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Lecture 1  
Plant breeding and  
transformation

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.

Human migration and establishment of population centres

Current theories for the evolution of anatomically modern 
humans, include origin in east Africa and successive waves of 
migration into Europe, Asia and the Americas - starting over 
65,000 years ago.  By 15,000 years ago modern humans had 
reached Mesoamerica. Over the following millennia, local 
people shifted from a nomadic lifestyle to an existence based 
on agriculture, and began the domestication of local plant 
species. In this lecture we follow the history of human use for 
one of these plant species, maize. 



Recreation of an Aztec market as seen by first Europeans

Diorama at the American Museum of Natural History 
showing an Aztec market in Tenochtitlán, the capital city of 
the Aztec empire in ancient Mexico - in the year 1519, 
immediately prior to the arrival of Europeans. By this stage 
maize had been grown and selected for around 7000 years, 
and could be found in recognisably modern form.

Archaeological maize samples Zea mays cobs, plant remains found at the Tehuacan 
Valley, Puebla, Mexico; c. 5000 BCE to 1500 CE. 
Archaeological excavations have revealed a series of 
intermediate forms of maize, and these have been dated 
and can be arranged on a timeline -  with cobs ranging 
from small vestigial forms through to large modern forms 
due to selective propagation of seed. Robert S. Peabody 
Museum of Archaeology, Phillips Academy, Andover, 
Massachusetts.

Domestication of maize

 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.

 The overall habits of teosinte and modern maize plants are 
strikingly different.   Teosinte plants are more highly 
branched  with multiple male and female inflorescences. 
Graphical representations are shown with a coin added  for 
scale.  Modern maize plants are taller with a higher degree of 
apical dominance,  and are better adapted for modern 
agricultural practices.



A close-up view of teosinte,  showing the hardened 
integument that normally covers the seed.  Harvested 
teosinte seed need to be  broken open to release the 
nutritious kernel.  The selection of improved varieties 
produced maize varieties that lacked this integument.

Maize breeding

Image from University of California Museum of Paleontology, Understanding Evolution - www.evolution.berkeley.edu 

 Wild teosinte and primitive maize varieties are self fertilising 
and true breeding plants.  Genetic variation occurs naturally 
in these populations. Early agriculturalists simply chose 
plants with improved characters and selectively planted their 
seed.  the cumulative effect of this simple selection 
procedure over many generations gave rise to plant lines 
with many improved characters.

Photo courtesy of CIMMYT Maize Germplasm Bank

Examples of some of the 59 native Mexican maize landraces.
Maize rapidly became a staple crop and took on greater, even 
religious significance. The application of crop selection gave 
rise to a myriad of new maize varieties.  
The new maize varieties posesses highly individual 
characteristics were selected and maintained across 
Mesoamerica.  Farmers developed local varieties with 
different characteristics. Some examples are shown here. 
Traditional respect for the different properties of these local 
corn varieties has resulted in the historical maintenance of a 
large number of races or varieties.  Today, the conservation of 
diversity in maize has been taken up by international seed 
banks such as CIMMYT (http://www.cimmyt.org) 
Diverse true breeding populations of maize have been found 
widely across South America and North America, as  a result 
of the historical spread of maize as a staple crop.

Maize domestication was accompanied by modification of 
many plant traits related to agronomy, growth and yield

With the benefit of modern knowledge, one can take a more 
analytical approach to describe the changes that occurred 
during domestication of maize. Here, formal annotation is 
used to describe the inflorescences  and branching of 
Teosinte and maize.  Domestication saw the origin of a series 
of novel characters that corresponded to modification of the 
original plant morphology.  These include creation of 
branching patterns and arrangement of female flowers  and 
therefore kernels.



Major differences between maize and teosinte map to 
few loci

Doebley et al., PNAS (USA)  87: 9888-9892 (1990)

Work from John Doebley's lab has mapped the genetic 
differences between teosinte and maize.  Genetic mapping 
studies have identified genes known to be involved in 
vegetative branching, morphology and floral architecture. 
Strikingly it was estimated that around 90% of the difference 
in form between teosinte and maize could be accounted for 
by less than ten genetic loci.

Maize farming in the US Midwest circa 1900

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.  County fairs included competitions for 
the  highest yielding corn plants.
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the United States Department of Agriculture
(USDA), agricultural colleges and (a few) pri-
vate companies. Despite their diversity, they
were united in their belief that the inbred-
hybrid method would succeed where other
breeding methods had failed.Their confidence
was based on two premises: first, that hybrid
vigour gives extra yield;and second, that indi-
vidual hybrids can be precisely reproduced
year after year. The hybrids can be precisely
reproduced because they are crosses of uni-
form inbred lines that, in turn, can be precisely
reproduced by self-pollination.

The technique was simple: develop inbred
lines, find their best combination in hybrids
by running replicated yield trials of the dif-
ferent combinations, produce the seed of
selected hybrids and deliver it to farmers.

In reality, there were several complica-
tions, but the basic method was so simple
that, in the early years, anyone with energy,
time and ability could learn to apply it. One
other item was not exactly a problem but
rather a mystery. No one knew the genetic
basis for heterosis — hybrid vigour. If this
were known, breeding could be more pre-
cise and hybrid yields presumably could be
advanced further than by using ‘cut and try’
(empirical) methods. To this end, theories
were proposed and experiments conducted

The inbred-hybrid idea did not die, how-
ever. A few years after the 1908 announce-
ments, one of East’s students, Donald F.
Jones in Connecticut, came up with a solu-
tion to the problem of seed cost13. ‘Double
cross hybrids’ could be made, by crossing
two ‘single cross hybrids’. (A single cross is a
cross of two inbred lines; see BOX 1.) The
double cross, although perhaps lower yield-
ing than the best single crosses, nevertheless,
would be much better than the best open-
pollinated varieties. Seed production on
high-yielding single cross parents would
bring seed prices down to a level that farm-
ers could afford. This news, published in
1918, electrified a small group of scientists
and maize-breeding enthusiasts.

The public and private sectors
Even before Jones’announcement of the dou-
ble cross method, several young scientists that
were working in the public sector had begun
to inbreed maize, with no knowledge of the
precise method that would be followed to
make hybrids.After Jones’announcement, the
initial group was joined by a few more
researchers, raising their total to about one
dozen.This diverse group included agricultur-
al scientists, a farmer and a magazine editor.
They worked at several institutions, such as

inbred lines that were then crossed to produce
hybrids. Shull coined the term “heterosis” to
describe hybrid vigour.

Both men recognized the potential of the
‘inbred-hybrid method’for producing high-
yielding maize hybrids that, once identified,
could be reproduced without change year after
year. Hybrid seed could be made on a large,
farm-field scale (as opposed to labour-inten-
sive hand pollination) by removing the tassels
(detasselling) from one inbred and allowing it
to be pollinated by a second inbred planted in
adjacent blocks (FIG.1).Maize is unique among
the cereal crops in that male and female flowers
are borne on separate organs — tassel and ear
shoot, respectively — and it is wind-pollinated.
No other crop is so well suited by nature to
large-scale hybridization.

But neither East nor Shull believed that
farmers could grow hybrids profitably. The
inbreds developed by Shull and East were so
weak and low yielding that seed yields were
very low or absent (BOX 1). Seed production
costs — and therefore seed prices — would be
too high; the extra expense for annually pur-
chased seed would be greater than the value of
the extra yield of the hybrid.And freshly made
hybrid seed was needed each season, for yields
dropped precipitously (15% or more) if seed
saved from the hybrid plants was replanted.

Box 1 | How to make a double cross hybrid

To make a double cross hybrid, four inbreds are crossed pairwise, making two
single crosses: B ×A and C × D. The two single crosses are crossed, giving a double
cross: (B ×A) × (C × D). Hybridization is effected on a field scale by planting
alternating blocks of the two lines to be crossed (such as inbreds A and B), then
detasselling one block (such as inbred B). Inbred B therefore is pollinated
exclusively by inbred A, and all seed on inbred B is hybrid, B ×A.

Breeding by farmers produced several popular open-pollinated varieties, such
as Reid’s Yellow Dent and Krug’s Yellow Dent. Mr. Reid started with a mixture of
a New England Flint variety (too early) and a Southern Dent variety (too late)
and developed a high-yielding variety of the right maturity for central Illinois.
Further gains were more difficult. Modern geneticists  say that neither the
breeding protocols used by farmers or the earliest scientific breeding programmes
were designed to give sharp and continuing increases in performance.
Experiments were not replicated a sufficient number of times, and there was too
little control over the source of the pollen used to fertilize the selected ears.
Breeding designs based on current genetic theory enable breeders to improve
open-pollinated varieties at about the same rate as that achieved by breeders of
hybrid maize, but this knowledge was not available in the nineteenth and early
twentieth centuries. It is now thought that, even using modern designs, the best
hybrids will always outdo the best open-pollinated varieties. Open-pollinated
varieties are a diverse collection of hybrid plants and the performance of a variety
is equal to the average of all of its plants, from best to worst. Therefore the best
hybrid, developed and dependably reproduced with the inbred-hybrid breeding
method, will always be superior to the best open-pollinated variety, even though
it may not be superior to the very best plants in that variety.

This illustration, from a farm magazine in the 1930s, shows how to make seed 
of a double cross maize hybrid. Note the difference in size between inbred and
hybrid ears. Education and advertising were combined then, as they are now. Image courtesy of Pioneer Hi-Bred International, Inc.

© 2001 Macmillan Magazines Ltd

Genetic crossing to produce hybrid Maize 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.

Roswell Garst: 
marketing and adoption 
of hybrid maize. 

Growth of seed  
companies (like Garst 
Seed) and increasing  
use of fertilisers and  
pesticides. 

Beginning of modern  
agriculture and  
integration of  
industrialised approaches 
to food production.

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. Farmers were previously highly self 
reliant - saving a portion of their crop for next year’s seed, 
using manure for fertiliser, and using draft horses for 
ploughing and carting the hand-picked corn. Garst offered 
free bags of hybrid seed corn in return for half of the next 
seasons increased yield. When the new seed outperformed, 
he only accepted the cost of the seed corn - in return for a 
commitment for the following season. Farmers soon 
switched to purchasing seed corn for cash. 
Eventually this led to the conversion of farming from an 
occupation, to an industry. There was a loss of diversity, from 
786 varieties in 1903 to 52 in 1983 - and increased application 
of synthetic fertilisers, pesticides and herbicides. Machinery 



was invented for handling of the more uniform crops. 
Integration of these activities gave rise to agribusiness. 
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Hybrid maize. Within ten years of Jones’
proclamation, the first breeders were produc-
ing successful hybrids. Beginning in the early
1930s, interest in, and demand for, hybrid
maize rose steadily among farmers in the
United States16 (FIG. 2a). Maize breeders have
continually turned out higher-yielding
hybrids, year after year17–19 (FIG. 2b), and farm-
ers have adopted them after cautious trials on
their own farms. In 1997, United States maize
yields averaged 8 tons hectare–1, compared
with 1 ton hectare–1 in 1930 (REF.20).

Hybrids were not entirely responsible for
advances in maize yields, however. Starting
around the 1950s, the increasingly widespread
use of synthetic nitrogen fertilizers, chemical
weed killers, and more efficient planting and
harvesting machinery also contributed to
higher yields17–19,21.

Surprisingly, improvements in heterosis
have not contributed to higher yields.
Experiments have shown that heterosis
(calculated as the difference in yield
between a single cross hybrid and the mean
of its two inbred parents) is unchanged
over the years. The yields of the inbred lines
have risen at almost the same rate as hybrid
yields22. It seems that yield gains have come
primarily from genetic improvements in
tolerance to stresses of all kinds (such as
tolerance to disease and insects, dense
planting, drought or low soil fertility). The
newer hybrids are tougher than their 
predecessors and shrug off droughts (for
example) that would have damaged the 
older hybrids and devastated their open-
pollinated parents.

but, to this day, there is no completely satis-
factory explanation for the phenomenon of
heterosis in maize or in any other species14.
Fortunately, a lack of understanding has
never hindered the use of the phenomenon.

But in the 1920s, these problems were all
in the future. The ‘hybrid maize’enthusiasts
were occupied primarily with finding
inbreds that made outstanding hybrids. As
with many interest groups, the ‘hybrid
maize breeders’came to know each other
and developed an informal exchange of
information and materials. They needed
each other’s inbreds, for no one had enough
of them to make a series of good double-
cross hybrids.

In the 1920s (and for some decades
thereafter), the primary source of ideas, the-
ories and germ plasm was the public-sector
maize breeders at the agricultural colleges
and in the USDA. They published their find-
ings in the scientific literature and, impor-
tantly, furnished breeding materials, such as
inbred lines, to all that asked. The public sec-
tor through the extension services (depart-
ments through which farmers’and scientists
exchange information) of its agricultural
colleges, also effectively educated the farm-
ing community (and the interested non-
farming public) about the advantages of
hybrid maize.

Without the contributions from the 
public sector, the commercial maize breed-
ers probably could not have succeeded in 
the early years, for individually they simply
did not have enough inbred lines or
enough knowledge about how best to make
and test hybrids15.

NATURE REVIEWS | GENETICS VOLUME 2 | JANUARY 2001 | 7 1

Figure 1 | Detasselling maize plants Detasselling — pulling tassels — is vital for the production of
hybrid maize. The detasselled plants are called ‘females’; they will bear the hybrid seed. In the early
years, men on foot did the detasselling, as in this photo from the 1930s. In later years, high school
boys and girls were recruited to do the job, also on foot. Today, youths are still the chief labour
source, but they usually ride in special motorized carriers, thereby increasing the speed and
precision of their work. (Image courtesy of Pioneer Hi-Bred International, Inc.)
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Figure 2 | Maize hybrids: area planted and
yield potentials. a | Per cent of maize area
planted to hybrids, from 1930 to 1960, in Iowa
(red) and in the United States (green). During the
1930s, hybrids almost completely replaced open-
pollinated varieties in most of the Corn Belt and,
by 1960, virtually all maize plantings in the United
States were hybrid. Yield gains paralleled
increases in area planted to hybrids. Iowa maize
yields advanced on average from 2 tons hectare–1

in 1930 to 5 tons hectare–1 in 1960; United States
maize yields advanced from 1 ton hectare–1 in
1930 to 4 tons hectare–1 in 1960. (Adapted from
REF. 20.) b | Grain yields (in tons hectare–1) of 36
popular hybrids introduced in central Iowa from
1934 to 1991, according to tests conducted in
central Iowa in 1991–1994. New maize hybrids
yield more than their predecessors, and are also
continually being improved for other traits, such
as disease resistance and tolerance to drought.
Researchers have concluded that, on average,
improvements in hybrids have been responsible
for about 50–70% of the on-farm yield gains since
their introduction, and changes in agronomic
practices (such as more fertilizer and better weed
control) have been responsible for the remainder.
(Adapted from REF. 18.) 

© 2001 Macmillan Magazines Ltd

Percent of land planted with hybrid maize

Grain yields (tons hectare–1) of hybrid maize 

Yield increases Hybrid maize seed saw rapid adoption in the US Midwest 
after its introduction in the 1930s. the overall percent plan 
planted with hybrid maize increased rapidly. In addition, new 
varieties of hybrid maize saw rapid increases in productivity 
over the coming decades.  Photographs are shown of 
parental lines and hybrid progeny.

Maize is the world’s most successful crop 
From its origin as a Mexican weed, worldwide production of 
maize is over 1 gigatonne per annum, more than wheat or 
rice. (http://www.fao.org/faostat/, and http://
www.worldofcorn.com). The USA and China are the major 
producers of maize.

 19

Norman 
Borlaug and 
the Green 
Revolution

 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. 
Norman Borlaug was a pioneer of these efforts. He is shown 
here with Sonora-64, one of the semi-dwarf, high-yield, 
disease-resistant varieties that was key to the Green 
Revolution. 



La Moisson (1874) - Léon Augustin Lhermitte La Moisson (1874) - Léon Augustin Lhermitte) - with a graphic 
representation of a partly harvested wheat field in northern 
Europe. Note that the height of these wheat crops reached 
over waist height.

 Modern wheat crops are much shorter, shown here with 
Norman Borlaug and colleagues at a trial field of Sonora-64, 
at what is now CIMMYT's CENEB station (Campo 
Experimental Norman E. Borlaug, or The Norman E. Borlaug 
Experiment Station), near Ciudad Obregón, Sonora, northern 
Mexico. 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 has been 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.

Expansion of the gene pool

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.



to generate crown gall tumors represents a defining moment in
Agrobacterium research, and subsequent discoveries ultimately
developed this bacteria as a model system for horizontal gene
transfer and, most important, as a tool for plant transformation.

2. Agrobacterium and the crown gall disease

With the ability to infect many different plant species,
A. tumefaciens possibly has the broadest host range of any plant
pathogenic bacterium. Although recognized as a worldwide
problem in agriculture for over 150 years now, yet the negative
economic impact of crown gall disease is restricted to a limited
number of horticultural species, like perennial fruit, nut, orna-
mental, and vine crops [1,4]. A. tumefaciens infected plant tissues
undergo severe physiological changes. Tumors, which form
primarily at the site of infection, originate from cambium whose
undifferentiated cells become, after transformation, unable to
differentiate into normal phloem and xylem vessels, thus affecting
the transport of water and nutrients [4]. As a consequence,
diseased plants might show weak growth that directly affects
yield, and in particular extreme situations leads to the death of the
entire plant.

The development of the Agrobacterium gall disease (pathogen-
esis) requires two elements: transformation and tumorigenesis [1].
To comprehend how this organism can be used as a biological
delivery system, we must first ascertain how it functions normally

in vivo. In nature, Agrobacterium is able to specifically sense
and recognize, in a complex soil environment, signal molecules,
such as low-molecular-weight phenolic compounds (acetosyr-
ingone, hydroxy-acetosyringone) and sugar compounds, released
by wounded plant tissue. It moves towards susceptible plant tissue
by chemotaxis, where it enters and colonizes the host intercellular
spaces [15,16]. Apparently, A. tumefaciens transform the plant cell
early after exposure to fresh wounds [17]. This makes perfect sense,
since cell proliferation and the DNA replication machinery are
turned on in wounded plant tissue. Here plant recombination
processes and/or DNA repair enzyme activities enhance the T-DNA
integration [18]. Formation of tumors at the infection sites after
a few days requires delivery and integration of tumorigenic T-DNA
into the plant genome (transformation). The T-DNA carries two sets
of genes. The primary (iaaM, iaaH and ipt) and secondary (6b and 5)
oncogenic genes encode enzymes involved in the synthesis of plant
hormone auxin and cytokinin and in modifying the effects of
phytohormones in the cell, respectively [19,20]. Their activity leads
to tumor formation (tumorigenesis). Meanwhile, a second set of
T-DNA genes encode enzymes involved in opine synthesis. These
compounds, produced by condensation of amino acids and sugars,
provide a selective advantage to Agrobacterium inside the crown
gall [1,21]. The outcome is an alteration of the plant secondary
metabolism, resulting in abnormal cell proliferation and synthesis
of nutritive compounds, which are used by A. tumefaciens as carbon
and nitrogen sources.

Fig. 1. Crown gall tumor on an oak tree.
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Crown gall disease

Plant transformation
The current era of plant improvement is marked by the 
advent of new approaches to targeted genetic improvement 
of crops. This has its origins in the domestication of a 
bacterial plant pathogen, Agrobacterium tumefaciens. The 
natural oncogenic properties of Agrobacterium have been 
harnessed to engineer gene transfer.

Agrobacterium tumefaciens is capable of binding to plant 
cells, forming a conjugation complex and transferring a 
specific and delimited  segment of DNA.  Here, bacteria are 
shown attached to a potential recipient plant  cell in an 
electron micrograph. 
In a normal infection, conjugation of a bacterium with a 
susceptible plant is followed by replicative transfer of a 
specific segment of DNA called the T-DNA (shown in red) - 
from a region of a Ti plasmid into a recipient plant cell. The 
transformed cells  are then programmed to proliferate.

Agrobacterium transfers genes for tumour growth and opine biosynthesis to plant cells

The transferred T-DNA includes genes that encode enzymes 
for synthesis of plant growth hormones. The ectopic 
production of the growth factors results in unregulated plant 
cell growth and formation of tumours.  In addition, the T-DNA 
encodes enzymes for production of highly unusual 
metabolites, called opines. Growing tumours produce opines, 
which can diffuse into the surrounding soil. 
Different races of Agrobacterium employ different chemical 
species of opine (e.g. nopaline, octopine, agropine, etc.) 
Bacteria of the same type encode genes for transport and 
metabolism of the corresponding opine on the Ti plasmid. 
(The Ti plasmid encodes both genes for bacterial expression 
and those destined for transfer to, and expression in the 
plant). In nature, Agrobacteria use plant transformation to 
create local sources of opine, as nutrient that they alone can 
consume. 

Fig. 1. 
Schematic of octopine-type Ti plasmid pTiA6 showing locations of genes coding for 
plasmid maintenance (rep), infection of plant cells (vir region, T-DNA), cell survival in the 
tumor environment (opine catabolism), and conjugative transfer of the Ti plasmid to 
recipient agrobacteria (tra and trb). The various contributions of the vir gene products to T-
DNA transfer are listed. TL-DNA and TR-DNA are delimited by oriT-like border sequences 
(black boxes; RB, right border; LB, left border); OD, overdrive sequence (white boxes) 
enhances VirD2 relaxase nicking at the T-DNA border sequences. When delivered to plant 
cells and integrated into the plant nuclear genome, T-DNAs code for biosynthesis of auxins 
and cytokinins resulting in proliferation of plant tissues, and production of opines that serve 
as nutrients for the infecting bacterium (Figure was adapted from Ref. 117).
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Agrobacterium tumefaciens exploits a plasmid-borne bacterial 
conjugation system (a multi-gene Type IV secretion system 
T4SS) in order to transform susceptible plant cells.  
Agrobacterium strains contain large Ti (tumour-inducing) 
megaplasmids (~200kb), which have a modular structure, 
with grouped sets of genes that play distinct functional roles. 
First, they encode two different Type IV secretion systems (i) 
Trb for Ti plasmid transfer between bacteria, and (ii) virB for T-
DNA transfer to plant cells (highlighted in yellow).



The Type IV secretion systems are encoded in multigene 
operons, which are highly homologous. Similar machinery is 
found for T4SS involved in conjugative transfer between 
bacteria, and between bacterium and plant. 
Diagrammatic representation of the Type IV secretion system 
and conserved protein subunits found conserved among 
different bacterial species. The different elements of the 
secretion system come together to create a “hypodermic 
needle” like protein assembly on the surface of the bacterial 
cell that, in the case of Agrobacteria, facilitate efficient 
transfer of DNAs into recipient plant cells.

Fig. 1. 
Schematic of octopine-type Ti plasmid pTiA6 showing locations of genes coding for 
plasmid maintenance (rep), infection of plant cells (vir region, T-DNA), cell survival in the 
tumor environment (opine catabolism), and conjugative transfer of the Ti plasmid to 
recipient agrobacteria (tra and trb). The various contributions of the vir gene products to T-
DNA transfer are listed. TL-DNA and TR-DNA are delimited by oriT-like border sequences 
(black boxes; RB, right border; LB, left border); OD, overdrive sequence (white boxes) 
enhances VirD2 relaxase nicking at the T-DNA border sequences. When delivered to plant 
cells and integrated into the plant nuclear genome, T-DNAs code for biosynthesis of auxins 
and cytokinins resulting in proliferation of plant tissues, and production of opines that serve 
as nutrients for the infecting bacterium (Figure was adapted from Ref. 117).
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Second, the Ti plasmid encodes proteins and origin required 
for plasmid replication in the bacterial host (blue). 
Third, the entire virulence region (vir) encodes proteins 
required for sensing wounded plant tissues, activating the vir 
operon, processing and transfer of the T-DNA in the recipient 
plant cell (including the Type IV secretion system). Shown in 
red.

Fig. 1. 
Schematic of octopine-type Ti plasmid pTiA6 showing locations of genes coding for 
plasmid maintenance (rep), infection of plant cells (vir region, T-DNA), cell survival in the 
tumor environment (opine catabolism), and conjugative transfer of the Ti plasmid to 
recipient agrobacteria (tra and trb). The various contributions of the vir gene products to T-
DNA transfer are listed. TL-DNA and TR-DNA are delimited by oriT-like border sequences 
(black boxes; RB, right border; LB, left border); OD, overdrive sequence (white boxes) 
enhances VirD2 relaxase nicking at the T-DNA border sequences. When delivered to plant 
cells and integrated into the plant nuclear genome, T-DNAs code for biosynthesis of auxins 
and cytokinins resulting in proliferation of plant tissues, and production of opines that serve 
as nutrients for the infecting bacterium (Figure was adapted from Ref. 117).
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Fourth, the Ti plasmid contains one or more T-DNA (transfer 
DNA) regions (shown in green).  Each is flanked by a specific 
25 base-pair sequence, and these boundaries are termed left 
and right borders.

Agrobacterium transformation of plant cells is mediated by intercellular signalling, 
attachment, virulence protein catalysed DNA transfer to the nucleus and genome integration.

Diagrammatic representation of  the induction process, 
mobilisation and transfer of the T-DNA segment into the 
recipient plant cell, and integration of the DNA into the host 
plant genome.  Wounded plant cells liberate phenolic 
compounds, which are sensed by bacterial membrane 
receptors. These activate the signal transduction pathway 
and result in transcriptional activation of the virulence 
operon.  Vir genes are responsible for recognition of the T-
DNA segment at 25 base pair recognition sequences. Single-
stranded DNA nicks trigger a specific replicative transfer of 
the T-DNA into the plant cell via the Type IV secretion system 
as a protein-coated single-stranded DNA complex. The 
defined T-DNA sequence is integrated randomly into the 
plant genome as a double-stranded segment.  The T-DNA 
segment contains genes with plant control sequences. Once 



integrated, their expression gives rise to plant hormone and 
opine production.

3. The journey to the plant nucleus

The molecular basis of genetic transformation of plant cells by
Agrobacterium has now been largely unveiled and it is well known
that a specific region, namely T-DNA, from the tumor-inducing (Ti)
plasmid, is transferred and stably integrated into the plant nuclear
genome [2]. As mentioned, the T-DNA region is the mobile element
that is responsible for tumor formation and opine biosynthesis in
planta. In addition, the Ti plasmid contains two other regions
associated with bacteriaeplant interaction (Fig. 2A). These regions
act in trans, and are not transferred to the plant cell. The vir region
contains approximately 35 virulence genes grouped in at least eight
operons (virA, virB, virC, virD, virE, virG, virF and virH). The encoded
virulence proteins have multiple important roles in both the
bacteria and the host cell, where they control T-DNA transfer and
integration [21]. The other region contain genes with a role in opine
uptake and metabolism [16,22]. The T-DNA region is defined
and delimited by highly homologous, directly repeated 25e28 bp

T-DNA border sequences [23,24]. Over the last decade, several
reviews extensively describe all aspects of the A. tumefaciens T-DNA
transfer and integration [2,12,21,25e33]. Therefore, our intention in
this section is to offer an updated condensed picture of the trans-
formation process. A simplified model of the events taking place
during Agrobacterium-mediated transformation of plants is shown
in Fig. 3.

4. Engineering Agrobacterium as tool for transformation.

Soon after the researchers have began to unveil the mystery of
the crown gall disease and to understand the process by which
Agrobacterium transforms its host, its potential as tool in molecular
biology started to be addressed. Meanwhile, in order to become
suitable for laboratory purposes, the Agrobacterium strains used to-
day needed to be engineered from selected wild-type strains. Some
of the natural features of the Ti plasmid had to be completely
removed (e.g. genes responsible for tumor formation and opine
biosynthesis in planta, Fig. 2B), while the characteristics of some
transformation machinery components had to be augmented and
further improved. The foundation for the biotechnological use of
Agrobacterium in genetic transformation lays on the T-DNA struc-
ture and functions. The two 25e28 bp direct repeat borders are the
only cis-acting elements essential for T-DNA transfer, being
required to flank the transferred DNA. In this way the native wild-
type oncogenes and opine synthase genes from the T-DNA can be
replaced by genes of interest [30,42]. As a result, any DNA placed
between the borders will be transferred to the host cell. However,
because the T-DNA is not able to mediate its own transfer, being
only the cargo vehicle, other bacterial features needed to be altered.
The vir genes, residing on the virulence region of the Ti plasmid, are
required for the T-DNA transfer and integration. Altering their
regulation [43] and copy number [44] proved to be useful for
increasing transformation efficiency [42]. Thereby the size of the T-
DNA that can be mobilized into plants could be enlarged [45].
Although induction and expression level of vir genes could be
a limiting step for efficient transformation of some plant species
[42], recent data show that transformation efficiency does not
always correlate with the vir gene expression, suggesting a more
complex correlation [2]. The ability of vir genes to act in trans led to
the development of binary and super-binary transformation
vectors, as a major step toward increasing the range of species that
are amenable to Agrobacterium-mediated transformation [46],
(Fig. 2B, C). Despite these achievements, there are still many
economically important crop species and trees that remain recal-
citrant to Agrobacterium-mediated transformation. Since the
transformation process is a result of a “cooperative project”
between Agrobacterium and its host, much effort is now directed
toward understanding the host’s contribution.

5. . and engineering the host species

The “classical” approach to increase the transformation effi-
ciency in already transformable species, or to “recruit” new hosts,
was either by identifying or engineering highly virulent Agro-
bacterium strains [47] or by optimizing the culture conditions to
provide bacteria with “transformable” host cells [48]. This strategy
has been successful, but has now reached its limits [49].
A complementary approach, consisting in manipulating the host
itself, showed potentially interesting directions to investigate. At
first, identification of Arabidopsis rat (resistant to Agrobacterium
transformation) mutants by a forward genetic screen opened the
way for identification of plant genes involved in the transformation
process [50,51]. Although more than 120 genes have been
acknowledged to play a role in transformation, it was suggested

Fig. 2. Schematic representation of a Ti plasmid (A), and diagrams of a typical binary
vector (B) and a helper plasmid (C) used for transformation.
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“Disarmed” binary plasmids

Removal of the tumour-forming 
genes, and separation of the 
virulence functions (Vir genes) on a 
separate “helper” plasmid allows 
simpler manipulation of the T-DNA 
and genes to be inserted  into the 
plant genome.

The native Ti plasmid can be disassembled according to its 
modular nature, and the functions required for 
tumourigenesis and opine production removed. 
The functions required for DNA transfer to the plant can be 
maintained on a large disarmed plasmid. This is termed a 
helper plasmid. The gene functions required for DNA transfer 
can work in trans for a second smaller plasmid containing a 
customised T-DNA segment, along with compatible 
replication machinery and bacterial selection marker. This 
forms a binary plasmid system. 
This allows simple engineering of new genes on a shuttle 
plasmid that allows Agrobacterium-meditated 
transformation of plants.

Summary of Agrobacterium mediated gene transfer and plant regeneration

Plant transformation with a disarmed binary plasmid requires 
(i) co-cultivation of plant material with an engineered 
Agrobacterium strain, (ii) curing of the Agrobacterium by 
(microbial) antibiotic treatment, (iii) regeneration of plantlets 
from transformed cells under (plant specific) antibiotic 
selection. In this example, the engineered T-DNA contains 
kanamycin. (iv) Rescue of regenerated plants for grow and 
harvest transgenic seed. At this point transgenic plants can 
enter a breeding programme.

Returning to maize as an example, here are images of 
transformed and regenerating maize tissues, plantlets and 
fertile plants.



Biolistic delivery of DNA
Agrobacterium-mediated transformation is not the only way 
to produce transgenic plants. For example, high velocity, 
biolistic delivery of DNA-coated microparticles (usually gold 
or tungsten) can also be used to produce transgenic plants 
and algae. This is the method of choice for transformation of 
organelles. 

A confocal micrograph of a wheat embryogenic cell that has 
been bombarded with a colloidal gold particle coated with 
DNA containing an active gene for an ER-localised green 
fluorescent protein. In this example, DNA has been delivered 
to the cytoplasm of the cell, accumulated in the nucleus 
(unlabelled in the centre of the cell), and been transcribed. 
Messenger RNAs have been exported back to the cytoplasm, 
where they were translated and the green fluorescent protein 
product accumulated within the endoplasmic reticulum. 
Biolistic delivery is the transformation method of choice for 
chloroplast transformation.

that automation would enable large-scale screens such as those
performed in the recent work by Wang et al. (2015) in which
CRISPR-mediated mutations were used to determine essential
genes required for human cell proliferation. Using an automated
cell screen, every gene could be knocked out sequentially in crop
cells for a massive functional analysis.

Agrobacterium-mediated transformation consists of bacterial
attachment, T-DNA and virulence (vir) effector protein transfer,
cytoplasmic trafficking of T-DNA/protein complexes, nuclear entry,
removal of proteins from the T-strand, T-DNA integration, and
transgene expression. We have a basic understanding of the plant
and bacterial virulence proteins that are important for these pro-
cesses (Figure 4; Gelvin, 2012; Magori and Citovsky, 2012; Lacroix
and Citovsky, 2013). For example, altered production of the plant
proteins has increased host susceptibility to transformation (Gelvin,
2010). In particular, an Arabidopsis MYB transcription factor (MTF)
appears to function as a global negative regulator of transformation
susceptibility; downregulation of MTF can increase Arabidopsis

transformation 15-fold (Sardesai et al., 2013, 2014). Conversely,
some host proteins are activated or produced in response to
Agrobacterium. The bacterium likely subverts these proteins to
facilitate infection (Zaltsman et al., 2010). Thus, it is likely that
priming the host plant by downregulation of one or more of its
infection-responsive genes could enhance Agrobacterium-
mediated transformation.
Plant tissue browning and necrosis in response to Agrobacterium

infection reduces transformation frequency. Antioxidants in the
infection medium can attenuate this reaction, but plant cells may
still respond to the Agrobacterium pathogen-associated molecu-
lar pattern Ef-Tu (Zipfel et al., 2006) and perhaps bacterial surface
molecules. Research is needed to identify bacterial-associated
molecules that induce localized defense responses in crop
plants and either eliminate or mask them, generating a “stealth
Agrobacterium” strain that does not elicit necrotic responses.
Particular combinations of Agrobacterium vir genes and bac-

terial chromosomal backgrounds influence virulence on different

Figure 3. Important Historical Milestones in Plant Transformation.

Since itsbeginning in1977, thepaceofcrop transformation technologydevelopmenthasnotbeen linear. In recent years, thegenomeediting revolutionbegs
for crop transformation improvements to enable greater food security.
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PERSPECTIVE

Time line for recent milestones in transgenic plant work. The 
next lectures will explore some of these advances in more 
detail. We will explore gene structure in plants - i.e. how do 
you successfully build a new plant gene? - and look more 
closely at what types of genes are used in the commercial 
world, and how one employs reporter genes to explore the 
link between genotype and phenotype.



Lecture 2:  From genotype to phenotype

expression and plant transformation (for more details, see Chapters 6 and 10). Failure to
obtain gene expression using cistrons (gene and promoter sequences) from other species
led to the first chimeric genes that used the 50 and 30 nopaline synthase (nos) regulatory
sequences: the nos promoter and nos terminator. Although the nos promoter and terminator
sequences are derived from the Ti plasmid of bacterial origin, they share more character-
istics with eukaryotic than with prokaryotic genes. The promoter contains sequences that
resemble CAAT and TATA boxes, which assist in directing RNA polymerase II (RNAP
II) to initiate transcription upstream of the transcriptional start site (Fig. 7.9).

Terminator sequences contain an AATAA polyadenylation signal (which specifies tran-
script cleavage approximately 30 bp downstream of the signal). Soon after cleavage, mul-
tiple adenine residues are added to form a polyA tail on the 30 end of the transcript. The
polyA tail is thought to be important for mRNA stability.

Figure 7.8. A generic plant binary vector with two origins of replication, the pVS1 ori for propa-
gation in Agrobacterium and the ColE1 ori for propagation in Escherichia coli. The backbone of
the vector contains an antibiotic resistance gene for bacterial selection (kanamycin resistance), and
the T-DNA contains a plant selectable marker and the gene of interest (GOI).

TABLE 7.2. Commonly Used Bacterial Selectable Marker Genes

Antibiotic Antibiotic Resistance Gene Gene
Source

Organism

Streptomycin/
Spectinomycin

Aminoglycoside adenyl transferase
gene

aadA E. coli

Kanamycin Neomycin phospho transferase gene nptII (neo) E. coli Tn5
Chloramphenicol Chloramphenicol acetyl transferase

gene
cat E. coli Tn5

Ampicillin b-Lactamase bla E. coli Tn3
Tetracycline Tetracycline/Hþantiporter tet E. coli Tn10

168 RECOMBINANT DNA, VECTOR DESIGN, AND CONSTRUCTION
How do you build a synthetic gene?

The previous lecture contains a description of how binary 
plasmid vectors were derived from tumourigenic Ti plasmids, 
and used for Agrobacterium-mediated plant transformation.  
These transformation vectors all contain a backbone with 
origins of  replication and a bacterial selection marker. In 
addition, they contain a T-DNA  marked for transfer to the 
plant by flanking 25 base pair repeat sequences, called the 
left border (LB) and right border (RB).  The T-DNA can contain 
arbitrary DNA sequences,  which would normally include a 
gene (or genes) of interest and a selection marker for rescue 
of transformed plants. 
The Agrobacterium mediated transformation of a plant cell 
results in insertion of a foreign DNA segment into a random 
section of the plant genome. Any genes on the foreign DNA 
segment must contain control sequences that allow 
interaction with host  transcription factors, RNA polymerase 
and other regulatory proteins for proper expression. In 
addition, flanking domains of plant chromatin can influence 
the activity of the foreign gene.

Rules for design of synthetic genes 

1.  Specific sequences provide a key for 
interaction between DNA and host proteins, 
which ensure regulated conversion into RNA 
and protein.
These sequences are crucial for design of 
properly regulated synthetic genes. 

2.  How do you measure and validate the 
behaviour of a single transgene in a genome 
with 10,000’s of other genes being expressed?

Control sequences for a synthetic gene must be sufficient to 
allow regulated transcription and efficient translation, and 
are the key to successful design of a synthetic gene construct. 
Once a synthetic gene is introduced into a plant there is the 
additional challenge of analysing its behaviour in situ.



Transcription initiation requires interaction 
with distal promoter elements

Eukaryotic protein encoding genes are transcribed by RNA 
polymerase II. The core  protein components of RNA 
polymerase II bind to DNA immediately upstream of the 
transcribed sequence (red). DNA binding is associated with a 
conserved TATA-containing sequence (green). However, this 
complex is not sufficient to initiate transcription. Distal 
promoter elements, or enhancers (blue), contain binding 
sites for regulatory proteins that initiate molecular contacts 
with the core RNA Polymerase via mediator proteins. There 
may be many enhancers (or silencers) of transcription that 
can embody complicated genetic logic, and regulate the 
initiation of transcription.

Enhancer and Silencers 
are position-
independent distal 
elements for eukaryotic 
promoters

Enhancer and silencer elements mediate DNA looping and 
formation of the active RNA polymerase complex. These 
elements can work at a distance, and be positioned 
upstream, downstream or even within genes. The proper 
transcription of a synthetic gene requires that appropriate 
DNA sequences are positioned adjacent to the coding 
sequence, in order to correctly mediate these precise 
molecular contacts with host transcription machinery.

Plant genes generally contain introns (and DNA encoded 
signals to allow correct splicing and avoid cryptic splicing)

Eukaryote genes undergo extensive post transcriptional 
processing. This includes the addition of a 7-methylguanylate 
cap at the 5’ end of the RNA transcript, and  addition of a 
polyadenylate tail at the 3’ end of the transcript. Further, the 
majority of plant RNA primary transcripts contain introns  
that are removed by host spliceosome machinery. 
Spliceosomes are large ribonucleoprotein complexes that 
recognise RNA sequences at intron-exon junctions and 
branch sites, in order to precisely excise introns, and rejoin 
the mRNA via a series of transesterification reactions. These 
reactions are mediated by precise molecular contacts 
between host machinery and DNA/RNA sequences. 
Synthetic gene design must incorporate appropriate DNA-
encoded sequences that mediate these molecular contacts 
during maturation and processing, to avoid aberrant cryptic 
sites and allow efficient polyadenylation and translation of 
mRNAs.

Plant gene structure
Conserved sequences features and their arrangement in 
plant genes can be used to define a map of functional 
domains. These are shown diagrammatically. Experiments 
have demonstrated these elements are functionally modular 
can generally be exchanged between different genes, if this 
sequence and position within the gene are respected. 
These rules for modular description of gene architecture have 
been used as a basis for creating common syntaxes for 
standardised plant DNA parts. The boundaries between 
modular domains were given arbitrary but constant 
definitions, compatible with schemes for modern, efficient 
assembly of genes via Type II restiction enzymes (Golden 
Gate, MoClo, Golden Braid, PhytoBricks). This has allowed 
stockpiling and exchange of common DNA parts for 
exchange and reuse in design of synthetic genes.



Single gene traits

Over a dozen genetically modified (GM) plant species have been approved for 
commercial production in the US, and the single-gene traits that have been 
genetically engineered into them fall into five categories. 

 Trait Modified Plants Gene Source 

Insect resistance (Bt) corn, cotton, potato, tomato soil bacterium

Herbicide resistance corn, soybeans, cotton, canola, 
sugarbeets, rice, flax various bacteria, tobacco (modified)

Virus resistance squash/zucchini, papaya, potato plant viruses

Delayed fruit ripening tomato tomato, soil bacterium, or virus

 Pollen control corn, chicory, (radicchio) soil bacterium

Genetically modified crops were first released for commercial 
use in the mid-1990s, a little more than 10 years after the first 
development in the laboratory. This first generation of crops 
were modified by the introduction of single gene traits, such 
as insect, herbicide and virus resistance. 

Pest resistance 
Bacillus thuringiensis (Bt) toxin 

Bt toxin is a protein produced by Bacillus thuringiensis 
bacteria. On ingestion, and exposure to low pH and proteases 
in the insect gut, it binds to membrane receptors and causes 
water and ion leakage from epithelial cells lining the gut.  

It is a highly selective toxin with no effect on mammalian cells. 
Bt based insecticides have been widely used in organic 
farming for over 50 years. 

There are over 50 types of Bt toxin, each specific for different 
classes of insect. 

Bacillus thuringiensis (Bt) strains produce a variety of protein 
toxins that are selective for different classes of insects. 
Bacterial extracts are widely used in organic farming for 
insect control. BT toxin can also be delivered by in vivo 
expression in transgenic plants. 

Mechanism of action (and resistance) for Bt toxin (Cry)

https://doi.org/10.3389/fpls.2015.00381
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Ingestion of BT toxin by insects results in processing and 
activation of the protein in the gut, followed by specific 
binding to transporters in the gut, and the formation of pores 
that cause uncontrolled water and ion leakage across 
membranes. 
Mechanism of action of Bt toxins (3-domain Cry) in 
Lepidoptera - and different types of resistance to Bt toxin (3d-
Cry) described in lepidopteran insects.  
1. The larvae ingest the 3d-Cry protoxin, which is solubilized 
in the midgut lumen of the larvae due to high pH and 
reducing conditions and activated by gut proteases, 
generating the toxin fragment. 2. The monomeric 3d-Cry 
toxin binds ALP and APN receptors in a low-affinity 
interaction, the toxin is then located in close proximity to the 
membrane. 3. The monomeric 3d-Cry toxin binds the 
cadherin receptor in a high-affinity interaction and this 
interaction induces proteolytic cleavage of the N-terminal 
end of the toxin, including helix α-1 of domain I. 4. The 
cleaved 3d-Cry toxin is then able to oligomerise to form a 
toxin prepore oligomer. 5. The oligomeric 3d-Cry structure 
binds to ALP and APN receptors with high affinity. 6. The pre-
pore inserts into the membrane causing pore formation.



Ears of Corn: The top is GMO (Bt transgenic), and the bottom is non-GMO. The Asian corn borer has caused damage to the ear, 
resulting in fungal growth (mold) and sprouting. These varieties were grown in the Philippines. (Source: Food for Thought Blog) 

Bt toxin transgenic plants are highly unpalatable for target 
insect pests. However, pest resistance is highly specific, and 
pests can develop resistance to particular Bt toxins. 
Image: http://parrottlab.uga.edu/SIVB/HTML/102660-
bt%20corn%20ears.html

Assessment of cry1Ab transgene cassette in commercial Bt corn MON810: gene, 
event, construct and GMO specific concurrent characterization 
Chandra K. Singh , Abhishek Ojha , Suchitra Kamle & Devendra N. Kachru 
Protocol Exchange (2007) doi:10.1038/nprot.2007.440

DNA structure of a commercial Bt toxin gene Structure of a synthetic BT toxin gene used commercially by 
Monsanto in genetically modified lines of maize (e.g. 
MON810). The synthetic gene consists of the P-e35S 
promoter, hsp70 intron, cry1AB (Bt toxin) coding sequence 
and T-nos (nopaline synthase transcription terminator). 
Standard PCR assay for MON810. Lane M: 50bp marker, Lane 
1: Env. Control, Lane 2: cry1Ab event specific (maize genome 
– P-e35S), Lane 3: cry1Ab construct specific (hsp-
cry1Ab),Lane 4: gene specific (cry1Ab), Lane 5: npt-II, Lane 6: 
P-e35S, Lane 7: T-nos, Lane 8: hmgA, Lane 9: Neg. control, 
Lane 10: Pos. control (chloroplast tRNA)

Mode of Glyphosate Action 

Glyphosate inhibits the shikimate pathway enzyme EPSPSase, an enzyme that acts 
late in that pathway. The pathway is responsible for, among other things, the 
biosynthesis of aromatic amino acids: phenylalanine, tyrosine and tryptophan. This 
pathway is also responsible for biosynthesis of such diverse plant compounds as 
phytoalexins, plastoquinone, alkaloids, cinnamate, coumarin and flavonoids


Mode of Glyphosate Lethality 

Glyphosate rapidly moves to apical areas of the plant and inhibits protein synthesis. 
Cessation of growth happens almost immediately after the herbicide reaches the apical 
areas. Plants stop growing and many plant tissues and parts slowly degrade due to 
impaired protein synthesis. Symptomology on plants usually develops very slowly, with 
gradually increasing chlorosis, yellowing, and necrosis. Death ultimately results from 
dehydration and desiccation.  

Herbicide resistance
Tilling and cultivation of fields in agriculture is largely a 
mechanism for weed control. These can contribute to erosion 
and soil loss. There is much interest in no-till forms of 
agriculture, where application of herbicide can be used for 
weed control. In order to use this approach the crop species 
must be resistant to the herbicide.

downstream of a strong promoter, the cauliflower mosaic virus 35S promoter, which drives
gene expression throughout the plant (see the next chapter) (Shah et al. 1986). Because
Agrobacterium-mediated transformation methods are not very efficient in soybean, the
particle bombardment method was used to make the initial transgenic event. This event
was then used to transfer the glyphosate-resistant bacterial EPSPS gene to many other
commercially grown soybean varieties using traditional breeding techniques.

The normal plant version of EPSPS is encoded by DNA in the nuclear genome.
Following translation of the mRNA sequence to amino acid sequence in the cytoplasm,
EPSPS is transported into the chloroplast, where the shikimate pathway is active. To
ensure that the bacterial form of EPSPS would make its way into the chloroplast after
the protein was synthesized, a short DNA sequence encoding a chloroplast transit
peptide was fused to the 50 end of the bacterial EPSPS open reading frame. This transit
peptide sequence fused at the amino terminus of the bacterial EPSPS serves as an intracellu-
lar signal for proper protein localization. The transit peptide sequence originated from a
gene encoding a protein normally found in the chloroplasts that carries out carbon fixation,
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Once the bacterial EPSPS
gets into the chloroplast, it can function in place of the plant enzyme during the biosynthesis
of aromatic amino acids.

RoundUp Ready soybeans were one of the first transgenic crops to be approved and used
on a large scale. Once they were commercialized, they gained rapid acceptance by farmers

Figure 8.1. Resistance to glyphosate in RoundUp ReadyTM plants is engineered by expressing a
form of the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase (EPSPS) enzyme that is resistant
to the herbicide. In the absence of this transgenic enzyme, glyphosate inhibits the plant EPSPS and
ultimately blocks the synthesis of chorismate, the branchpoint precursor to the essential aromatic
amino acids: tryptophan, phenylalanine, and tyrosine. The transgenic EPSPS is unaffected by glypho-
sate, and can carry out the synthesis of EPSP leading to chorismate production.

198 GENES AND TRAITS OF INTEREST FOR TRANSGENIC PLANTSMechanism of herbicide resistance
Glyphosate inhibits a chloroplast enzyme required for 
aromatic amino acid synthesis.  Resistance can be conferred 
by transgenic expression of an enzyme that is resistant to the 
herbicide. The new enzyme complements the glyphosate 
induced defect in amino acid synthesis.

http://www.bestfoodfacts.org/food-for-thought/what-does-a-gmo-look-like
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No-till farming using herbicide resistant crops An example of no till farming,  where fields were not 
prepared by ploughing and seeds were directly drilled into 
the soil, and herbicide application was used for weed control. 
Stubble from the previous crop can be seen in the 
understory. 
With the wide adoption of herbicide resistant crops, farmers 
have seen the emergence of herbicide resistant weeds. This 
has led to the use of multiple herbicide resistance genes for 
more robust weed control.

Stacking of transgenic traits in hybrid 
corn

Syngenta

An increasing repertoire of single gene traits is being used in 
crops like maize soybean and cotton. Transgenic varieties 
contain stacked traits for herbicide resistance, and expression 
of BT toxins to confer resistance to a variety of pests. This has 
led to the development of systematic naming systems, like 
this example for a maize variety from Syngenta.

How can the activity of an individual gene be visualised?

Maize genome 
10 chromosomes 
2.4 Gbp 
32,000 genes

These examples of new commercial traits are due to the 
integration of synthetic genes into the maize genome. The 
maize genome consists of 10 chromosomes with 2.4 billion 
base pairs of raw DNA and 32,000 genes. The next part of the 
lecture deals with the challenge of following the behaviour of 
a single introduced gene in the context of the activity of the 
existing genome.   
The conserved nature of gene structure in eukaryotes allows 
the replacement of modular functions. For example, the 
protein coding region ( including introns and exons) of an 
existing plant gene can be replaced by an alternative coding 
region. this could include regulatory protein, enzyme or 
marker gene. 

Reporter genes: markers for gene expression

gene product 
-  enzyme assay 
-  fluorescence 
-  luminescence

ß-glucuronidase 
fluorescent protein 

luciferase

Marker or reporter genes are widely used as a means of 
visualising gene activity within intact plants. Reporter genes 
encode gene products that are not otherwise found in the 
genome, and can be easily measured or visualised. These 
include enzymes that can be histochemically localised and 
proteins that are intrinsically fluorescent or capable of 
emitting light.



Synthetic GUS gene for plant transformation

ß-glucuronidase (GUS) is a glycolytic enzyme from E. coli without a 
counterpart in most plant cells. Specific histochemical staining can be used 
to indicate the presence of the expressed gene product. 

The coding sequence for the ß-gluronidase enzyme can be 
fused to chosen promoter and terminator sequences and 
expressed in planta. The  bacterial enzyme is  not normally 
found in plants, and is capable of cleaving ß-linked 
glucuronide groups from a variety of chemical substrates.

X-gluc is the common name for a histochemical substrate for 
ß-glucuronidase - consisting of glucuronide linked to a 
potentially reactive moiety. The substrate is inactive in the 
absence of the enzyme. However action of the enzyme 
releases an activated indoxyl monomer, and spontaneous 
oxidation of two monomers produces an insoluble indigo 
blue product that is deposited at the site of the reaction.

An example of histochemical localisation of ß-glucuronidase 
on an optically cleared cross-section of plant material. 
Histochemical localisation can allow simple and sensitive 
detection of gene expression in whole mounts due to 
clearing of pigments and light scattering elements from plant 
tissue. However the staining process is usually lethal, and it is 
difficult to localise the gene product at high resolution (e.g. 
resolve subcellular locations of the gene product). 

Green fluorescent protein 
(GFP) was isolated from 
bioluminescent jellyfish. 

In contrast, certain gene products can be directly visualised. 
Green fluorescent protein was discovered in the 
bioluminescent jellyfish, Aequoria victoria. The jellyfish 
contain specialised light organs that contain calcium-
activated photoprotein, aequorin.  The photoprotein system 
emits blue light (470nm) under nervous system control. the 
green fluorescent protein which is maintained in close 
proximity to aequorin, absorbs the blue light and efficiently 
emits it as green (515nm).



3D structure of green fluorescent protein The green fluorescent protein consists of a barrel -like 
structure formed of beta sheets that surround a single alpha 
helix that descends through the centre of the protein. The 
barrel shape is capped by short alpha helical segments, and 
the outer part of the protein forms an effective solvent cage.

The chromophore of GFP is produced by self-catalysed cyclisation 
of a tripeptide within  the protein.

A highly unusual and characteristic chromophore is 
produced during folding and maturation of the protein. A 
tripeptide sequence, Ser-Tyr-Gly, undergoes cyclisation and 
oxidation to produce a multi-ring aromatic group on the 
alpha helix that runs through the centre of the protein. The 
maturation of the chromophore is autocatalytic, and occurs 
spontaneously in the protein is expressed in essentially any 
organism, if allowed to fold properly and have access to 
oxygen.

Ectopically expressed GFP undergoes spontaneous maturation

Therefore expression of green fluorescent protein results in 
production of a gene product that decorates or colours the 
cells. The protein generally does not have major toxic effects 
and living processes can be directly observed in labelled 
cells.

New fluorescent proteins in coral Many marine organisms use fluorescent proteins as part of 
luminescent systems or  to absorb light. For example, many 
coral express high levels of GFP-like proteins, which have a 
wide range of roles as photoprotectants and pigments in 
these shallow water dwelling organisms.



Multispectral fluorescent protein species

A wide range of fluorescent protein species have been 
domesticated for laboratory use, and provide a “paintbox” for 
reporter gene studies. 
The different optical properties of the fluorescent proteins 
are due to alterations in chromophore structure and in the 
arrangement surrounding amino acids in close contact with 
the chromophore.

The light used for excitation of fluorescence is higher energy 
(shorter wavelength) than the emitted light

The physics of fluorescence: excitation light excites electrons 
to an outer orbital. After relaxation the excited electron 
collapses back to the ground state and in doing so releases a 
photon to compensate for the loss of energy. Fluorescent 
materials can be detected by a wide range of microscopy and 
optical techniques.

Benefits of fluorescence microscopy with FP’s 
New optical and computing methods allow selective, non-invasive imaging of 
fluorescent labels within intact cells. 

(i) Expression of fluorescent proteins allows live imaging 
(ii) Fluorescent emission can be selectively filtered 
(iii)  Confocal imaging allows optical sectioning and 3D reconstruction

Fluorescence microscopy exploits the optical properties of a 
fluor to allow selective filtering of excitation and emission 
light. Fluorescence involves the absorption and re-emission 
of light energy. The energy of the excitation light is higher 
(shorter wavelength) than that emitted. The difference 
between excitation and emission wavelengths allows the use 
of optical filtration to selectively block the excitation light 
and allow sensitive detection of the fluorescence emissions 
during observation. 
General principles for fluorescence microscopy. Excitation 
light is filtered to provide optimal excitation of a chosen fluor. 
The excitation light is directed at the sample by reflection 
from a chromatic beam splitter (dichroic filter). Light is 
focused on the sample through the microscope objective 
(acting as a condenser).  any emitted light is collected by the 
objective and directed through the dichroic filter, and can 
pass through another optical filter before reaching the 
detector.  in this way, low intensity emitted light can be 
detected sensitively - without being swamped by the 
excitation light.



+35S::GFP

Arabidopsis seedlings

Wild type and green fluorescent protein (GFP) transformed 
Arabidopsis seedlings under a wide-field fluorescence 
microscope

Arabidopsis seedling apex

Higher magnification observation of a GFP transformed 
seedling, showing hypocotyl (stem), shoot apex and base of 
cotyledons (first leaves). Out-of-focus blur is evident.

Schematic view of 
confocal laser 
scanning microscopy

Confocal microscopy uses a laser beam for illumination. The 
laser illuminates the sample with a focussed spot, building an 
image as the beam is scanned across the sample. Fluorescent 
signals from the laser excitation are focused in the back plane 
of the microscope, passing through a small aperture 
(confocal pinhole). However, emission light from above or 
below the plane of focus in the sample is defocused and 
largely excluded from the detector, blocked by the confocal 
pinhole.

Modern confocal laser-scanning microscope



Arabidopsis seedling apex

out-of-focus blur

confocal  
optical section

Out-of-focus blur is removed by confocal optics, effectively 
producing optical sections. The clarity of imaging allows the 
direct visualisation of subcellular features down to a fraction 
of a micron. Here showing the hypocotyl and the base of 
cotyledons of an Arabidopsis seedling expressing green 
fluorescent protein. The GFP is localised in the cytoplasm, 
and the optical section shows unlabelled vacuoles and 
autofluorescent chloroplasts (red).

Confocal microscopy allows examination of  cellular features 
at fine resolution, simply by changing objective or using 
digital zoom. Here showing individual chloroplasts in a 
hypocotyl cell in an Arabidopsis seedling.

Credit: Dr. David Dobnik

Green fluorescent protein can also be used to track whole 
plant gene expression.  Here showing use of a labelled plant 
virus and tracking foreign movement across the plant.
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Lecture 3  
New tools for engineering future crop traits 
(i)  Complex traits and breeding 
(ii) Reprogramming metabolic and regulatory processes 

• Engineering new biochemical pathways 
• Loss-of-function to correct pod-shatter 
• Re-wiring meristematic growth 
• Selective amplification of pathways

Modern approaches to gene editing and reprogramming of 
the expression of master regulators allow the prospect of 
rapid, targeted modification of plant architecture and other 
properties for crop improvement and possible domestication 
of new species. 
Backdrop: Peru is home to over 4000 varieties of potato, with 
a wide range of different morphologies and characteristics. 
(Image from https://www.cultivariable.com) 

Originated in North Africa, used as a primitive 
water carrier. Selection for sweeter taste was 
linked to pink colour of the flesh. 

Ancient species are provided raw material for domestication 
of crop plants. Domestication has occurred over millennia, 
and often accompanied by substantial changes in 
phenotype. For example, melons were thought to have been 
originally used in prehistoric times as natural water carriers in 
northern Africa. The wild melons have a high water content 
but are bitter. The selection for sweeter tasting melons 
unintentionally produced pink flesh, as the genetic loci for 
colour and sweetness are closely positioned. In addition, 
bananas were first domesticated in Papua New Guinea. These 
were diploid and contained seeds. Modern bananas are 
triploid, sterile and seedless…and genetically homogeneous. 
(Images from https://jameskennedymonash.wordpress)

Eggplants, or aubergine, have been grown in southern and 
eastern Asia since prehistory. A relative of the nightshade 
family, domestication has led to changes in size, colour, 
alkaloid content and loss of spines.  
Carrot was cultivated and used as a storage root similar to 
modern carrots in Central Asia beginning in the 10th century. 
The first domesticated carrot roots were purple and yellow, 
arriving in Western Europe and finally in England between 
the 11th and 15th centuries. Orange carrots were not well 
documented until the 15th and 16th centuries in Europe, 
indicating that orange carotenoid accumulation may have 
resulted from a secondary domestication event. (Images from 
https://jameskennedymonash.wordpress) 
In each of these cases, centuries or even millennia of 
domestication was required to produce the productive and 
more palatable crop plants that we recognise today.

Crops derived from wild mustard (Brassica oleracea)

Are these plants 
related?

Plant genomes and morphology are highly plastic. For 
example, here are crops of derived from plants in the Brassica 
family. Many of these plants might be taken to be different 
species, however observed morphological differences are 
often due to selective breeding.



Crops derived from wild mustard (Brassica oleracea)

For example, all of these recognisably different vegetables 
are derived from the same ancestor species, Brassica oleracea 
or wild mustard. Breeding has led to the enhancement or 
exaggeration of particular features. For example the 
appearance of cauliflower is due to over-proliferation of 
shoot meristems, broccoli has a proliferation of floral buds, 
cabbage and Brussels sprouts have exaggerated vegetative 
meristems, and kohlrabi has a swollen stem.

Convergent phenotypic changes during domestication

Further, examples of convergent trait development can be 
seen in two Brassica species. For both Brassica oleracea and 
Brassica rapa, genetic variants have been selected 
independently for (i) indeterminate vegetative meristems 
and proliferation of leaves, and (ii) hyper proliferation of 
tissues at the base of the stem.

Increased
seed 
 number
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varia!on
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dormancy
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height
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seed
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More and 
bigger fruits

        Loss of
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growth

No fruit
abscission

TRENDS in Plant Science 

Figure 1. Convergent domestication. Convergent phenotypic changes are frequently observed in many different crops because systematic human cultivation often brings
about similar demands. Attempts to maximize yield cause selective pressure for an increase in size and number of edible plant parts on the one hand and for a decrease in
natural seed and fruit dispersal mechanisms to reduce yield loss on the other hand. Shifts in cultivation area often require changes in day length dependence or in the
vernalization requirement and a reduction in seed dormancy is needed for synchronous germination. Small plants with a determinate growth habit are often selected
because they are more robust, have a better yield to overall biomass ratio, and are better suited to mechanical harvesting methods. Finally, satisfying esthetic preferences
often drives convergent adaptations, a prominent example being changes in color. Stylized examples of the major angiosperm plant lineages from which current crops
originated are shown (eudicot, left; monocot, right) featuring traits of typical wild species. Characters that convergently evolved in various domesticated crops are depicted
in circles.

Certain agronomic traits have common benefits in different 
crops. As a result, domestication has seen the parallel and 
convergent acquisition of traits in different species. For 
example, this diagram shows the benefits of similar traits in 
hypothetical dicot and monocot species - such as 
determinant growth, larger fruiting bodies and reduced fruit 
or seed loss.

Crop traits 
Traits that have been selected for by humans include: 

• Determinate growth habit (flowering occurs at the top of the 
plant, preventing further growth) 

• Synchronous ripening, shorter maturity 
• Lower content of bitter tasting and harmful compounds 
• Reduced sprouting (higher seed dormancy) 
• Improved harvest index (the proportion of the plant which is 

used); larger seed or fruit size 
• Elimination of seeds, such as in banana 
• Retention of mature seed on the plant (loss of grain shattering) 

Many of these traits are multigenic and affect the shape and 
function of plant tissues and organs. If we want to engineer new 
crop traits in the future, we will need to understand the way DNA 
code is able to regulate plant growth and form.

Many, if not most, of the important traits introduced during 
domestication are the result of coordinated changes in plant 
growth and form. While there may be simple genetic triggers 
for these changes, the modified traits are the result of 
programmed alterations in complex developmental and 
metabolic pathways.  
What underpins programmed plant growth? Can these  
elements be easily reconfigured by human engineers?



Major differences between maize and teosinte map to 
few loci

Doebley et al., PNAS (USA)  87: 9888-9892 (1990)

As we saw in Lecture 1, work from John Doebley's lab has 
mapped the genetic differences between teosinte and maize.  
Genetic studies identified the relatively few gene loci account 
for around 90% of the difference in form between teosinte 
and maize. These cause differences in traits like vegetative 
branching, morphology and floral architecture.  

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

~400,000 plant species (http://www.theplantlist.org)

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 potential reservoir of biological diversity remains 
untapped.

plant cellular forms

regulatory networks

engineered metabolism

DNA code

chemistry

organismal physics

synthetic ecologiesbiotic interactions

A major scientific challenge in the plant field is to better 
understand the dynamic interactions that give rise to precise 
developmental outcomes. In other words, to understand how 
one dimensional DNA code can be translated into four 
dimensional outputs. Success in this task will allow new 
approaches to the design and reprogramming of 
agronomically relevant traits in plants.  
in addition, a wide variety of biochemical pathways are 
unique to plants, and produce secondary compounds, which 
often possess useful properties and are difficult or costly to 
produce by synthetic chemistry. There is much research 
activity aimed at both transferring plant-specific metabolic 
pathways to bacteria and yeast, and to re-jigging pathways in 
plants for higher yields and new products. Generally, plants 
can be grown for bioproduction - at much higher scale and 
cheaper than microbes. 
The plant-based production of chemicals, materials and fuels 
figures prominently in plans for future models of the global 
bioeconomy. These plans invoke not just large scale 
bioproduction, but also systems for recycling of waste and 
circular economies.

http://www.theplantlist.org


• Bacteria-like control of gene 
expression

• No gene silencing
• High ploidy (~1000 genome 

copies per cell)
• Capable of producing 10-50% of 

soluble protein from a single 
gene

• Chloroplast genomes highly 
conserved across the plant 

Chloroplast-based expression of the 
astaxanthin pathway

(Bock lab) 

Chloroplasts: platform for 
bioproduction in plants

Chloroplasts are responsible for the bulk of energy 
production and biosynthetic capacity in plant cells. They 
have simple, reduced genomes, yet are capable of prodigious 
levels of gene expression.  The engineering of plastids figures 
prominently in current attempts to manipulate crop 
productivity and metabolic properties. An example is shown 
- transfer of the astaxanthin pathway into Nicotiana tabacum 
through chloroplast transformation. Astaxanthin is normally 
produced in algae, and contributes to the pink colour of 
some crustacea, flamingos and salmon flesh. In 
transplastomic plants, levels of the pigment accumulate 
enough to turn the entire plant pink. Lu, Y., Stegemann, S., 
Agrawal, S., Karcher, D., Ruf, S., Bock, R. (2017). Horizontal 
Transfer of a Synthetic Metabolic Pathway between Plant 
Species. DOI: 10.1016/j.cub.2017.08.044

Targeted loss-of-gene-function: 
correction of pod-shatter through modified 
cell differentiation and tissue architecture

Brassica napus

Oilseed rape and Canola are derived from a cross 
between  Brassica oleracea and Brassica rapa

In a first example, we will look at Brassica napus, which has 
given rise to the oilseed rape crop, also known as canola. 
Brassica napus is derived from a cross between Brassica 
oleracea and Brassica rapa, and is thought to be a relatively 
new species, since the earliest reliable record appears only 
500 years ago. Although feral populations are common, no 
truly wild populations have been recorded. Both B. rapa and 
B. oleracea have wide geographic ranges and geographically 
distinct centres of diversity. Molecular studies suggest that 
the maternal parent of B. napus was likely to be B. oleracea, 
due to similarities in the structure of their chloroplast 
genomes.

Brassica napus seed have a 45% oil content

Canola is an oilseed crop. After planting and subsequent 
vegetative growth, the plants flower and set seed. The seed is 
harvested at the end of the growing season and pressed to 
extract oil.



Seed Dispersal and Crop Domestication ! 241

(a)

(b)

Figure 7.1 Comparisons between wild and domesticated plants in terms of seed
dispersal. (a) Comparison between a wild shattering wheat ear (left) and domestic wheat
ear with a tough rachis, which requires pounding to break apart (right). The form of
rachis segments that can be recovered archaeologically is shown in the middle. (b)
Generalized wild bean with pod that twists and opens, dispersing seeds (left) compared
with a domestic pod that remains closed (middle) and must be split open by human
force (right).

by the addition of human labour (threshing and winnowing) (Fig. 7.1). For
farmers, this increased the efficiency of harvest and thus yields. Higher yields
can be produced because the farmer could wait until all, or most, of the
grains on a plant have matured, whereas earlier harvesting would have had
to balance loss of grain through shedding, as they matured, with reduced
yields through grains harvested immature (i.e. before spikelets have filled
entirely). This would have been a particular problem with cereals such as

Crop domestication 
  
An example of a 
multicellular trait:  
reduction of  
seed shatter and  
improved yield  
at harvest

wheat ear

bean pod

Wild plants rely on seed dispersal to maintain their 
population. In an agricultural context, this corresponds to 
seed shatter and losses in yield. A feature of the 
domestication of many seed crops is the selection for 
mutants that reduce seed shatter. Wheat seed are held in an 
ear with a central axis, or rachis. The rachis of wild type wheat 
plants contains abscission layers that result in breakage of 
the rachis and seed dispersal. Domesticated wheat have been 
selected for toughened rachis that allow retention of seed for 
harvesting. Similarly, domesticated crops with pod-borne 
seed are generally modified for reduced pod shatter and 
seed retention.

Pod Shatter can result in substantial losses of yield (25-50%)

Oilseed rape is a relatively recently domesticated crop. Seed 
pods are often fragile in the weeks leading up to harvest. 
During this stage seed pods go through a process of 
dehiscence (splitting open), commonly known as pod shatter. 
This process can result in: 
 ▪ substantial seed loss and decrease in 
yield; 
 ▪ greater number of volunteers in next 
season’s crop. 
Pod shatter can result in substantial losses of yield (25-50%) 
for Canola and rapeseed oil crops - in adverse conditions 
(such as high winds) prior to harvest

Pod Shatter at harvest of Brassica rapa (rapeseed) 
Seed pods are often fragile in the weeks leading up to harvest. During this stage seed pods 
go through a process of dehiscence (splitting open), commonly known as pod shatter.
This process can result in:
▪ substantial seed loss
▪ decrease in yield;
▪ greater number of volunteers in next season’s crop.

In adverse conditions prior to harvest the potential loss can be as high as 50%

Plants within the Brassicaceae family share many common 
features. The chart shows overall leaf and fruit structure 
across the family. The seed pods of Brassica oleracea and 
Brassica rapa are similar to the model plant Arabdopsis 
thaliana - the world’s best genetically characterised plant.  
Arabidopsis seed are carried in siliques (pods) that are 
formed late in flower development and expand after 
fertilisation and seed growth. They are formed by fusion of 
two carpels, to create joined chambers that contain multiple 
ovules - that after fertilisation will each form mature seed. S = 
stigma, the pollen receptive tissue at the apex of the female 
floral structure. Replum, support structure at the point of 
contact for the two valves. Analogous structures are found in 
Arabidopsis, Capsella and Brassica spp.

Specialised cells and valve dehiscence in Arabidopsis Coloured scanning electron micrograph of opening of an 
Arabidopsis silique (fruit). At maturity, the silique and seeds 
undergo desiccation. This causes a build up of physical 
tension within the walls of the fruit. The junction between 
the valves and replum is inherently weak (dehiscence zone), 
and eventually the valves tear apart from the replum at this 
junction at valve margins. The differentiation of specialised 
cells in the valve margins ensures that valve separation 
(dehiscence) occurs efficiently. In Arabidopsis, we see the 
presence of strong, lignified cells (i) as a layer within each 
valve, and connected to this, (ii) a strengthened layer at the 
valve margin. Desiccation causes tissue shrinkage and build 
up of tension in each valve. The lignified layers within the 
valves ensure that these forces are transmitted efficiently to 
the margins. Eventually, the cellular connections between 
valve and replum must give way, and the seed pod shatters, 
releasing the seed.
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spatial positioning of the DZ (Fig. 1; Ferrándiz et al., 2000b; 
Liljegren et al., 2000). Other genetic functions were identified 
subsequently that completed the picture, most importantly 
the bHLH factors INDEHISCENT (IND) and ALCATRAZ 
(ALC), and the homeodomain factor REPLUMLESS (RPL) 
(Rajani and Sundaresan, 2001; Roeder et al., 2003; Liljegren 
et al., 2004), and currently, we understand quite well which 
are the main elements that ensure the development of this 
important structure (Fig. 1). The components and the archi-
tecture of the network directing DZ formation have been 
described in detail in several excellent reviews (Dinneny and 
Yanofsky, 2005; Balanzá et al., 2006; Ostergaard, 2008) and 
are not the major focus of this paper, so the reader is referred 
to these other works for more comprehensive information. 
Briefly, SHP genes are expressed at the valve margins from 
the early stages of gynoecium development, where they acti-
vate the expression of IND, essential for both separation 

and lignified layer development, and ALC, required only for 
separation layer formation. FUL is expressed at the valves, 
where it represses SHP and IND expression, while RPL does 
the same in the replum (the external domain of the septum 
that divides the ovary in two chambers). Thus, FUL and RPL 
keep SHP, ALC, and IND expression restricted to the narrow 
strip of cells that will differentiate into the DZ at the valve 
margins.

Although the basic configuration of this genetic network 
in Arabidopsis has been known for some years, our knowl-
edge about the functional conservation of these genes in dis-
tantly related species within the angiosperms has been very 
scarce. Only recently, the increase in available reverse genetic 
resources and RNA interference or virus-induced gene silenc-
ing (VIGS) methodologies in a wide number of species has 
allowed us to study whether these gene functions have equiv-
alent roles in other species with similar (dry dehiscent) or 
highly different fruit morphologies (such as fleshy berries).

In this review, we will try to summarize recent progress 
in this subject, mainly focusing on FUL and SHP, which in 
Arabidopsis are placed at the top of the regulatory hierar-
chy directing DZ formation. We will review the latest work 

Fig. 1. Simplified genetic model for the development of the DZ in 
Arabidopsis. The cartoon represents a transversal section through the 
mature ovary, where valves are coloured in green, the lignified layer and 
the lignified endocarp in pink, the separation layer in blue, and the replum 
in yellow.

Fig. 2. Fruit lignification patterns of Arabidopsis mutants and transgenic 
lines affected in dehiscence. Top right: transversal section of a mature 
wild-type ovary. Phloroglucinol staining reveals lignified cells in dark pink. 
Top left: close up of the DZ. The medial vascular bundle (MVB) appears 
heavily lignified, together with the endocarp (E) and the lignified layer (LL) 
of the DZ. The separation layer (SL) appears as parallel rows of small cells. 
Middle left: shp1 shp2 double mutant. Note the absence of the lignified 
and separation layers. Middle right: ful mutant. The valves (V) are heavily 
lignified and composed of small cells. Bottom left: 35S::FUL line. The 
lignification pattern is remarkably similar to that of shp1 shp2 mutants. 
Bottom right: 35S::SHP1 35S::SHP2 line. The valves are heavily lignified as 
in ful mutants.
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spatial positioning of the DZ (Fig. 1; Ferrándiz et al., 2000b; 
Liljegren et al., 2000). Other genetic functions were identified 
subsequently that completed the picture, most importantly 
the bHLH factors INDEHISCENT (IND) and ALCATRAZ 
(ALC), and the homeodomain factor REPLUMLESS (RPL) 
(Rajani and Sundaresan, 2001; Roeder et al., 2003; Liljegren 
et al., 2004), and currently, we understand quite well which 
are the main elements that ensure the development of this 
important structure (Fig. 1). The components and the archi-
tecture of the network directing DZ formation have been 
described in detail in several excellent reviews (Dinneny and 
Yanofsky, 2005; Balanzá et al., 2006; Ostergaard, 2008) and 
are not the major focus of this paper, so the reader is referred 
to these other works for more comprehensive information. 
Briefly, SHP genes are expressed at the valve margins from 
the early stages of gynoecium development, where they acti-
vate the expression of IND, essential for both separation 

and lignified layer development, and ALC, required only for 
separation layer formation. FUL is expressed at the valves, 
where it represses SHP and IND expression, while RPL does 
the same in the replum (the external domain of the septum 
that divides the ovary in two chambers). Thus, FUL and RPL 
keep SHP, ALC, and IND expression restricted to the narrow 
strip of cells that will differentiate into the DZ at the valve 
margins.

Although the basic configuration of this genetic network 
in Arabidopsis has been known for some years, our knowl-
edge about the functional conservation of these genes in dis-
tantly related species within the angiosperms has been very 
scarce. Only recently, the increase in available reverse genetic 
resources and RNA interference or virus-induced gene silenc-
ing (VIGS) methodologies in a wide number of species has 
allowed us to study whether these gene functions have equiv-
alent roles in other species with similar (dry dehiscent) or 
highly different fruit morphologies (such as fleshy berries).

In this review, we will try to summarize recent progress 
in this subject, mainly focusing on FUL and SHP, which in 
Arabidopsis are placed at the top of the regulatory hierar-
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Fig. 2. Fruit lignification patterns of Arabidopsis mutants and transgenic 
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lignified and composed of small cells. Bottom left: 35S::FUL line. The 
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Mutation of shatterproof1 and 
shatterproof2 results in loss of 
the lignified layer (LL) and 
separation layer(SL) within the 
dehiscence zone, and produces 
a shatterproof silique. 

Genetic analysis of mutant plants, where seed shatter is 
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minor defect results in siliques that do not shatter normally, 
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Shatterproof gene expression is normally limited to the valve 
margin (C) in mature siliques. However, loss of Ful gene 
function results in expansion of SHP expression into the valve 
(G). Loss of Rpl gene function results in expansion of SHP 
expression into the replum (F).    

2. There are genes downstream of Shatterproof 1 and 2 that 
are also required for formation of the lignified valve margin 
cells and separation layer. Examples of these are bHLH-class 
transcription factors, Indehiscent and Alcatraz. Strong mutant 
alleles of Indehiscent (e.g. ind-2) cause marked disruption of 
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spatial positioning of the DZ (Fig. 1; Ferrándiz et al., 2000b; 
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Yanofsky, 2005; Balanzá et al., 2006; Ostergaard, 2008) and 
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Simplified genetic model for 
the development of the 
dehiscence zone in 
Arabidopsis.  

The diagram shows a transverse section 
across a silique. Valves are shown green, 
lignified zones: pink, separation layer: blue 
and replum: yellow. 

Fruitful (FUL) and Replumless (REP) limit 
action of Shatterproof (SHP) to the valve 
margin. SHP induces Indehiscent (IND) and 
Alcatraz (ALC) to trigger formation of 
lignified cells and the separation layer in the 
dehiscent zone. 

Cristina Ferrándiz and Chloé Fourquin, Journal of 
Experimental Botany, Vol. 65, No. 16, pp. 4505–4513, 2014 

REPLUMLESS and FRUITFULL are expressed either side of the 
valve margin, and they act in concert to limit the domain of 
expression of the SHATTERPROOF proteins. In turn, 
SHATTERPROOF 1&2 regulate downstream functions 
required for specification of the lignified cell layer and 
separation zones in the valve margin. Mapping of the set of 
genetic interactions in Arabidopsis has provided a map for 
rational approaches to reduce seed shatter in Rape/Canola.

Understanding of the genetic and cellular processes involved 
in establishing dehiscence zone has led to the development 
of engineering strategies for reducing pod shatter in 
rapeseed varieties. In this example from Bayer, Canola lines 
have been selected with defects in the Indehiscent, IND gene. 
In addition, Canola lines with reduced pod shatter have been 
produced through expression of antisense genes and use of 
CRISPR/Cas9 induced gene knockouts.



Field trial of modified Canola with the “Pod Shatter 
Reduction” trait from Bayer. Trait engineering requires the 
careful balance of reduced pod shatter with the need for ease 
of seed separation during harvesting. Further, engineering of 
the Brassica napus genome can be complicated by its 
tetraploid (AACC) nature, and this is being aided by highly 
efficient CRISPR/Cas9 techniques for targeted mutagenesis.

Editing endogenous regulatory interactions: 
reprogramming mechanisms for control of 
meristem growth in tomato and related 
plants

CRISPR-mediated genome editing
New genome editing tools like CRISPR have established a 
new class of genetically modified plants (and other 
organisms) which contain gene modifications, but no foreign 
genes. CRISPR technology allows the transient delivery of 
RNA-targeted endonucleases which are capable of catalysing 
specific dsDNA cuts in chosen sites within the host genome. 
The advent of these targeted mutagenesis tools has enabled 
new approaches, which do not depend solely on gene knock-
out or loss-of-function.

mutant 
Sl clv3

mutant  
Sl wus

The domestication of a crop plant like the tomato, has been 
accompanied by the selection and breeding of a wide variety 
of variants. These include plant varieties with profound 
differences in fruit size and shape, and plant architecture. 
For example, modern tomato varieties emerged from the 
wild Peruvian species (Solanum pimpinellifolium). Two mutant 
alleles which have played a major role in the breeding of 
large fruit sizes are Locule number (lc) and Fasciated (fas). The 
conserved Clavata3 (CLV3) - Wuschel (WUS) negative 
feedback circuit controls meristem and fruit size in plants. 
Fasciated encodes the Solanum lycopersicum CLV3 gene, and 
locule number (Lc) encodes the WUS gene. 
Mutations in the fasciated (fas) and locule number (lc) fruit 
size QTL both contributed to increased tomato fruit size and 
locule number during domestication. Yellow arrowheads, 



locules.
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Figure 1. Recreating a Known Fruit Size QTL in Tomato

Recreating known fruit size QTLs in tomato with CRISPR-Cas9  
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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and T

SlCLV3/fas allelic effects on flower and fruit morphology
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 (mean ± SD; n>10) 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 (data not 
shown). Blue arrowheads, gRNAs; a, allele.  

With a judicious choice of regulatory gene targets, 
combinations of CRISPR-Cas9 agents could be used to modify 
shoot architecture and fruit properties. Here is an example of 
a tomato variety that is optimised for hydroponic growth in 
urban farming conditions, with a highly compact vegetative 
structure and “bunch-of-grapes” like fruiting structure with 
synchronised ripening. The technology is being further 
developed in the commercial sector, notably through the 
establishment of the new biotechnology company, Inari.
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Genome editing holds great promise for increasing crop 
productivity, and there is particular interest in advancing 
breeding in orphan crops, which are often burdened by unde-
sirable characteristics resembling wild relatives. We developed 
genomic resources and efficient transformation in the orphan 
Solanaceae crop ‘groundcherry’ (Physalis pruinosa) and used 
clustered regularly interspaced short palindromic repeats 
(CRISPR)–CRISPR-associated protein-9 nuclease (Cas9) 
(CRISPR–Cas9) to mutate orthologues of tomato domestica-
tion and improvement genes that control plant architecture, 
flower production and fruit size, thereby improving these major 
productivity traits. Thus, translating knowledge from model 
crops enables rapid creation of targeted allelic diversity and 
novel breeding germplasm in distantly related orphan crops.

There has been extensive discussion on leveraging genome-
editing technologies to improve staple crops1, yet their application 
to regionally important plants grown for subsistence purposes is 
equally exciting, especially in developing countries. Such ‘orphan 
crops’ are relatively unknown and typically have not experienced 
intensive selection for domestication and improvement. Thus, 
orphan crops are less productive, untenable at larger agricultural 
scales, and benefit less from basic research2. Genome-editing tech-
nologies, such as the broadly successful clustered regularly inter-
spaced short palindromic repeats (CRISPR)–CRISPR-associated 
protein-9 nuclease (Cas9) (CRISPR–Cas9) provide opportunities 
to address these deficiencies, with primary goals to increase qual-
ity and yield, improve adaptation and expand geographical ranges 
of cultivation. The Solanaceae family contains many orphan crops 
alongside several well-characterized model crops, such as the 
tomato (Solanum lycopersicum), potato (Solanum tuberosum) and 
pepper (Capsicum annuum). This strong foundation of genetic, 
developmental and genomic knowledge makes the Solanaceae an 
excellent platform for translating genome editing to orphan crops.

We focused on the orphan crop Physalis pruinosa (ground-
cherry), a wild Solanaceae that is more distantly related to the 
tomato than the pepper, and which is grown in Central and South 
America for its subtly sweet berries3,4. Barriers to higher produc-
tivity and wider cultivation include a wild sprawling growth habit 
and small ~1 g fruits that drop to the ground due to strong stem 
abscission (Fig. 1a–g). These undesirable characteristics paral-
lel the wild ancestor of the tomato, Solanum pimpinellifolium, for 
which selection allowed major improvements in shoot architecture, 
flower production and fruit size5,6 (Fig. 1h–m). Although ground-
cherry and related Physalis species have the same chromosome 
number as most Solanaceae (n =  12)7, several challenges remain 

for gene editing, including the absence of reference genomes, lim-
ited information on gene content and function, and several archi-
tectural and fruit development traits that differ from the tomato 
(Fig. 1). However, considering its phylogenetic relationship with 
the tomato, its diploid genome and the fact that key developmen-
tal and productivity genes have similar functions across model 
Solanaceae8, we hypothesized that Physalis orthologues of select 
tomato domestication and improvement genes could be modified 
through editing for immediate improvements.

A major obstacle for CRISPR–Cas9 plant genome editing is lack 
of efficient tissue culture and transformation methodologies9. For 
editing of P. pruinosa to be realized, we developed Agrobacterium 
tumefaciens-mediated transformation modelled after our tomato 
methodology (Supplementary Methods), and evaluated editing 
by targeting the orthologue of the tomato leaf development gene 
Sl-AGO7 (where ‘Sl-’ relates to S. lycopersicum). This was previ-
ously used to test CRISPR–Cas9 in the tomato, because mutations 
result in conspicuous narrowing of the leaves and floral organs10. 
First-generation (T0) plants were chimeric for Ppr-AGO7 mutations 
(where ‘Ppr-’ relates to P. pruinosa) and, like tomato Sl-ago7CR chime-
ric T0 plants (where CR indicates CRISPR–Cas9-induced), the leaves 
and petals were narrower than in the wild type (Supplementary  
Fig. 1a,b), indicating efficient editing in the groundcherry.

To expand Physalis genomic resources beyond a leaf transcrip-
tome from the related Physalis peruviana, which lacked orthologues 
of several tomato domestication and improvement genes6,11–13, we 
generated Illumina whole-genome and RNA sequencing de novo 
assemblies from vegetative and reproductive tissues (Supplementary 
Methods). Analysis14 revealed 93 and 82% complete benchmarking 
universal single-copy orthologues for the transcriptome and genome 
assembly, respectively, and 12,993 orthologues of tomato genes were 
reconstructed with at least 90% coding sequence coverage.

With these tools, our first efforts focused on modifying ground-
cherry shoot architecture to contain its weedy growth habit. In the 
tomato, selection for mutations in florigen flowering pathway genes 
allowed major improvements in plant architecture and yield15. In 
particular, a classical missense mutation in the antiflorigen SELF-
PRUNING (SP) gene (spclassic) provided compact ‘determinate’ growth 
that translated to a burst of flowers and fruits, thereby enabling large-
scale field production16. SP encodes a flowering repressor that mod-
ulates sympodial growth—a hallmark Solanaceae and many other 
plant species—and mutations in the pepper SP orthologue cause a 
similar acceleration of sympodial cycling and shoot termination8.

We searched our groundcherry assemblies for SP homologues 
and related florigen family members, and phylogenetic analysis 
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The taming of the shrub
Can genomics, functional analysis and genome editing help build the bridge between orphan crops and modern 
agriculture?

Luca Comai

The world’s food supply depends 
on a few crop species, such as rice, 
wheat, maize, soy and potato, on 

which research and breeding efforts are 
concentrated. In addition, small farmers 
grow a variety of orphan crops, a set 
of species that are tasty, nutritious and 
well adapted, but mostly unsuited for 
intensive agriculture because of their wild 
characteristics. In this issue of Nature Plants, 
Lemmon et al.1 edit the genome of orphan 
crop Physalis pruinosa (groundcherry) 
to explore domestication of this species. 
Specifically, they modify genes whose 
orthologues control domestication traits 
in the close relative, tomato. The authors’ 
results demonstrate both the power of this 
approach and the importance of identifying 
mechanisms and gene targets. Thanks to 
genetic and genomic analyses2, the path 
to domestication from wild ancestor to 
modern crop is becoming clearer for several 
cultivated species. Evidence indicates that 
mutations altering the function of a few, 
selected loci, called domestication genes, 
played a determining role. For example, 
alleles at a few major loci are responsible 
for much of the difference between wild 
teosinte and modern maize2. Domestication 
genes have been identified in other key crop 
species: they control flowering and fruit 
development, increase harvest index (more 
product per plant), facilitate harvesting 
by inhibiting abscission of fruits, or make 
the final product easier to store, chew and 
digest2. Manipulation of these traits stands 
as one of the great human achievements. 
Some traits, such as loss-of-shattering, 
were unknowingly selected by Neolithic 
gatherers. Other traits, such as branching 
and determinate growth, required keen 
observation and intent to save the variant. 
By increasing food availability, crop 
domestication has enabled the flourishing 
of sciences, arts and technology. While 
the basic chassis of our staple species is 
Neolithic, some improvements are recent, 
such as semi-dwarfism in wheat and rice. 
Notably, tomato was radically altered to 
enable mechanical harvesting by combining 
a spontaneous mutation in SELF-PRUNING 

(Fig. 1)3 with alleles of other genes that make 
the fruit hard to bruise and rich in solids2.

The availability of genomic information 
and efficient genome editing tools  
represents a novel opportunity for crop 
domestication and improvement2,4. Wild 
species and unimproved orphan crops  
can now, in theory, be modified rapidly  
and in a targeted manner, to provide  
novel and improved crops. Consider 
groundcherry (P. pruinosa), a solanaceous 
species that produces a small, but tasty 
berry. A garden curiosity5, groundcherry 
cannot be grown on an agricultural scale 
because of wild characteristics such as 
sprawling habit, small, husked fruit and 
strong fruit abscission. The growth habit 
and production of small fruits unsuited 
for agriculture resemble the characteristics 
of the wild ‘currant’ tomato Solanum 
pimpinellifolium, which was domesticated to 
become tomato. Lemmon and co-workers 
saw an opportunity: would modification 
of the known gene targets of tomato 
domestication achieve corresponding gains 
in this sister species? Through gene editing, 
they targeted repressors of the florigen 
pathway to increase flower numbers and 
delimit flowering time, both on primary 
and axillary shoots. Knockout of SELF-
PRUNING, a classical improvement 
gene that controls indeterminate versus 
determinate growth in tomato, was too 
severe to be useful, resulting in extreme 
compactness. Knockout of another florigen 
repressor, SP5G, resulted in increased 
axillary flowering, although caused no 
changes to the primary shoot; nonetheless, 
fruit density increased. The authors next 
targeted the CLAVATA pathway, which 
regulates shoot apical meristem size by the 
interaction of a small peptide, CLV3, with 
its receptors (CLV1 and others). Knockout 
of CLV1 resulted in increased flower 
meristem size, additional flower organs 
and conversion from two-locule to a larger, 
three-locule fruit. These manipulations 
produced variants better suited to, although 
well short of, full agricultural exploitation 
and constitute an impressive demonstration 
of what is possible through a combination 

of genomics and gene editing of just a small 
number of loci.

The study, as successful as it was, 
also demonstrates the challenges 
that ‘domesticators’ will encounter. 
Domesticating an orphan crop plant 
requires multiple tools: a well elucidated 
genome sequence, including the 
understanding of paralogue structure 
and gene expression, and a delivery 
system for genome editing, the simplest 
being a transformation system. Just as 
important is the ability to predict what 
targeted modification will achieve the ideal 
phenotype. Target identity can be inferred 
by understanding the domestication history 
of crops closely related to the orphan crop. 
Nonetheless, the structure of gene networks 
varies according to node number, type and 
connections6. A change yielding the desired 
outcome in one species may be too severe, 
insufficient or completely devoid of effect 
in another. Breeders and geneticists have 
long known that genetic modifiers present 
in populations can dramatically alter a 
mutation phenotype. This was demonstrated 
here by the dwarfing effect of the SELF-
PRUNING knockout in groundcherry, or 
by the inability to modify primary shoot 
flowering by SP5G manipulation. In many 
cases, a knockout may be inadequate and a 
subtler allele may be needed instead, such 
as altering promoter activity or protein 
structure. Editing promoter segments should 
facilitate the production of alleles with new 
and useful expression properties7. Finally, 
the accelerated domestication envisaged 
here may involve manipulation of several 
genes with the connected combinatorial 
challenge of testing many variables. 
In fact, it is possible that domesticated 
species may owe their fate in part to their 
relative ease of genetic manipulation: if 
key domestication traits were monogenic 
and variable in the ancestor, they would 
have been easily apparent and selectable by 
breeders. Orphan crops, in contrast, may have 
resisted domestication because of multigenic 
regulation of the same traits8. All things 
considered, what are the prospects for ‘taming 
wild species’? The work by Lemmon et al.1  
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Thus, knowledge of the genetic changes that underpin 
valuable traits can be used to recreate and extend selected 
phenotypes in related plant varieties - and even in related 
species. For example, Physalis (known as Cape Gooseberry or 
Ground Cherry) is another crop from the Solanaceae, related 
to tomato. The Lippman and Van Eck groups used similar 
approaches to modify fruit size, shoot architecture and other 
traits in this relatively unimproved crop. Targeted genome 
editing was used to create a rich set of variants that could be 
fed directly into breeding programmes.

Pathway engineering in plants: 
introducing ectopic positive-feedback 
regulatory loops for hyper-expression of 
existing pathways

Molecular Systems Biology 5; Article number 294; doi:10.1038/msb.2009.52  

Transcriptional cascades underpin gene regulatory networks. 
Transcription factors (TFs), denoted as nodes in a network 
(red and green circles), represent several entities (gene, 
mRNA, and protein) and events (transcription, translation, 
degradation, etc) that are compressed in both space and 
time. The series of regulatory events can be conveniently 
represented as a node in the network, although this does not 
capture the dynamics of these entities and the biological 
processes.

Molecular Systems Biology 5; Article number 294; doi:10.1038/msb.2009.52  

An example: hierarchical structure in the yeast transcription 
regulatory network. The organization of transcription factors 
in the network naturally clusters into three basic non-
overlapping layers: the top (red), core (green), and bottom 
(blue). Thirty-two regulatory hubs are highlighted in bold and 
marked with a star (*), and nine essential TFs are marked with 
an arrow.  
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In this scheme, a gene from downstream in the regulatory 
hierarchy is identified. Its promoter (blue) is fused to a copy 
of the master regulator (red). Therefore when the master 
regulator is switched on during the normal course of 
development, there is a cascade of transcriptional control 
events that results in triggering of housekeeping genes, and 
in addition, triggering of a new copy of the master regulator. 
Results in expansion of the normal pathway.

As an example, we will look at the engineering of 
transcription factors to modify cell wall composition in 
plants. The development of improved feedstocks for 
bioenergy production has focused on maximising primary 
cell wall and cellulosic material, and limiting amounts of 
lignin compounds during secondary wall growth.
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The two “arms” of vascular cell development are regulated by 
two transcription regulators, NAC Secondary Wall Thickening 
Promoting Factor 1 (NST1) and Vascular Related NAC Domain 
6 (VND6). These genes show expression patterns that are 
limited to fibre and vessel cells, respectively. 
In a two-way approach, Loque and colleagues interfered with 
the synthesis and deposition of lignin. (i) The promoter of a 
key lignin gene, C4H, was replaced by the vessel-specific 
promoter of transcription factor VND6 in a c4h mutant. This 
rewired lignin biosynthesis specifically for vessel formation 
while disconnecting C4H expression from the fibre regulatory 
network. (ii) The promoter of the IRX8 gene, a secondary cell 
wall glycosyltransferase, was used to express a new copy of 
the fibre transcription factor NST1, and as the IRX8 promoter 
is induced by NST1, this creates an artificial positive feedback 

dwarfed phenotypes or a reduction in cellulose content,
respectively, thus compromising biomass accumulation
[63,64]. Both mutations cause a decrease in cellulose
crystallinity. Expression of a defective cellulose synthase
CesA3 (eli1) is correlated with a lignin enrichment in H
units [65] suggesting that over-expression of a defective
cellulose synthase could be used to enhance the ratio
between crystalline and amorphous cellulose as shown in
tobacco [66!] and boost the accumulation of H units to
reduce lignin DP and recalcitrance.

With the recent advance of establishing gene regulatory
networks responsible for secondary wall formation [67!!],
overexpressing certain transcription factors leads to ec-
topic production of secondary walls [68]. Hence, the
utilization of emerging transcription factors specific for
the cellulose synthase could represent a viable strategy to
increase cellulose production. The successful engineer-
ing of increased cell wall density was achieved by over-
expressing the NST1 master transcription factor
controlling secondary cell wall biosynthesis in fiber cells
in Arabidopsis [15]. The NST1 gene was driven by a
downstream promoter of a secondary cell wall glycosyl-
transferase (IRX8), thereby effectively generating a posi-
tive feedback loop that ensured a high level of NST1
expression but only in cells already expressing NST1 to
begin with (Figure 3). By introducing this construct into
plants that had already been engineered to have low
lignin content, the cell walls did not only have higher
density but also a markedly higher carbohydrate content
and improved saccharification [15].

The glycan backbones of the hemicelluloses contain b-
1,4 glycosidic linkages similarly to cellulose and are often
synthesized by enzymes homologous to the CesAs, be-
longing to glycosyltransferase family 2 [69]. Consequent-
ly, the backbone of matrix polysaccharides such as
mannan, xyloglucan, and mixed-linkage glucans are syn-
thesized by CslA, CslC, and CslF/H proteins, respectively
[70]. Overexpression of a guar CslA (ManS) in soybean
embryos led to a 3% increase in mannan in soybean seeds
[71]. CslF and CslH were identified as playing a key role
in the synthesis of mixed-linkage glucan, a non-cellulosic
polysaccharide occurring in the walls of grasses, by het-
erologous expression of their rice and barley orthologs,
respectively, in Arabidopsis [72,73]. Arabidopsis does not
contain endogenous mixed-linkage glucans in its walls,
but expression of these genes resulted in the presence of
b-glucans as detected by immunolabelling techniques
using a specific antibody. However, the level of mixed-
linkage glucan level in the leaf tissue was estimated to be
only 0.1% and 0.4% (wt/wt) of the walls for the expression
of OsCslF and HvCslH, respectively. A more promising
result was obtained when a barley CslF (HvClsF6) was
overexpressed in barley resulting in a 3–4-fold increase in
mixed-linkage glucans in the leaf tissue leading to a plant
biomass with a higher hexose content [74]. However, this

overexpression utilizing the constitutive 35S promoter
often resulted in yellow, wilted leaves and plant lethality
compromising plant biomass accumulation. Similar plant
growth defects were observed when using the 35S pro-
moter for transient expression of OsCslF6 in tobacco or
stable transformation in Arabidopsis resulting in accumu-
lation of mixed-linkage glucan at levels up to 13% and
6%, respectively [75]. Since the presence of b-glucan was
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Engineering of increased cell wall density and decreased lignin in
Arabidopsis. Schematic of simplified regulatory network controlling
secondary cell wall biosynthesis in vessel and fiber cells in plants and
images from wildtype (a) and engineered (b) Arabidopsis plants
depicting interfascicular tissues composed of fiber cells. Engineered
plants were generated from a c4h defective mutant (mutant affected in
the second lignin biosynthesis step) that was transformed with the
wild-type version of the mutated C4H gene driven by a vessel-specific
promoter (pVES) which rescued the negative effect of low lignin
content. Generated plants were further transformed with a construct
(e.g. pIRX8::NST1) that led to higher expression of master transcription
factor controlling secondary cell wall biosynthesis in fiber cells (e.g.
NST1). This approach has been described in Ref [15]. Scale is 2 mm;
CW: cell wall; L: Cell lumen.
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density but also a markedly higher carbohydrate content
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longing to glycosyltransferase family 2 [69]. Consequent-
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thesized by CslA, CslC, and CslF/H proteins, respectively
[70]. Overexpression of a guar CslA (ManS) in soybean
embryos led to a 3% increase in mannan in soybean seeds
[71]. CslF and CslH were identified as playing a key role
in the synthesis of mixed-linkage glucan, a non-cellulosic
polysaccharide occurring in the walls of grasses, by het-
erologous expression of their rice and barley orthologs,
respectively, in Arabidopsis [72,73]. Arabidopsis does not
contain endogenous mixed-linkage glucans in its walls,
but expression of these genes resulted in the presence of
b-glucans as detected by immunolabelling techniques
using a specific antibody. However, the level of mixed-
linkage glucan level in the leaf tissue was estimated to be
only 0.1% and 0.4% (wt/wt) of the walls for the expression
of OsCslF and HvCslH, respectively. A more promising
result was obtained when a barley CslF (HvClsF6) was
overexpressed in barley resulting in a 3–4-fold increase in
mixed-linkage glucans in the leaf tissue leading to a plant
biomass with a higher hexose content [74]. However, this

overexpression utilizing the constitutive 35S promoter
often resulted in yellow, wilted leaves and plant lethality
compromising plant biomass accumulation. Similar plant
growth defects were observed when using the 35S pro-
moter for transient expression of OsCslF6 in tobacco or
stable transformation in Arabidopsis resulting in accumu-
lation of mixed-linkage glucan at levels up to 13% and
6%, respectively [75]. Since the presence of b-glucan was
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Engineering of increased cell wall density and decreased lignin in
Arabidopsis. Schematic of simplified regulatory network controlling
secondary cell wall biosynthesis in vessel and fiber cells in plants and
images from wildtype (a) and engineered (b) Arabidopsis plants
depicting interfascicular tissues composed of fiber cells. Engineered
plants were generated from a c4h defective mutant (mutant affected in
the second lignin biosynthesis step) that was transformed with the
wild-type version of the mutated C4H gene driven by a vessel-specific
promoter (pVES) which rescued the negative effect of low lignin
content. Generated plants were further transformed with a construct
(e.g. pIRX8::NST1) that led to higher expression of master transcription
factor controlling secondary cell wall biosynthesis in fiber cells (e.g.
NST1). This approach has been described in Ref [15]. Scale is 2 mm;
CW: cell wall; L: Cell lumen.
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Engineering of increased cell wall density and decreased 
lignin in Arabidopsis. Schematic of simplified regulatory 
network controlling secondary cell wall biosynthesis in vessel 
and fibre cells in plants and images from wildtype (a) and 
engineered (b) Arabidopsis plants depicting interfascicular 
tissues composed of fiber cells. Engineered plants were 
generated from a c4h defective mutant (mutant affected in 
the second lignin biosynthesis step) that was transformed 
with the wild-type version of the mutated C4H gene driven 
by a vessel-specific promoter which rescued the negative 
effect of low lignin content. Generated plants were further 
transformed with a construct (pIRX8::NST1) that led to higher 
expression of master transcription factor controlling 
secondary cell wall biosynthesis in fiber cells (e.g. NST1).  

Production of transgenic plants with increased xylan content 
and decreased lignin content.

Switchgrass
enhanced xylem formation

Medicago
enhanced root growth

The biotechnology company AFINGEN® was set up to exploit 
the Positive Feedback Loop (APFL) platform - and they offer a 
robust path to improve commercially competitive crops with 
minimal cisgenic/intragenic manipulation and improved 
genetic stability compared to conventional bioengineering. 
By the selective amplification and/or reduction of target 
genes with unprecedented specificity and improved 
tolerance engineered crops (e.g. rice, corn, wheat, soybeans, 
canola, alfalfa, and sorghum) the modified plants can offer 
higher yields of biomass, more cellulose, and less lignin with 
healthy and robust plant growth. (Images from https://
afingen.org/technology/)



that automation would enable large-scale screens such as those
performed in the recent work by Wang et al. (2015) in which
CRISPR-mediated mutations were used to determine essential
genes required for human cell proliferation. Using an automated
cell screen, every gene could be knocked out sequentially in crop
cells for a massive functional analysis.

Agrobacterium-mediated transformation consists of bacterial
attachment, T-DNA and virulence (vir) effector protein transfer,
cytoplasmic trafficking of T-DNA/protein complexes, nuclear entry,
removal of proteins from the T-strand, T-DNA integration, and
transgene expression. We have a basic understanding of the plant
and bacterial virulence proteins that are important for these pro-
cesses (Figure 4; Gelvin, 2012; Magori and Citovsky, 2012; Lacroix
and Citovsky, 2013). For example, altered production of the plant
proteins has increased host susceptibility to transformation (Gelvin,
2010). In particular, an Arabidopsis MYB transcription factor (MTF)
appears to function as a global negative regulator of transformation
susceptibility; downregulation of MTF can increase Arabidopsis

transformation 15-fold (Sardesai et al., 2013, 2014). Conversely,
some host proteins are activated or produced in response to
Agrobacterium. The bacterium likely subverts these proteins to
facilitate infection (Zaltsman et al., 2010). Thus, it is likely that
priming the host plant by downregulation of one or more of its
infection-responsive genes could enhance Agrobacterium-
mediated transformation.
Plant tissue browning and necrosis in response to Agrobacterium

infection reduces transformation frequency. Antioxidants in the
infection medium can attenuate this reaction, but plant cells may
still respond to the Agrobacterium pathogen-associated molecu-
lar pattern Ef-Tu (Zipfel et al., 2006) and perhaps bacterial surface
molecules. Research is needed to identify bacterial-associated
molecules that induce localized defense responses in crop
plants and either eliminate or mask them, generating a “stealth
Agrobacterium” strain that does not elicit necrotic responses.
Particular combinations of Agrobacterium vir genes and bac-

terial chromosomal backgrounds influence virulence on different

Figure 3. Important Historical Milestones in Plant Transformation.

Since itsbeginning in1977, thepaceofcrop transformation technologydevelopmenthasnotbeen linear. In recent years, thegenomeediting revolutionbegs
for crop transformation improvements to enable greater food security.
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PERSPECTIVE

The history of crop domestication has demonstrated the 
genetic plasticity of plants, and the benefits of manipulation 
of complex traits (e.g. microarchitecture of plant organs to 
reduce pod shatter). As our our ability to manipulate plant 
genomes improves, along with our understanding of plant 
development and growth - new possibilities for the rational 
design of plant improvements become feasible. This is very 
timely, as there is continued pressure to increase crop yields, 
due to constraints on the availability fertile land and water, 
and pressure from population growth and demand for 
improved food quality. 


