatcaaagccaccgca

gattcgtacgtgtgacgcaactagcggcatggttagtaaaggagaa
gaacttttcactggagttgtcccaattttagttgaactagatggcgacgt
gaacggtcataagttcagtgtctccggcgaaggtgagggtgatgca
acgtacggtaagttaactttgaagttaatatgtacaaccggcaagct
gcctgttccctggcctaccctggtgacaacgttaggttatgggttgatg
tgctttgctagatacccagatcacatgaaaaggcatgacttctttaaat
ctgcaatgccagaaggttacgtccaagaacgtactattttctttaaag
atgacggtaattataaaactagggctgaagttaaattcgaaggtgac
acacttgtaaatcgaatagagttaaaggggattgatttcaaagagga
tggtaatattctaggccataaacttgaatataactataattcacacaac
gtttacattaccgccgacaagcagaagaatggaatcaaagccacc
gcagattcgtacgtgtgac

Standardised parts come with an implied means of assembly. 
They can “plug” together in a manner similar to Lego parts.

Decoupling
Insulate design process from fabrication details

gcaactagcggcatggttagtaaaggagaagaacttttcactggag
ttgtcccaattttagttgaactagatggcgacgtgaacggtcataagtt
cagtgtctccggcgaaggtgagggtgatgcaacgtacggtaagtta
actttgaagttaatatgtacaaccggcaagctgcctgttccctggcct
accctggtgacaacgttaggttatgggttgatgtgctttgctagatacc
cagatcacatgaaaaggcatgacttctttaaatctgcaatgccagaa
ggttacgtccaagaacgtactattttctttaaagatgacggtaattata
aaactagggctgaagttaaattcgaaggtgacacacttgtaaatcg
aatagagttaaaggggattgatttcaaagaggatggtaatattctag
gccataaacttgaatataactataattcacacaacgtttacattaccg
ccgacaagcagaagaatggaatcaaagccaccgca

gattcgtacgtgtgacgcaactagcggcatggttagtaaaggagaa
gaacttttcactggagttgtcccaattttagttgaactagatggcgacgt
gaacggtcataagttcagtgtctccggcgaaggtgagggtgatgca
acgtacggtaagttaactttgaagttaatatgtacaaccggcaagct
gcctgttccctggcctaccctggtgacaacgttaggttatgggttgatg
tgctttgctagatacccagatcacatgaaaaggcatgacttctttaaat
ctgcaatgccagaaggttacgtccaagaacgtactattttctttaaag
atgacggtaattataaaactagggctgaagttaaattcgaaggtgac
acacttgtaaatcgaatagagttaaaggggattgatttcaaagagga
tggtaatattctaggccataaacttgaatataactataattcacacaac
gtttacattaccgccgacaagcagaagaatggaatcaaagccacc
gcagattcgtacgtgtgac

gattcgtacgtgtgacagtgctacgttcgaacetgcaaaggagaag
aacttttcactggagttgtcccaattttagttgaactagatggcgacgtg
aacggtcataagttcagtgtctccggcgaaggtgagggtgatgcaa
cgtacggtaagttaactttgaagttaatatgtacaaccggcaagctgc
ctgttccctggcctaccctggtgacaacgttaggttatgggttgatgtg
ctttgctagatacccagatcacatgaaaaggcatgacttctttaaatct
gcaatgccagaaggttacgtccaagaacgtactattttctttaaagat
gacggtaattataaaactagggctgaagttaaattcgaaggtgaca
cacttgtaaatcgaatagagttaaaggggattgatttcaaagaggat
ggtaatattctaggccataaacttgaatataactataattcacacaac
gtttacattaccgccgacaagcagaagaatggaatcaaagccacc
gctagattcgtacgtgtgac

The process of improvement of DNA parts can to be 
separated from the design process. In this case, a new part 
with a modified coding sequence for a brighter green 
fluorescent protein can be used interchangeably by a genetic 
circuit designer. The design process is decoupled from the 
fabrication process.

A revolution in DNA assembly
Type IIS restriction enzyme assembly techniques (e.g. Golden Gate, MoClo, Golden Braid, Loop Assembly):
(i) Multiplex assembly, with simultaneous precise joining of multiple sequences; 
(ii) Highly efficient ligation, as side products are rescued and reactions pushed to completion;
(iii) No need to purify DNA fragments for ligation, as these are generated during the reaction;
(iv) Single tube reaction, easy to automate;
(v) Standardisation of DNA parts and vector composition.

This approach has become increasingly sophisticated, now in 
the form of type IIS assembly techniques. These rely on 
restriction enzymes with cleavage sites that are offset from 
their recognition sequence. There is no need to isolate DNA 
fragments. Intact plasmid DNAs can be mixed, and cleavage 
and ligation of the fragments occurs in a single tube reaction 
to create the expected product.



Type IIS  
DNA assembly 
protocols: 

Golden Gate
MoClo
ENSA
Golden Braid
Loop assembly:

adopted by the
plant research
community

Type IIS assembly relies on the formatting of DNA fragments into 
particular classes. The different class fragments are then ligated to 
produce transcription units and can be further combined into a large 
multi-gene assemblies. The efficiency and ease of the assembly 
reactions has meant that this technique has been widely adopted by 
the plant research community.
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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

Further, plant researchers have adopted a common syntax for these 
plant parts to ensure interoperability across the community.

Federici, Rudge, Pollak, Haseloff, Gutierrez, 2013

Hierarchical assembly
The introduction of these engineering principles in biology is 
leading towards a more hierarchical way of constructing 
complex systems. DNA encoded functions can be formulated 
as standardised parts. These parts can be assembled into 
devices circuits and genetic systems - which can in turn be 
installed in multicellular systems.

limited to inserting single fragments of DNA into polylinkers
(multiple cloning sites) of plasmids comprising recognition sites for
various type II restriction endonucleases. For plants, the fragments
were most often coding sequences inserted into the cloning sites of
binary vectors flanked by regulatory sequences derived from
Cauliflower Mosaic Virus or the opine biosynthesis genes from
Agrobacterium tumefaciens (Komori et al., 2007). The inclusion of
additional features or the replacement of existing sequences was
complicated and laborious. Moreover, the presence of different
restriction endonucleases recognition siteswithin specific sequences
meant that different sequence fragments might be most-easily
cloned into any site within the polylinker. Thus, the final sequence
of junctions often differed between constructs. As these cloning
junctions were usually adjacent to the start of transcription or
translation, assemblies were often not functionally comparable.
While this was of little importance when the experimental goal was
simply to overexpress a given protein, it limited the quantitative
comparison of, for example, regulatory elements. Products such as
the Gateway® cloning system (Thermo Fisher, Waltham, MA,
USA) improved efficiency and flexibility. However, the recombi-
nase-enabled reactiondidnot allow for complexorprecisiondesign.
Further, the proprietary nature was undesirable in the emerging
synthetic biology community, which, inspired by progress in
electronic and software engineering, prescribed that standards,
infrastructure and enabling technologies should be ‘open’ in order

to accelerate progress and provide an ecosystem encouraging of
innovation and entrepreneurship (Calvert, 2012).

Engineers reason that, regardless of whether a system is built
from parts machined from metal alloys or from fragments of
engineered DNA, iterative improvements are vastly facilitated if
construction is modular and components are standardised rather
than bespoke. A commonly used metaphor is that of the screw:
before the standardisation of screw heads and threads in the 1840s,
a malfunctioning machine could be fixed only with considerable
effort and only by the original manufacturer. Standardisation
allowed repairs and improvements to be performed by third parties
and enabled mechanics to collaborate on the delivery of large
projects such railroads and fleets of ships. In the same spirit, the
emerging synthetic biology community reasoned that the stan-
dardisation and modularisation of DNA parts would allow
different sequences with the same basic utility to be exactly
exchanged within larger designs enabling any differences in
function conferred by sequence variations between parts to be
functionally quantified (Arkin, 2008).

The first biological standards were BioBricks (Knight, 2003),
communicated through the newly established BioBricks Founda-
tion Request for Comments process, an organisational framework
that helps to define, evaluate and propose new standards in
SyntheticBiology. BioBricks simplified the assembly ofDNAusing
iterative, pairwise assembly of standardised parts. However,
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Fig. 1 Synthetic biology employs iterative
cycles of design, build, test and learn. The data
generated in each turn of the cycle are used to
improve models of the system and inform the
next cycle. Design is facilitated by the use of
standards and abstraction hierarchies,
Computer Aided Design (CAD) and the
systematic application of statistics design of
experiments (DoE), enabling large-scale
experiments. Such experiments employ
laboratory automation and microfluidics to
increase reproducibility, minimise reaction
volumes and reduce errors. Statistical and
computational techniques are used to analyse
data and refine predictive models.
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New tools for biological design, assembly, testing and 
learning come together in design–build–test–learn (DBTL) 
cycles, which are used iteratively in a wide variety of 
engineering disciplines - now implemented in genetic 
design. 



The challenge of rewiring biological circuits

Electronic circuit elements are physically insulated. 

Genetic circuits rely on molecular specificity within a cell. 

Cells provide insulation and additional scale of organisation.

Biological systems provide a new challenge for engineering. 
Even the most complex electronic device has constrained 
sets of interactions based on human design, and can be 
accurately modelled.  Biological systems rely on molecular 
specificity, rather than defined connection paths for 
interactions. Cells contain complex compartments of 
interacting agents, with multiscale networks of substrates, 
enzymes and informational molecules, and interacting cells, 
the environment and other organisms. Biological systems 
have structures more like social networks, but where the 
genetic code and molecular specificity strictly regulate the 
behaviour of individuals, and the behaviour of populations 
are responsible for their self-organising properties. 
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2021: Ginkgo Bioworks $17.5Bn public offering

Currently, the potential value of the new 
Synthetic Biology approach is recognised. To 
illustrate this: Tom Knight, with four of his 
ex-graduate students, from MIT formed a 
company (Ginkgo Bioworks). Ginkgo Bioworks 
terms itself the “organism design company”, 
and provides a contract service with cutting 
edge tools for rebuilding biological pathways. 
The company issued an initial public o"ering 
in 2021. It raised over £15Bn. As a further 
illustration of the di#culty and long term 
nature of this challenge to reprogram natural 
systems, despite some successes, Ginkgo’s 
stock has fallen from an initial high of several 
hundred dollars to around $7 today.  

Lecture 1 
1. Origins of modern crops 
2. Selection and breeding of new crop varieties 
3. Genetic modification (GM) for plant improvement 
4. Consolidation of agricultural biotech 
5. From science to engineering 
6. DNA technology 
7. Synthetic Biology 

Lecture 2: Engineered DNA circuits. 

Lecture 3: Reprogramming of multicellular systems. 

The next lecture will focus on engineering DNA circuitry.











[1]. WUS expression is already detectable in 16-cell stage
Arabidopsis embryos, preceding the expression of the
stem cell marker CLAVATA3 (CLV3), indicating that
WUS activity and the establishment of the OC are necess-
ary to set up the stem cell niche [2,3]. In line with this,
laser ablation studies in tomato have shown that WUS is
activated de novo in the PZ as early as 24 hours after
ablation of the CZ and OC, before the formation of a new
stem cell system [4]. Consistently, Gallois et al. showed
that ectopic WUS induction in the root was sufficient to
trigger stable formation of shoot tissues [5] and together,

these studies highlight the leading role of WUS in setting
up the shoot stem cell system and consequently in driving
shoot development.

Once WUS expression is set up in the OC, its activity
needs to be continuously fine-tuned in order to balance
SC number and proliferation rate. It has turned out that
WUS acts in parallel with the homeodomain transcrip-
tion factor SHOOTMERISTEMLESS (STM), which
stimulates cytokinin (CK) biosynthesis by activating
the ISOPENTENYLTRANSFERASE7 (IPT7) gene
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Current Opinion in Plant Biology

The SAM — an overview. (a) Schematic representation of an Arabidopsis inflorescence apex. Signaling from the organizing center (OC, yellow)
maintains the stem cells (SC, red), which reside in the central zone (CZ, red) of the shoot apical meristem and are organized in three clonally
distinct cell layers (L1–L3). L1 and L2 cells divide strictly anticlinally, whereas L3 cells divide both anticlinally and periclinally. Cells that are
displaced laterally into the peripheral zone (PZ, blue) surrounding the CZ, start to differentiate and eventually give rise to organ primordia (OP),
while cells that leave the CZ basally into the rib zone (RZ, green) will produce the inner tissues of the stem. (b) WUS symplastically moves into the
overlying tissue to induce SC fate in the CZ (see c). CLV3 is secreted from the SCs and in turn acts to limit WUS expression via its receptors
CLV1/CLV2/CRN. miR394, which is expressed in L1, moves basally to allow WUS signaling by repressing LCR. STM activates IPT7, which
supplies active CK throughout the SAM and via AHK2/4 acts to maintain WUS expression in the OC. Additionally, WUS locally sensitizes the OC
and SC to CK by directly repressing ARR7/15, which negatively feedback on CK signaling. (c) PDs symplastically connect neighboring cells and
consist of a thin strand of endoplasmatic reticulum, the desmotubule, which crosses the cell wall through a plasma membrane lined channel. Both
WUS (green) and miRNAs (red) traffic through PDs, however the subcellular details of this movement (through cytoplasmic sleeve or via the
desmotubule) are still unknown.

Current Opinion in Plant Biology 2015, 23:91–97 www.sciencedirect.com

Engineering multicellular architectures in plants

In order to reprogram plant systems, it is necessary to 
regulate cell-cell communication. Meristematic zones initiate, 
maintain and coordinate patterns of gene expression in a 
multicellular context. They produce primordia that continue 
to grow and produce the organs of a plant. CRISPR-Cas9 tools 
are now being used to manipulate shoot growth in crop 
plants. 

wt wuschel  
(wus)

WUSCHEL (WUS) is a homeodomain gene that is 
required for formation and maintenance of the 
shoot apical meristem in Arabidopsis.

The growth of the apical meristem in high apical meristem in 
higher plants is controlled by opposing sets of regulatory 
proteins. We will look at two of these, as characterised in the 
model plant Arabidopsis. First, Wuschel is a homeodomain 
gene that is required for maintenance of the stem cells within 
the shoot apical meristem. In a wuschel mutant, the cells 
within the apical meristem fully differentiate, and the 
meristem terminates. Overexpression of the Wuschel gene 
results in the hyper-proliferation of stem cells within the 
meristem. Wuschel is sufficient for the production of 
indeterminacy in targeted cells.

Clavata3 is a negative regulator of Wuschel gene activity In contrast, the Clavata3 gene plays a role in suppressing the 
size of the meristem. In its absence the meristem is enlarged 
(which can result in oversize organs). Overexpression of 
Clavata3 results in loss of meristem activity (and undersized 
flowers). Scanning electron micrographs of wild-type (inset) 
and clavata3 mutant meristems.

The Stem Cell Population of Arabidopsis Shoot Meristems Is Maintained by a Regulatory Loop between the CLAVATA and WUSCHEL Genes 
Heiko Schoof, Michael Lenhard, Achim Haecker, Klaus F.X Mayer, Gerd Jürgens and Thomas Laux 

The opposing influences of the Wuschel (WUS) and Clavata3 
(CLV3) genes contribute to a cellular feedback system that 
contributes to initiation and maintenance of meristem size 
and activity in plant apices. Expression of Wuschel drives 
stem cell proliferation, which in turn triggers higher levels of 
CLV3 production. The CLV3 gene product is a small, secreted 
peptide that diffuses across the meristem via the extracellular 
spaces between cells - to bind to receptor proteins and 
inhibit WUS activity. This regulatory loop plays a key role in 
the maintenance of meristem size. Perturbations of this 
regulatory loop result in changes in meristem size.

cell division generating clonal diploid gametes and tetra-
ploid seeds. To prevent increase in ploidy, additional tar-
geting of a gene involved in fertilization (MATRILINEAL),
induced generation of clonal diploid seeds from hybrids
that stably preserved heterozygosity.
As highlighted by another recent study, the polyploid

nature of many crops can be a valuable source of genetic
diversity [42]. The oil profile of the hexaploid oilseed
crop Camelina sativa is dominated by polyunsaturated
fatty acids and the development of new varieties rich in
monounsaturated fatty acids is desirable. By targeting all
three homeologs of the CsFAD2 (Fatty Acid Desaturase
2) gene involved in fatty acid metabolism, a diverse set
of genetic combinations with single, double and triple
knockouts could be generated. The obtained lines varied
strongly in their lipid profiles, with monounsaturated
fatty acid levels in the oil ranging from 10%, like in wild
type, up to 62% in homozygous triple mutants. As
complete mutants with the strongest change in oil pro-
file showed growth defects, the large mutant diversity
could then be used for genetic fine-tuning of the trait,
combining improved oil profile without growth defect.

Creating new diversity in regulatory elements to generate
a range of dosage effect alleles
Cis-regulatory elements are noncoding DNA sequences
that contain binding sites for transcription factors or other
molecules influencing transcription, the most common ex-
amples being promoters and enhancers. Promoters are gen-
erally bound by a common set of conserved transcription
factors. In contrast, enhancers are much more variable.
They can be located remote from the regulated gene and
not only upstream but also downstream and even in introns
[43]. Furthermore, enhancers are able to physically interact
with target genes by altering chromatin state [44]. This
regulatory part of the genome received much less attention
than protein coding sequences in the past. However, several
recent publications have demonstrated the enormous
potential for crop improvement by editing regulatory
sequences (see also [45]). Whereas classical knock-out
mutations usually mediate complete loss-of-function with
accompanying pleiotropic effects [46], editing regulatory
elements offers the possibility to generate a range of alleles
with varying expression intensity for precise fine-tuning of
gene dosage (see Fig. 1).
In this regard, the Lippman lab at CSHL has recently

achieved pioneering breakthroughs. First, they achieved
optimization of inflorescence architecture in tomato by
generating new weak transcriptional alleles [47]. They
improved inflorescence architecture by combining two nat-
ural mutations mediating reduced expression of the tomato
homologs of the Arabidopsis genes SEPALLATA4 and
FRUITFULL. The improved inflorescence architecture in-
creased fruit number and weight as well as yield without a

concomitant reduction in sugar content. Importantly, opti-
mal inflorescence architecture could only be realized by a
moderate increase in branching, which was dependent on
alleles supporting reduced expression, one of them being
in a heterozygous state. In contrast, combining CRISPR/
Cas-mediated complete KO alleles in a homozygous state
resulted in excessively branched inflorescences that
produced infertile flowers. However, by targeting Cis-regu-
latory elements of above-mentioned genes with CRISPR,
they generated a range of new alleles supporting varying
expression levels for optimization of inflorescence architec-
ture. The authors also identified a further promising
Cis-regulatory element as editing target, LIN, which is an-
other tomato SEPALLATA4 homolog. Alleles conveying re-
duced LIN expression might enable subtle increases in
flower production. The fact that rice carries a homolog of
LIN that controls panicle architecture and grain produc-
tion [48] suggests that the approach might be extended to
other crop species.
Following this, the same group further developed this

approach to a generally applicable genetic scheme for
rapid generation and evaluation of novel transcriptional
alleles [49]. In this system, a biallelic mutant is generated
of the gene for which novel transcriptional alleles are de-
sired. This mutant is transformed with a multiplex CRISPR
system targeting the promoter of the gene of interest at

Fig. 1 Editing of cis-regulatory elements for the generation of dosage
effect alleles. In contrast to conventional editing of coding sequences,
editing of cis-regulatory elements enables the fine-tuning towards
optimal gene expression level. Red colour indicates repressive, green
colour activating transcription factors. Red Triangles indicate CRISPR
cleavage sites. Orange sections indicate CRISPR/Cas-induced mutations

Wolter et al. BMC Plant Biology          (2019) 19:176 Page 3 of 8
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Figure 1. Recreating a Known Fruit Size QTL in Tomato

Recreating mutant fruit sizes in tomato
During domestication: 
1. The fas mutation was caused by an inversion with a 

breakpoint 1 Kbp upstream of SlCLV3. (D)  
2. The lc QTL (red rectangle) is associated with two SNPs (in 

bold) in a putative repressor motif (CArG, blue-dashed 
square) 1.7 Kbp downstream of SlWUS.  

Mutations that affect the crop phenotype can be recreated 
and combined in different (or wild) varieties. CRISPR/Cas9-
induced deletions in the CArG repressor motif are shown 
(blue-dashed square) in Solanum pimpinellifolium  
(S. pim) and Solanum lycopersicum (S. lyc). The gRNA target 
sequence is highlighted in red and the PAM site underlined.  
S.pim-lcCR plants produce fruits with more than two locules. 
S.pim-fasNIL S.pim-lcCR double mutants synergistically 
increase locule number. 
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SlCLV3/fas allelic effects on flower and fruit morphology
DNA-free manipulation of crop plants. Delivery of CRISPR-
Cas9 ribonucleoprotein into plant cells by protoplast 
transformation or biolistic delivery allows precise 
manipulation of plant genomes without the introduction of 
plant pathogen sequences (e.g. Agrobacterium), or other 
foreign DNA. This allows the production of modified plants 
with engineered genomes - which would be 
indistinguishable from, say, mutant plants produced by 
random mutagenesis. 
Schematic of SlCLV3 promoter targeted by eight gRNAs 
(numbered blue arrowheads). Blue arrows, PCR primers. Weak 
and strong effects on flower morphology and fruit size were 
observed among T0 lines. Number of floral organs and 
locules are indicated. (E) Quantification of floral organ 
number in T0, WT, fas, and slclv3CR plants. (F) Sequencing of 
SlCLV3 promoter alleles for all T0 plants. Deletions (–) and 
insertions (+) indicated by numbers or letters. T0-5 and T0-6 
contained only WT alleles. Blue arrowheads, gRNAs; a, allele.  

FD

E

A collection of engineered SlCLV3/fas promoter alleles 
provides a continuum of locule number variation

1. Sequences of 14 new SlCLV3pro alleles. Deletions (–) and 
insertions (+) indicated as numbers or letters. gRNAs, blue 
arrowheads. Parental F1s marked at right.  

2. qRT-PCR of SlCLV3 and SlWUS from reproductive 
meristems for WT, fas, and each SlCLV3CR-pro allele. 
Dashed lines mark WT levels for SlCLV3 (red) and SlWUS 
(blue)  



Example: dissecting genome functions 

Discovering complex genetic mechanisms

Fig 1. The function of CLV3 in Arabidopsis and tomato is conserved despite extreme divergence in cis-regulatory sequences. (A) A
representative shoot apical meristem (SAM), demonstrating the conserved negative feedback loop between the signaling peptide CLV3 and the
transcription factor WUS. CLV3 peptide indirectly inhibits WUS expression, while WUS promotes CLV3 expression. (B) Top-down view of
Arabidopsis siliques from wild type (WT) and an Atclv3 null mutant. White arrows, individual locules. Scale bars, 1 mm. (C) Transverse sections
of tomato fruits from WT and a Slclv3 null mutant. White arrows, individual locules. Scale bars, 1 cm. (D) AtCLV3 gene model and surrounding

PLOS GENETICS Divergent cis-regulation of conserved genes

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011174 March 4, 2024 4 / 21

Extreme restructuring of cis-regulatory regions controlling a deeply conserved plant stem cell regulator  
Danielle Ciren, Sophia Zebell, Zachary B. Lippman, PLOS Genetics, 2024 

The function of CLV3 is conserved despite extreme divergence in cis-regulatory sequences

Brassicaceae

Solanaceae

The Lippman lab at CSHL investigated the gene regulatory 
functions of the Arabidopsis and tomato CLV3 genes, which 
diverged over 125 million years ago. Using in vivo genome 
editing, they generated over 70 deletion alleles in the 
upstream and downstream regions of the CLV3 genes and 
compared their individual and combined effects on the 
number of carpels that make fruits. Despite strong sequence 
conservation, they found remarkable differences in the cis-
regulation of this deeply conserved plant stem cell regulator. 
The finding underscored the need for species-specific 
dissection of regulatory mechanisms to effectively engineer 
trait variation in different crops. (https://doi.org/10.1371/
journal.pgen.1011174)

Fig 4. The region downstream of SlCLV3 minimally contributes to gene function. (A) Schematic depicting the gRNA arrays (purple
arrowheads) used to engineer mutations in the SlCLV3 5’ and 3’ non-coding regions using CRISPR-Cas9, in a past study and this study. The
graph below reproduces a previous analysis of the 5’ non-coding region of SlCLV3, with a heatmap representation of a subset of the 28 alleles
produced [34]. Locule number quantifications are represented by box plots. (B) Representative images of tomatoes generated from 5’ or 3’ SlCLV3
CRISPR-Cas9 mutagenesis. White arrows, individual locules. Scale bar, 1 cm. (C) Representation of the SlCLV3 gene (left), and the gRNAs

PLOS GENETICS Divergent cis-regulation of conserved genes
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Extreme restructuring of cis-regulatory regions controlling a deeply conserved plant stem cell regulator  
Danielle Ciren, Sophia Zebell, Zachary B. Lippman, PLOS Genetics, 2024

The region downstream of slCLV3 contributes minimally to gene function Most of the cis-regulatory functions that control the CLV3 
gene in tomato reside in the 5’ proximal intergenic region. 
CRISPR-induced mutations in this region cause substantial 
changes in phenotype (B). These types of in vivo editing of 
gene functions have also unmasked cryptic forms of 
compensation for gene function.

Different arrangement of gene regulatory elements in Arabidopsis and tomato 

Extreme restructuring of cis-regulatory regions controlling a deeply conserved plant stem cell regulator  
Danielle Ciren, Sophia Zebell, Zachary B. Lippman 

Rearrangement of gene regulatory sequences. A model 
summarising the relative contributions of the 5’ and 3’ region, 
as well as their interactions, to the regulation of Arabidopsis 
thaliana and tomato (Solanum lycopersicum) CLV3 genes. (F) 
A conserved 27 bp sequence which overlaps with the distal 
R4 region in the tomato 5’ (outlined by a purple dashed box), 
and a known WUS transcription factor binding sequence in 
the Arabidopsis 3’ (outlined by a blue dashed box). The DNA 
sequences within these regions are shown, with the 27 bp 
sequence in red, nucleotide mismatches highlighted in red, 
and the core ATTA WUS binding element in black. All five of 
the previously characterised AtCLV3 3’ WUS binding elements 
are also shown in bold and named according to their 
position.

Unmasking circuit buffering: 
Finding genetic compensation

Variation in CLV3-related gene number and their expression 
across the Solanaceaceae plant family. Dark blue and blue 
rectangles indicate the coding region of CLV3-related genes. 
Arrows and their thickness represent gene expression and 
their relative levels. Numbers above the arrows indicate 
hypothetical relative proportions of orthologue expression 
levels. ‘G’ and ‘S’ within the rectangles denote the sixth amino 
acid of each CLV3-related dodecapeptide. Dashed rectangles 
mark deletions of the coding region, resulting in 
pseudogenes (pepper and tobacco) and complete gene loss 
(eggplant and potato) in each genome. Mutation of the CLV3 
gene can trigger functional compensation by the closely 
related CLE9 gene in some members of the plant family. The 
red gradient bar reflects the loss of active compensation and 



its degree, depending on the indicated genetic variation.
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Fig. 1 | Buffering of stem cell homeostasis in tomato depends on transcriptional compensation from SlCLE9. a, Clustering of CLE proteins from 

Evolution of buffering in a genetic circuit controlling plant stem cell proliferation  
Daniel Rodriguez-Leal, Cao Xu, Choon-Tak Kwon, Cara Soyars, Edgar Demesa-Arevalo, Jarrett Man, Lei Liu, Zachary H. Lemmon, Daniel S. Jones, Joyce Van Eck, 
David P. Jackson, Madelaine E. Bartlett, Zachary L. Nimchuk and Zachary B. Lippman. 2019, Nature Genetics 51:786-792. 

Loss of slCLV3 unmasks the compensating activity of a related gene: SlCLE9 Clustering of CLE proteins from Brassicaceae and Solanaceae. 
Unlike the Brassicaceae (including Arabidopsis), the tomato 
genome contains a gene very closely related to CLV3, called 
CLE9, due to a genome duplication event [a]. Mutation of 
SlCLV3 results in a marked increase in fruit size. Mutation of 
SlCLE9 does not [b-e]. However loss of SlCLV3 function 
triggers a heavy increase in SlCLE9 expression by some kind 
of regulatory pertubation. This triggered overexpression of 
SLCLE9 partially compensates for the loss of CLV3 activity in 
the mutant. The heightened expression of SlCLE9 can be 
clearly seen in a CLV3 mutant background [c]. Further, double 
mutants of SlCLV3 and SlCLE9 show more extreme 
phenotypes than SlCLV3 mutants. In vivo editing of gene 
functions allows the unmasking of cryptic gene elements like 
SlCLE9, responsible for buffering in stem cell homeostasis in 
tomato.  

Lyndsey Aguirre et al., Idiosyncratic and dose-dependent epistasis drives variation in tomato fruit size, Science (2023)

The compensating paralog SlCLE9 interacts non-linearly with SlCLV3
The compensating paralog SlCLE9 interacts with SlCLV3 in a 
sigmoidal dose-dependent epistasis relationship. 
Representative fruit images and locule-number 
quantification (mean ±1 SD) showing the effect of a Slcle9 
mutant on locule number in WT plants and the Slclv3 
promoter mutants. (https://doi.org/10.1126/science.adi5222)

Example: Multiplex gene editing 

Simultaneous assorting of multiple gene functions



Tianxia Yang et al., Recoloring tomato fruit by CRISPR/Cas9-mediated multiplex gene editing, Horticulture Research (2022).

Multiplex editing to create complex new multigenic traits 
e.g. tomato fruit colour

Tomato fruits display a wide range of colors, such as red, 
orange, pink, yellow, brown, green, purple, and white, which 
are determined by the levels and ratios of different pigments. 
The genes Phytoene Synthase 1 (PSY1),  STAY GREEN 1 (SGR1) 
and R2R3-MYB transcription factor (MYB12) are associated 
with formation of different pigments. A range of psy1 sgr1 
myb12 multiplex mutants were generated using CRISPR/Cas9 
technology. Exon regions (blue) of the tomato fruit color-
related genes were targeted by CRISPR/Cas9 cleavage and 
NHEJ repair. Letters in red represent the nucleotide sequence 
of the targeted regions, and letters in bold font indicate the 
protospacer-adjacent motif (PAM) sequence. The guide RNAs 
were delivered by a vector harbouring six sgRNAs in series. 
NPTII served as the resistance marker gene. All six sgRNAs 
and corresponding tRNA spacers were driven by the tomato 
U6 promoter and terminated by the U6-26t terminator. The 
Cas9 gene was driven by the 2×35S promoter. DOI: 10.1093/
hr/uhac214

Tianxia Yang et al., Recoloring tomato fruit 
by CRISPR/Cas9-mediated multiplex gene 
editing, Horticulture Research (2022). 
DOI: 10.1093/hr/uhac214

Schematic diagram shows the generation of tomato lines 
producing different colored fruits. The green-fruited psy1 
myb12 sgr1 triple mutant was generated using the CRISPR/
Cas9 system and backcrossed with the red-fruited WT cultivar 
‘Ailsa Craig’. Segregation of different mutant genes gave rise 
to a variety of fruit colours, stabilised as homozygous lines 
after self-fertilisation. DOI: 10.1093/hr/uhac214

CRISPR-targeted base modification: 
Saturation mutagenesis of target genes

dCas9-CRISPR ribonucleoproteins can be used as RNA 
programmable tools for directing enzyme activities like base 
modifiers (e.g. cytidine deaminase) to specific targets in the 
genome. This allows targeted modification of particular 
coding regions, as the dCas9 complex is not capable of 
cleaving the DNA target - minimising deletions and 
insertions through non-homologous end-joining (NHEJ) 
reactions, yet capable of catalysing base changes for a wide 
range of mutant outcomes.

Precise fine-turning of GhTFL1 by base editing tools defines ideal cotton plant architecture 
Guanying Wang, Fuqiu Wang, Zhongping Xu, Ying Wang, Can Zhang, Yi Zhou, Fengjiao Hui, Xiyan Yang, Xinhui Nie, Xianlong Zhang & Shuangxia Jin 

Generating an allelic series to tune plant architecture in cotton: 
gene editing with base modifiers for the floral repressor, terminal flower1

Artificially directed evolution of plant functional proteins 
through base editing. CRISPR-derived base editors have been 
constructed to engineer base changes in target genes. Cas 
proteins can be used to enzymes capable of converting bases 
adjacent to the targeting site(s). In this example, an adenine 
base editor (capable of catalysing A to G conversions) was 
targeted to the Terminal Flower 1 locus in Gossypium 
hirsutum (GhTFL1 in cotton). The TFL1 gene is highly 
conserved and plays an important role as an antiflorigen, 
regulating the switch to flowering in the shoot apical 
meristem. However, its complete inactivation using CRISPR/
Cas9 knockout results in the appearance of extreme and 
agronomically unuseful traits. The non-coding and coding 
regions of GhTFL1 were targeted with 26 guide RNAs (shown 



as black arrows under a schematic view of the gene). This 
allowed generation of a comprehensive allelic population of 
300 independent lines. This allowed hidden pleiotropic roles 
for GhTFL1 to be revealed, and to create new alleles which 
confer moderate height, shortened fruiting branches, 
compact plants, and early-flowering.

Precise fine-turning of GhTFL1 by base editing tools defines ideal cotton plant architecture 
Guanying Wang, Fuqiu Wang, Zhongping Xu, Ying Wang, Can Zhang, Yi Zhou, Fengjiao Hui, Xiyan Yang, Xinhui Nie, Xianlong Zhang & Shuangxia Jin 

Model for antagonistic roles of TFL1 and Flowering Locus T 
(FT) in promoting branch or floral fate. Schematic model 
illustrating the role of GhTFL1. During the nutritional growth 
phase, GhTFL1 binds to Gh14-3-3 proteins, Flowering Locus D 
(GhFD) to repress the downstream flowering gene Apetala1 
(GhAP1), thereby maintaining the nutritional growth of the 
plant. When the GhTFL1 gene is completely knocked out, 
nutritional growth is prematurely terminated, resulting in 
early flowering, reduced plant height, and other phenotypes. 
When a single base mutation occurs at some of the GhTFL1 
loci, the function of GhTFL1 to repress downstream flowering 
genes is diminished, resulting in mutants with intermediate 
phenotypes.

Genome editing and beyond: what does it mean for the future of plant breeding?  
Tien Van Vu, Swati Das, Goetz Hensel and Jae‐Yean Kim  

Towards neo-domestication
Plant breeding milestones. The start of domestication dates 
to around 12,000 BCE with the shift from hunting and 
gathering lifestyles to early agriculture. Discovery of Mendel’s 
laws of genetics triggered new cross breeding and plant 
hybrid work. The discovery of totipotency of plant cells in the 
early 1900s was a precursor to in vitro tissue culture, 
introduced in 1960 with carrot. Plant tissue culture was a 
critical step for generating the first Agrobacterium-mediated 
transgenic plants in the early 1980’s. In the meantime, 
mutational breeding using chemical or physical agents was 
introduced in the 1930s and played an important role in 
generating diverse genetic materials for crop breeding. 
Biochemical markers further enhanced crossbreeding in 
marker-assisted selection (MAS) breeding. Recently genome 
editing approaches have revolutionised directed plant 
breeding to a precision not seen before. Genome-edited 
soybeans with high oleic acid content were released in 2019, 
the first of many new crop varieties.
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Gene targeting:
precise gene
replacement and
knock-in via
homology-directed
repair

Protoplasts: plant
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Transgenic breeding (8–12 years) Genome editing (4–6 years)
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Calli

Chemicals/
radiation
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Elite variety
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Mutants
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Figure 1
Comparison of breeding methods used in modern agriculture. Cross breeding: improving a trait (e.g., disease resistance) through
crossing an elite recipient line with a donor line and selecting outstanding progeny with the desired trait. To introduce the desired trait
from the donor line into the elite recipient line, the selected progeny must be backcrossed with the recipient line for several generations
to eliminate unexpected linked traits. Mutation breeding: improving a trait using chemical or physical mutagens to treat plant materials
(such as seeds) and generate mutants via random mutagenesis. Transgenic breeding: improving a trait by purposefully transferring
exogenous genes into elite varieties. Genome editing: improving a trait by precisely modifying the target genes or regulatory elements
or rearranging chromosomes in elite varieties.

procedures are restricted by their stochastic nature, and generating and screening large numbers
of mutants are challenging. Such time-consuming, laborious, untargeted breeding programs can-
not keep pace with the demands for increased crop production, even if marker-assisted breeding
approaches are adopted to enhance selection ef!ciency (138). Transgenic breeding, which gen-
erates desired traits through the transfer of exogenous genes into elite background varieties, can
break the bottleneck of reproductive isolation. However, commercialization of genetically modi-
!ed crops is limited by long and costly regulatory evaluation processes as well as by public concerns
(129).

Since the !rst gene-targeting experiment in tobacco (Nicotiana tabacum) protoplasts in 1988
(126) and the discovery that DNA double-strand breaks (DSBs) enhance gene-targeting ef-
!ciency in 1993 (131), scientists have sought to develop tools for targeted editing of plant
genomes. In 2005, zinc !nger nucleases were adapted in tobacco (172) and used in trait im-
provement in a few plants. In 2010, transcription activator-like effector nucleases (TALENs) were
added to the plant genome-editing toolbox (19) (see the sidebar titled Zinc Finger Nucleases
and Transcription Activator-Like Effector Nucleases). Although the use of these two platforms
has led to important advances, each has unique limitations, and their use in plants is far from
routine.
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CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture  

Kunling Chen, Yanpeng Wang, Rui Zhang, Huawei Zhang, and Caixia Gao  

Faster generation of new traits 
Illustration of the advantages of speed and efficiency 
conferred by genome editing as a tool for plant breeding and 
design.
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Domestication of wild tomato is 
accelerated by genome editing

Tingdong Li1,2,5, Xinping Yang3–5, Yuan Yu2–5, Xiaomin Si1,2,  
Xiawan Zhai3,4, Huawei Zhang1, Wenxia Dong3,4,  
Caixia Gao1,2       & Cao Xu2–4

Crop improvement by inbreeding often results in fitness 
penalties and loss of genetic diversity. We introduced desirable 
traits into four stress-tolerant wild-tomato accessions by using 
multiplex CRISPR–Cas9 editing of coding sequences, cis-
regulatory regions or upstream open reading frames of genes 
associated with morphology, flower and fruit production, and 
ascorbic acid synthesis. Cas9-free progeny of edited plants 
had domesticated phenotypes yet retained parental disease 
resistance and salt tolerance.

ber of the CETS protein family) in tomato confers day neutrality and 
thus could potentially extend the geographical cultivation range
Mutations in the 
flowering repressor, change tomato indeterminate shoot architecture 
into determinate vines. This change enables high-density growth and 
mechanical harvesting, because 
intense inflorescence and almost synchronous fruit ripening
Moreover, simultaneous mutation of 
eties can produce ‘double determinate’ plants that flower early on 
both primary and sympodial shoots, and permit early harvest
Precise editing of 
a first step toward generating commercially cultivable lines. To that 
end, we designed one guide RNA (gRNA) for the first exon of each 
gene to induce mutations in 
(

ments (locules) is a crucial feature of domesticated tomato
S. pimpinellifolium
trait loci, 
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The stacking of CRISPR-Cas9 generated mutations has been 
used to recreate historic events in domestication of tomato. 
Regulatory elements of known genes have been specifically 
targeted to affect the genetic regulation of plant 
architecture, response to day length, fruit size, and fruit 
content - resulting in the de novo domestication of new 
tomato varieties. This demonstrates the feasibility of rapid 
domestication of other species - opening new opportunities 
for crop breeding, with faster speed and wider variety of 
traits. 
Further, the same approaches can be used to create 
unknown traits, such as the example varieties shown with 
grape-like short floral internodes and hyper-clustered fruit, 
being explored for specialist types of urban farming.
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Types of new traits 
generated in crop  
plants using gene 
editing techniques

There has been an explosion of academic and commercial 
work on CRISPR-Cas9 methods for targeted gene 
modification. The tools are being used to target genes 
involved in a wide variety of agronomic traits in a wide 
variety of plant species. The types of genetic systems being 
modified are represented here, and include those regulating 
crop yields, domesticating relatively unimproved species, 
altering breeding patterns, creating synthetic pathogen 
resistance, better tolerance of abiotic stresses and herbicide 
tolerance.

John Doebley

• Plants provide proven, global, low-
cost technology for gigatonne scale 
bioproduction 

• We need faster, simpler 
multicellular systems for 
engineering form and metabolism 

• Engineering approaches offer 
breakout opportunities for plant 
improvement

Reprogramming plants

The editing or insertion of code to reprogram plant systems 
must be in the form of genetic (or epigenetic) information. 
The explosion of genetic analysis, genome sequencing and 
model plants provide tools and access to systems that (i) 
reach to lower level, molecular-scale networks, and (ii) 
upwards to modify cell and tissue scale growth. Over the 
coming decades, we are likely to see the emergence of 
comprehensive reprogramming of plant behaviour, and neo-
domestication of new crops. Modern approaches to gene 
editing and reprogramming of the expression of master 
regulators allows rapid modification of plant architecture and 
other properties for crop improvement and possible 
domestication of new species.


