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) Crop plants sample a tiny fraction of total plant diversity. It
~400,000 plant species 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

20,000 Edible

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

3 crop species (rice, untapped.

wheat and maize)
provide 60% of all
calories and 54% of
all protein in human
food

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.




Origins of world crops

Nikolai Vavilov

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.

Ancient Genomes llluminate Watermelon Domestication - hteps://doi.org/10.1093/molbev/msac168 MBE

Fic. 1. Geographic origin of the ancient DNA samples (stars) and historical Citrullus accessions used in this study. We also show the geography of
two key fruit traics: lesh color (red flesh: bold border; non-red flesh: thin border) and fruit bitterness (bitter: triangle; non-bitter: circle), based on
diagnostic SNPs in the bitterness regulator CIBT and Lycopene cyclase (LYCB) genes (see Results and Discussion). The inset shows computed-
tomography scans of two UMB-6 seeds from Uan Muhuggiag, Libya, radiocarbon dated to 6,162-6,001 calibrated years before present (from
Wolcott et al. 2021), which based on morphology had been identified as Citrullus lanatus. The lower seed shows a breakage patterns charac-
teristic of modern watermelon seeds cracked by human teeth.

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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Citrulus lsnatus subsp. cnvﬂnphu:::i:;‘

Cilrulus lanatus subsp. vuigaris Watermelon

Cilrulus mucosospermus Egusi melon

Cilrulus amarus Citron melon

Cilrulus ecimhosus

Cilrutus rehmi

Cilrulus colocynthis

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.



Resequencing of 414 cultivated and wild
watermelon accessions identifies selection
for fruit quality traits
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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.

Modern sweet dessert watermelons.

1395 - Sweet, rec-fleshed watermelons in Haly
(Tacuinum Saniats, Pais et al 2008)

961 Sweet watormelons in Spain (The Cordoban Calendar, Pelat, 1961)
920 Swoot watormolons in Tunisia
(Modical reatiso by Ysaac Judaeus, Sabban, 1992)

510, 516 — Sweot watermelons in Htaly, possibly France
(Treatises on food, Mazzini, 1964; Grant, 2007)

200 ce - Sweet watermelons in lsrael, possibly Greece
(Mishns, Ma'asrot2:6; The Leamed Banqueers, Olson, 2006)

400 ac - Allusion to watermelons in Greek literature
(Medical reatise by Hippocrates, Jones, 1967)

800 - Remains of seeds in Greece (Margarits, 2006-2007)

Diffusion to various
Meditorrancan

1500 - Allusion to watermelons in Hebrew lterature (Numbers 11:5)
1500 - Remains of fuit in Sudan (van Zeist, 1983)

2000 - Oblong fruit lustrated in Egypt (Manniche, 1989)
2000 - Remains of fruit in Egypt (Garme, 1988)

Domestication in
northeastern Africa

Wid watormelonsn -~ 3000~ Remains of seeds in Egypt and Libya (Germer, 1988; van der Veen, 2011)
northeastern Afica

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.
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Figure 1. Domestication of corn. The upper image shows the mature inflorescence, or “ear” of Leosint
mexicana). the prohable wild progenitor of modern com (or maize, Zea mays ssp. mays 1), shown in the low;
tecsinte inflorescence has no cob, allowing the seed to separate and disperse easily when they are mature. Selection over
time by early agriculturalists resulted in types that retained their seed on the ear, leading to the development of the cob

Modem breading has greatly increased the size and number of seed per car. (Courtesy J. Doebley, University of Wisconsin)

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 lowa. 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

Total world production of coarse grain, 1961-2004
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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.



Until the early 1980s, the genetic modification of crops
required the introduction of new genes through sexual

Adoption of genetically engineered crops in the United States, 1996-2024

Percent of planted acres crossing and refinement of traits through breeding.
100 4 -~ . .
HT soybeans_ Specialised breeding techniques can allow access to gene
75 pools outside of the same species - but access is confined to
closely related plants. The advent of techniques to create
Bt corn . . .
. transgenic plants allows synthesis of effectively any

Bt cotton
= engineered DNA construct and unconstrained modification

of plant genomes. This breakthrough came in 1983 with the
Hilicorn independent publication of the first Agrobacterium-
mediated plant transformation papers from three groups.
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Note: HT indicates herbicide-tolerant varieties; Bt (Bacillus thuringiensis) indicates The most predomlnant transgenlc traits are herbICIde and

insect-resistant varieties (containing genes from the soil bacterium Bt). Data for HT/Bt corn f : B .

and cotton are not mutually exclusive, as HT and Bt categories include those varieties with pest resistance. Countries in North and South America have
overlapping (stacked) HT and Bt traits. . . . .

Source: USDA, Economic Research Service (ERS) using data from the 2002 ERS report, seen the fastest and greatest increase in planting of biotech
Adoption of Bioengineered Crops (AER-810) for 1996-99 and National Agricultural . ..

Statistics Service, (annual) June Agricultural Survey for 2000-24. 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

I Growi Farm Chemistry increasing costs and complexity for farmers. Increasing yields
rowing costs Six companies dominate the global . . L.
American farms’ cost of supplies, $bn seed and pesticide businesses. come at the expense of increased fertiliser, pesticide, fuel and
o Pesticide sales | Seed sales seed costs. The industry seen ever increasing levels of
e For 2014, in billions of dollars . . . . .
Fertiliser onsant integration, so that a few companies are the major players in
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T oo Iy Sy - industry bfegan in the 19.705 and 1980s when intellectual
S22 e e 3o 1996-2022 - PoTeo —a property rights for seed improvements expanded,
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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.

Full Ownership
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Consolidation of ownership in plant biotechnology

A Bayer-Monsanto combination would rival the Dow-DuPont and
ChemChina-Syngenta deals and push Bayer deeply into the
biotech-seed business.

Market shares resulting from proposed deals
Bayer ll Monsanto Dupont 'l Dow Adama’ B Syngenta NBASF | Other
Global pesticides

oo 1o [

US.corn

I [

U.S. soybeans

oo |

*Adama is the generic crop chemicals business of ChemChina
Source: Morgan Stanley THE WALL STREET JOURNAL.

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.)

First phase of the Industrial Revolution: innovation

= Steam power - Improved steam engines were initially used for pumping out mines,
but from the 17805 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
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(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

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

“On an usiform system of Screw Threads.”
By Joseph Whitworth, Assoc. Inst. C. E.

The subject considered in thia paper, is
having a constant thread for a given diameter
fitting up stearn engines and other machinery. It is argued, that
uniformity of thread would be productive of economy, both in the
use of screwing apparatus, and in the consumption of bolts and.
nuts. The refitting shop of a railway or steam packet company;
g instance of the advantage to be derived from
€ this principle. If the same system of screw
common to the different engines, a single set of
screwing tackle would suffice for any repairs.

No attempt appears to bave been hitherto made o attain this
important object. Engineers have adopted their threads without
reference to a common standard.  Any such standard must be in

dhence i accounted

that everyone used.

for.

Joseph Whitworth 1842

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.
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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

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

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.

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.
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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.

3,100,000 592,000,000

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)
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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?



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...

Francis Crick

James Watson

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

Fred Sanger

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

1977 - Sanger Sequencing
Sire of GenBank

19% - Staden Package
1981 1 Human Mitochondrion sequenced
Dee 1982, 680338 ——] 1982

Feb 1987 10961350 mmmmme{ 987 - First Automatic Sequencer (ABI 370)
1990 - Human genome project started
1991 1 FST sequencing

Sep 1992, 101008456 mm—

1905 1 Phrap
1995 1 WGS assembly of H. Influenzoe

Aug 1997, 1053171516 mm—

1998 1 Pyrosequencing

Oct 2000, 10335692655 mm—

2004 =+ Finished the human genome (IHGSC)
2005 - Massively parallel sequencing (454)

Aug 208 95033791662 w2008 1 Sinle Mo Sequencing Hetcs
new generations of sequencing technologies
i + oodioni tonal Bacterial Plasmaid ; The first molecular cloning experiments were published in
Construction of Biologically Fi P In Vitro
& yme/ 1973. In these first experiments DNAs were cut with
STANLEY N. COHEN*, ANNIE C. Y. CHANG*, HERBERT W. BOYER{, AND ROBERT B. HELLING} . . .
Department of Medicine, Stanford University School of Medicine, Stanford, California 94305; and t Department of Microbiology. reStrICtIon endon UCIeaseS’ Separated by eIeCtrophorESIS’ and
Umvl:uny ‘ot Calilornia at San Francisco, San Francisco, Calif, 94122 . . .
oot omons BadEion 0y a7 P Vet g, pasted together with T4 DNA ligase. These experiments have
’ - US4 70 199 . . . . .
? triggered decades of genetic engineering experiments.

ABSTRACT  The construction of new plasmid DNA
species by in vitro joining of restriction endonuclease-
generated fragments of separate plasmids is described.
Newly constructed plasmids that are inserted into Esch-
erichia coli by transformation are shown to be bio-
logically functional replicons that possess genetic pro-
perties and nucleotide base sequences from both of the
parent DNA molecules. Functional plasmids can be ob-
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1973 - first molecular clomng experlments...




But...bespoke DNA bly techni are still practice in the field 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

Longest Published Synthetic DNA
There's Moore where that came from 10000000

Productivity and cost of commercial ONA
synthesis

1000000

Synthesis productivity
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100000

Cost of gene
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Source: Robert Carlsor, Biccesic

10000

Length in Base Pairs

Rob Carlson, 2010
www.synihesis.cc

100

1975 1980 1985 1990 1995 2000 2005 2010 2015
“Synthetic Biology - Life 2.0° Year
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.
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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.

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

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 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.



B ——— Tom Knight is a computer science pioneer and the godfather

g T 48 & 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)

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

Tom Knight, MIT
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DNA parts would be composed in a standardised format for
BioBricks modular assembly. The modular parts would therefore be

Standardised, interchangeable parts for Biology interchangeable, and...

EcoRl X Spel Pstl

...the combination of any two parts would recreate the
format of a standard part. (An object’s properties remains
L s unchanged during an idempotent operation). Note the

ﬂg ) i ﬂg ) arrangement of prefix (P) ands suffix (S) elements in this
<l ] diagram, as two fragments are ligated.

Idempotent assembly method




Abstraction

Insulate relevant characteristics from process from excessive details

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

gecatazacitgatataacta
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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

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.
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+DNAligase
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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.
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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.

A common syntax for plant DNA parts

Based on Golden Gate standard assembly and type Ils restriction enzyme splints.
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Further, plant researchers have adopted a common syntax for these
plant parts to ensure interoperability across the community.

Hierarchical assembly
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‘ DNA  ATGCGATTGCCCGTCCATTTTTAACGGATGCC

Federici, Rudge, Pollak, Haseloff, Gutierrez, 2013

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.
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Fig. 1 Synthetic biology employs iterative Effect on host
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

Y
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Microfluidics

Nicola Patron, Tansley Roview, New Phylologist

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.



Biological systems provide a new challenge for engineering.
- . . I Even the most complex electronic device has constrained
The challenge of rewiring biological circuits ) ) )
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

Electronic circuit elements are physically insulated.
Genetic circuits rely on molecular specificity within a cell.

Cells provide insulation and additional scale of organisation. 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