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Lecture 1. Plant breeding and transformation

(Click to see slide show)

(i) Crop breeding: Zea mays as an example, hybrid maize and the rise of

agribusiness

(ii) "Ground Zero" for biotechnology

Agrobacterium mediated plant transformation

First plant transformation experiments

Biotechnology in agriculture

(Download Lecture 1 notes in PDF form)

Suggested reading

Biotechnology in the 1930s: the development of hybrid maize. DN

Duvick, Nature Reviews Genetics 2:69-73, 2001.

The scientiLc roots of modern plant biotechnology. IM Sussex, The

Plant Cell 20:1189-1198, 2008.

Agrobacterium: nature's genetic engineer. EW Nester, Frontiers in

Plant Science 5:1-16, 2015.

Lecture 2. Genetics and phenotype 

(Click to see slide show)

(i) Gene design

(ii) Single gene traits

(iii) Reporter genes

(iv) Visualising cell architecture

(Download Lecture 2 notes in PDF form)

Suggested reading

Towards two decades of plant biotechnology: successes, failures and

prospects. N Halford Food and Energy Security 1:9-28, 2012.

GM plants: questions and answers. Royal Society Report, 2016
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R Cyr and S Gilroy, The Plant Journal 45:599-615, 2006.

Lecture 3. Plant biotechnology

(Click to see slide show)

(i) Genome scale DNA engineering and precision breeding

(ii) Synthetic Biology

(iii) Global challenges

(iv) Problems and technical opportunities.

(Download Lecture 2 notes in PDF form)

Following lectures: CO2 levels, photosynthesis and carbon capture

(Hibberd); Nutrient availability (Davies); Global warming: Drought and

water relations (Gricths); Temperature responses (Tanner)

Suggested reading

Convergent traits

Shatterproof genetics

Bayer trait development story

Part 1B Practical Class 

Plant transformation and use of reporter genes and microscopy of plants. 

In this practical session there are several objectives: (i) to describe gene fusions, (ii) the use of reporter genes in plants, and (iii) the use of

microscopy techniques for reporter gene detection in the context of plant transformation. 

These pages contain copies of images used in the practical, and articles for further reading are provided as downloadable PDFs (Click on the menu

items to access these).
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Lecture Content Overview
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microbiology  
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Practical Classes I
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• Integrated practicals: 
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Support on Moodle

• Lecture and practical material 
•Glossaries for every lecture block 
• Interactive resources for consolidation
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Lecture 1: Plant breeding and transformation

NST PMS 1B 8

NST PMS 1B: Origins of modern agriculture  
Prof. Jim Haseloff (jh295): Supplementary lecture materials at haseloff.plantsci.cam.ac.uk 

L1. Plant breeding and transformation 
(i)  Crop breeding: Zea mays as an example, hybrid maize and the rise of agribusiness 
(ii) "Ground Zero" for biotechnology  
  Agrobacterium mediated plant transformation 
  First plant transformation experiments  
  Biotechnology in agriculture 

L2. Genetics and phenotype  
(i) Single gene traits 
(ii) Reporter genes, regulatory networks and multicellularity 
(iii) Physiology and morphogenesis  
(iv) Diversity and trait development 

L3. Plant biotechnology 
(i) Genome scale DNA engineering and precision breeding 
(ii) Synthetic Biology  
(iii) Global challenges  
(iv) Problems and technical opportunities. 

Following lectures: CO2 levels, photosynthesis and carbon capture (Hibberd); 
Nutrient availability (Davies); Global warming: Drought and water relations 
(Griffiths); Temperature responses (Tanner) 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Nikolai Vavilov

Origins of world crops 10 Nicola 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

11 Current theories for the evolution of anatomically modern 
humans, include origin in west 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

12 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 13 Corn cobs, Zea mays; plant remains; Tehuacan Valley, 
Puebla, Mexico; c. 5000 BC to AD 1500. 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

14  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 is estimated that new 
varieties of maize been selected for over 7000 years. Modern 
varieties are characterised by a cob architecture with much larger 
numbers of kernels on each inflorescence.

15  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.



16 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 over millennia produced maize varieties that 
lacked this integument.

Maize breeding

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

17  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 these seed.  the 
cumulative effect of this simple selection procedure over many 
generations gave rise to plant lines with many improved 
characters.

Sculpture of Mexica Goddess Chicomecoatl with Ears of Corn 
Museum of Anthropology - Mexico City - Mexico

18 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.  
Chicomecoatl, was the Aztec goddess of maize, agriculture and 
fertility. Chicomecoatl was the deity who ensured that maize 
kernels turned into thriving plants. When plants began to sprout, 
the Mexica held special celebrations where young women let 
down their hair and danced through the fields. They each picked 
five ears of corn, wrapped them up as if they were infants, and 
danced them back from the fields in a great procession full of 
music. As part of the festivities, people would douse each other 
with flower pollen or scented maize flour. After harvest, a young 
girl dressed as Chicomecoatl was sacrificed by decapitation and 
her blood was collected so that it could be poured over a statue 
of the goddess. The priests then flayed her corpse and wore the 
skin. https://en.wikipedia.org/wiki/Centeotl

Photo courtesy of CIMMYT Maize Germplasm Bank

Examples of some of the 59 native Mexican maize landraces.
19 New maize varieties with 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)



Maize diversity spread 
 across South and  
North America

20 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. This poster shows 
the distribution of distinct varieties of maize across local 
agricultural regions in Peru.

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

21 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)

22 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

23 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 24 In the 1900s scientists like GH 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.

25 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.
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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 26 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 
27 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.



28

Norman 
Borlaug and 
the Green 
Revolution

28  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, to a 
group of young international trainees, 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. 

 

29 The harvesters by Pieter Bruegel the Elder (1565) - with a graphic 
representation of harvested wheat field in northern Europe. Note 
that the height of these wheat crops reached shoulder height.

30  Modern wheat crops are much shorter, shown here with Norman 
Borlaug and colleagues at a trial field of Sonora-64. 
The story of Borlaug career is inspiring, a short version can be 
found at https://en.wikipedia.org/wiki/Norman_Borlaug.  He has 
been credited with saving a billion people from starvation, and 
his work has been extended to rice varieties.

The Green Revolution
31 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

32 Until the early 1980s, the generic modification of crops require 
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 access to 
effectively any engineered DNA construct and unconstrained 
modification of plant genomes. This breakthrough came in 1983 
with the publication of the first Agrobacterium-mediated plant 
transformation papers from three groups.

33 Agrobacterium tumefaciens is capable of binding to plant cells, 
forming a conjugation complex and transferring a specific and 
delimited  segment of DNA.  Here shown in an electron 
micrograph.

Agrobacteriun tumefaciens is the causal agent of crown gall disease 34 In a normal infection, conjugation of a bacterium to 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

35 The transferred T-DNA includes genes that encode enzymes for 
synthesis of plant growth hormones. The ectopic production of 
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. 
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unknown; VirB9 in complex with the short lipopro-
tein VirB7 could be part of this structure. However, no 
transmembrane region has been found or is predicted in 
either protein. The function of VirB1 and VirB3 in this 
complex is also unclear.

The lack of knowledge concerning the assem-
bly, shape and structure of this complex multiprotein 
machine has spurred a major effort to characterize 
the three-dimensional structure of T4SSs. Indeed, the 
crystallization of the first T4SS component, the H. pylori 
VirB11 homologue, 10 years ago ushered in a new phase 
in type IV secretion (T4S) research, which has recently 
gained momentum with the first structural characteri-
zation of a large T4SS assembly, the core complex of 
the T4SS that is encoded by the conjugation plasmid 
pKM101. In this Review, we describe the successes of 
T4SS structural biology research over the past decade 
and discuss the insights that have been gained from 
these efforts.

The cytoplasmic ATPases
T4SSs usually have three dedicated ATPases that 
form the power units of the secretion machinery. 
In A. tumefaciens, these ATPases are named VirD4, 
VirB11 and VirB4. All three are essential for secretion, 
and VirB11 and VirB4 are also required for biogenesis 
of the T4S pilus (which is known as the T-pilus in 
A. tumefaciens).

VirD4 coupling protein. Proteins related to VirD4 are 
ubiquitous members of the conjugative T4SSs that  
are found in Gram-negative and Gram-positive bac-
teria. These proteins are termed coupling proteins 
(CPs) or substrate receptors because their fundamental 
function is to recruit substrates to the T4SS for secre-
tion through the translocation channel. CPs interact 
directly with T4SS substrates, presumably through 
binding secretion signal sequences, and mediate the 
transfer of these substrates to specific subunits of 
the secretion channel14. Some effector translocation 
systems, such as the T4SSs of B. pertussis or Brucella 
spp., use a CP-independent mechanism for substrate 
recruitment and secretion15–17. In these cases, translo-
cation across the inner membrane is mediated either 
by another receptor that bears little or no sequence 
similarity to the CPs or by the general secretory  
pathway. In this pathway, the substrate is delivered to 
the periplasm by the SecYEG machinery, where it then 
engages with the T4S machine for translocation across 
the outer membrane.

CPs contain Walker A and B motifs, which are essential 
for nucleotide binding and hydrolysis18–20. Mutations 
in these motifs abolish translocation, indicating that 
nucleotide binding and hydrolysis are essential for the 
secretion process. ATPase activity has been reported 
for TrwB, the CP encoded by the E. coli IncW plasmid 
R388, and enzymatic activity is stimulated by single- and 
double-stranded DNA19–23.

CPs are tethered to the inner membrane by an 
amino-terminal membrane anchor sequence. For 
TrwB, this membrane anchor is required for oli-
gomerization19,21,24. The X-ray structure of the soluble, 
~50 kDa cytoplasmic domain of TrwB revealed a glob-
ular hexameric assembly in which each subunit has the 
shape of an orange segment and is composed of two 
distinct domains18 (FIG. 2a): an all-α-domain that faces 
the cytoplasm and a nucleotide-binding domain that 
is linked to the inner membrane by the N-terminal 
membrane anchor. The all-α-domain contains seven 
helices and the nucleotide-binding domain is com-
posed of a central twisted β-sheet flanked by several 
helices on both sides. The six TrwB protomers assem-
ble to form a globular ring that is ~110 Å in diameter 
and 90 Å in height, with a ~20 Å-wide channel in the 
centre. This channel forms an 8 Å-wide constriction at 
the cytoplasmic pole of the molecule. Binding pockets 
at the interface between the subunits form the nucle-
otide-binding sites. TrwB undergoes conformational 
changes in the central channel on substrate binding 
and hydrolysis25, suggesting that CPs might act as 
motor proteins during secretion.

Figure 1 | Schematic of the role of type IV secretion in bacteria. The three groups of 
type IV secretion apparatus are shown. a | Conjugative type IV secretion systems (T4SSs) 
deliver plasmids or transposons from donor cell to recipient cell in Gram-negative and 
Gram-positive bacteria. b | DNA uptake (transformation) and release T4SSs mediate the 
exchange of DNA with the extracellular milieu. c | Effector translocation T4SSs deliver 
DNA or protein substrates to eukaryotic cells and are directly involved in the virulence of 
many pathogenic Gram-negative bacteria (for further details, see REFS 10,11,128,129).
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T4SS = Type IV secretion system

Agrobacterium tumefaciens exploits a modified bacterial conjugation 
system in order to transform susceptible plant cells.

36 Agrobacterium tumefaciens exploits a modified bacterial 
conjugation system (a multi-gene Type IV secretion system T4SS) 
in order to transform susceptible 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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37 The large Ti (mega-)plasmids have a modular structure, with 
grouped sets of genes that play distinct functional roles. First, 
they encode two different Type IV secretion systems, Trb for Ti 
plasmid transfer and virA for T-DNA transfer (yellow).

Fig. 4. 
Genetic organization of the A. tumefaciens Ti plasmid-encoded virB and trb operons. The 
virB genes and some of the known functions of the encoded products are presented at the 
top. This T4SS is closely related in operon organization and subunit composition to a T4SS 
encoded by the E. coli conjugative plasmid pKM101. The Trb system is closely related in 
operon organization and subunit composition to a T4SS encoded by the E. coli conjugative 
plasmid RP4. Genes encoding protein homologs are identically color-coded.
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38 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.

39 Diagrammatic representation of the Type IV secretion system and 
conserved protein subunits found conserved among different 
bacterial species.
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core complex assembly or secretion efficiency, but it 
does severely affect T-pilus biogenesis. The proline-
rich region is essential for core complex assembly and  
substrate secretion52.

VirB7 and VirB9 contain signal peptides that target 
them to the periplasm. VirB7 is a small lipoprotein that 
is inserted in the outer membrane and interacts with and 
stabilizes VirB9; in A. tumefaciens, a disulphide bridge is 
formed between the two proteins. VirB9 consists of two 
domains linked by a flexible linker of ~50 amino acids56,57. 
In the VirB7–VirB9–VirB10 complex, the CTD of VirB9 
is part of the structure that forms the outer membrane 
pore. However, it can be produced as a soluble complex 
with VirB7, the structure of which has been solved by 
nuclear magnetic resonance spectroscopy: in solution, 
the VirB9 C-terminal domain adopts a β-sandwich fold, 
around which VirB7 winds57 (FIG. 2b).

The VirB10 CTD crystal structure could be fitted into 
the electron density of the external wall of the main body 
of the O layer, with its N terminus directed towards the  
I layer (FIG. 4). In this location, VirB10 would form a scaf-
fold, bridging the inner membrane and the outer mem-
brane components of the core complex58. By contrast, 
the structure of the VirB9 CTD in solution could not be 
fitted into the electron density. The VirB9 C-terminal 

domain structure displays a protruding, three-stranded 
β-appendage opposite the VirB9–VirB7 interface 
(shown in red in FIG. 2b). This β-appendage loosely 
associates with the VirB9 β-sandwich core structure, 
and biochemical data have shown that the equivalent 
region in A. tumefaciens is exposed on the cell surface. 
Therefore, the region of VirB9 that is most likely to be 
inserted in the outer membrane is the β-appendage. 
This region can indeed undergo a large conformational 
change to protrude out of the cell57, similarly to the pre-
stem β-appendage of α-haemolysin, which in the pres-
ence of a lipid bilayer undergoes a large conformational 
change that leads to its projection through the outer 
membrane and its heptamerization to form a 14-strand 
β-barrel59,60.

Where do VirB6 and VirB8 fit? The I layer of the T4S 
complex, which is composed of the NTDs of VirB9 
and VirB10, is inserted in the inner membrane by the 
VirB10 N-terminal TMS. However, it is unlikely that  
the 14 VirB10 TMSs would be sufficient to form the 
inner membrane pore. Among the T4SS subunits, VirB6 
and VirB8 are better candidates to form this pore as, 
unlike VirB10, they directly contact the substrate during  
secretion in A. tumefaciens61 (FIG. 5).

Figure 4 | Structure of a type IV secretion core complex. The core complex53 is composed of TraN (a VirB7 
homologue), TraO (a VirB9 homologue) and TraF (a VirB10 homologue), which are encoded by the Escherichia coli 
conjugative plasmid pKM101. This structure was obtained using cryo-electron microscopy and is viewed from the side 
(upper left panel), tilted towards the outer membrane side (lower left panel) and tilted towards the inner membrane  
side (lower right panel). The cut-out view (upper right panel) details the proposed transmembrane regions and the localization 
of the VirB7, VirB9 and VirB10 homologues within the structure. C, carboxy-terminal domain; N, amino-terminal domain.
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40 Cryo-electronmicroscopy reconstruction of the secretion 
complex core

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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41 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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42 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.

43 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.

44 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

45 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.

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

Biolistic delivery of DNA 47 Agrobacterium-mediated transformation is not the only way to 
produce transgenic plants. 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. 



48 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. 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.

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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49 Time line for recent milestones in transgenic plant work. The next 
lecture 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.


