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Examples of some of the 59 native Mexican maize landraces.



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



Major differences between maize and teosinte map to 
few loci
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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.
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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.) 
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Maize is the world’s most successful crop 
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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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Agrobacterium transfers genes for tumour growth and opine biosynthesis to 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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Agrobacterium transformation of plant cells is mediated by intercellular signalling, 
attachment, virulence protein catalysed DNA transfer to the nucleus and genome integration.



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.
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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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