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Abstract

such challenges and what stands in the way.

Over the past two centuries, the human population has grown sevenfold and the experts anticipate the addition of
2-3 billion more during the twenty-first century. In the present overview, | take a historical glance at how humans
supported such extraordinary population growth first through the invention of agriculture and more recently through
the rapid deployment of scientific and technological advances in agriculture. | then identify future challenges posed
by continued population growth and climate warming on a finite planet. | end by discussing both how we can meet
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Background

Today we have enough food to meet the world’s needs.
Indeed, we have an extraordinary global food system
that brings food from all over the planet to consumers
who can afford to buy it. The food price spike of 2008
and the resurgence of high food prices in recent years
have had little impact on the affluent citizens of the
developed world who spend a small fraction of their
income on food. By contrast, food prices have a pro-
found impact on the world’s poorest people. Many of
them spend half or more of their income on food. Dur-
ing the food price crisis of 2008, there were food riots in
more than 30 countries. Unrest in the Middle East and
North Africa tracks with the price of food, as is dramat-
ically illustrated in Fig. 1. Spiraling food prices drive the
world’s poorest into chronic hunger even in a world of
relative plenty.

Does this mean we need worry only about poverty, not
about the global food supply, as suggested in a recent edi-
torial by the influential New York Times food commenta-
tor Mark Bittman [2]? Analyses of the most recent United
Nations projections indicate that the human population
will expand from roughly 7.2 billion today to 9.6 billion in
2050 and 10.9 billion by 2100 [3, 4]. Current yield growth
trends are simply insufficient to keep up with growing
demand [5]. As well, the rapid expansion of agriculture
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over the past century to feed today’s population has had
a devastating impact on biodiversity [6]. As a result, there
is an acute need to intensify agricultural productivity,
while at the same time decreasing the deleterious impact
of agriculture on biodiversity and the services provided
by complex ecosystems [7].

Historical perspective

For most of our evolutionary history, our numbers were
small and we were mobile hunter-gatherers. We spent
our time finding and capturing enough food to feed our-
selves and our closest kin. Then sometime between 10
and 20,000 years ago—maybe even more—that started
to change. We began to shape plants and animals to our
own advantage and settled down to grow and herd them
[8]. The process by which we have modified plants and
animals to suit our needs, traditionally called “domestica-
tion,” is a process of genetic modification [9]. Early peo-
ples selected variant organisms—plants, animals, and
microbes—with useful traits, such as seeds that adhere to
plants until they are harvested and animals tame enough
to herd. Domestication is a process of modification that
is possible because of the genetic variation constantly
arising in all living organisms.

While hunter-gatherers were quite sophisticated in
their resource management, it was systematic planting
and harvesting of crops that marks the origin of what
we now call “agriculture” [10]. Agriculture allowed
people to produce more food than they consumed; cit-
ies and civilization followed. Thus human civilization
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Fig. 1 Food price spikes are correlated with increases in food riots. Red dashed vertical lines correspond to beginning dates of “food riots”and pro-
tests associated with the major recent unrest in North Africa and the Middle East. The overall death toll is reported in parentheses. The blue vertical
line indicates the date on which the authors of the cited report [1] submitted a report to the U.S. government warning of the link between food
prices, social unrest, and political instability. The inset shows the FAO Food Price Index from 1990 to 2011. (The figure is reproduced with permission
from [1]).

emerged because we figured out how to produce sur-
plus food. We could feed artisans and scribes and war-
riors and kings. For the next 10 millennia, people built
cities and civilizations, wore out the land, invaded their
neighbors or abandoned the cities and civilizations,
eventually rebuilding on fresh land [11]. It was often
the fertility of the land that determined how long a
civilization lasted. Plants extract nutrients from the soil
and crop yields decline, making it harder and harder to
produce enough food as the number of people grows
[8].

Concern about access to sufficient food, today called
“food security;, is as old as mankind. Thomas Malthus’
famous Essay on Population, published in 1798, crystal-
lized the problem of balancing food and human popu-
lation for the modern era [12]. Malthus believed that
humanity was doomed to food insecurity because our
numbers increased exponentially, while our ability to
produce food could only increase linearly.

Curiously, Malthus penned his essay at about the time
that science began to play a major role in boosting agri-
cultural productivity. Late eighteenth century milestones
were Joseph Priestley’s discovery that plants emit oxygen
and Nicholas-Théodore de Saussure’s definition of the
chemical composition of plants [13, 14]. Malthus could
not have envisioned the extraordinary increases in pro-
ductivity that the integration of science and technology

into agricultural practice would stimulate over the ensu-
ing two centuries.

Both organic- and mineral fertilization of plants have
been practiced since ancient times. Farmers knew that
certain chemicals and biological materials, ranging from
fish and oyster shells to manure and bones, stimulated
plant growth [15, 16]. Justus von Liebig made important
contributions to the study of plant nutrient requirements,
understanding that biological sources of nitrogen could
be replaced with purely chemical sources. But supplying
nitrogen in the forms that plants use remained a major
limitation until the development of the Haber—Bosch
process for fixing atmospheric nitrogen early in the twen-
tieth century [17]. Today, agriculture in the developed
world relies primarily on chemical fertilizers. Indeed,
the global human population could not have grown from
roughly 1 billion at the turn of the nineteenth century to
today’s 7.2 billion without synthetic nitrogen fertilizer.

Crop domestication

Humans practiced genetic modification long before
chemistry entered agriculture, transforming inedible
wild plants into crop plants, wild animals into domes-
tic animals, and harnessing microbes to produce every-
thing from cheese to wine and beer. Oddly, it is only our
contemporary methods of bending organisms’ genetic
constitution to suit our needs that are today recognized
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as genetic modification, known in common parlance by
the abbreviations “GM” (genetically modified), “GMO”
(genetically modified organism) or “GE” (genetically
engineered). Yet all of the useful, heritable traits nur-
tured by people in organisms constitute “domestica-
tion” and all are the result of genetic modifications. Each
microbe, crop and animal has its own interesting history.
To take just one example, a fundamental trait that distin-
guishes wild from domesticated plants is the retention
of mature seeds on the plant. Plants have many mecha-
nisms for dispersing their seeds, but it is much easier for
people to harvest seeds that remain attached to the plant
at maturity. Hence one of the earliest steps in grain crop
domestication was the identification of mutations—
genetic changes—that prevent seed dispersal [18].

Corn, also known as maize, remains one of our most
spectacular feats of genetic modification. Its huge ears,
packed with starch and oil, provide one of humanity’s
most important sources of food and feed. Corn bears
little resemblance to its closest wild relative, teosinte.
Indeed, when teosinte was first discovered in 1896, it
was assigned to a different species [19]. By the 1920s, it
was known that teosinte and corn readily produce fer-
tile hybrids, but controversies about their relationship
and about the origin of corn continued throughout most
of the twentieth century. The key genetic changes that
transformed teosinte into corn appear to have happened
in the Balsas River Valley in Mexico some 9000 years
ago [20]. The mutations that converted teosinte, a grass
with hard, inedible seeds, into modern corn altered just
a handful of genes that control plant architecture and
the identity of reproductive organs. Remarkably, once
these mutations had been brought together in an early
corn plant, they stayed together and spread very rapidly,
moving from Mexico into the American southwest by
3000 years ago [20].

Among the many other traits altered during domesti-
cation of plants are the size and shape of leaves, tubers,
berries, fruits and grains, as well as their abundance,
toxicity, and nutritional value. The changes are often in
genes coding for proteins that regulate the expression
of many other genes [9]. Differences in nutrient compo-
sition among varieties of the same crop are caused by
mutations in genes coding for proteins in a number of
different biosynthetic pathways. Thus, for example, sweet
corn has mutations that prevent the conversion of sugar
to starch in the kernel [21].

Modern crop improvement

The genetic revolutions of the twentieth century boosted
crop productivity immeasurably. Austrian monk Gregor
Mendel’s pioneering observations on inheritance were
published in 1865, but did not get wide attention until a
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half-century later [22]. A simple demonstration project to
illustrate Mendelian inheritance led to the re-discovery
of hybrid vigor, a long-known phenomenon whose incor-
poration into crop breeding resulted in a dramatic expan-
sion of the corn ear and, thereby, crop yield [23].

However, when corn hybrids were first introduced in
the U.S. during the 1930s, they faced resistance and criti-
cism similar to that leveled at contemporary GM crops.
The hybrids were complex to produce and agriculture
experiment stations were not interested. Eventually a
company was formed to produce hybrid seed. But farm-
ers accustomed to planting seed from last year’s crop saw
no reason to buy it. It was only when farmers realized
the yield benefits and the drought-resistance of hybrid
corn during the 1934—-1936 dust-bowl years that farmers
began to adopt hybrid corn rapidly [24].

Techniques for accelerating mutation rates with radia-
tion and chemicals and through tissue culture were
developed and widely applied in the genetic improve-
ment of crops during the twentieth century [25]. These
methods introduce mutations rather indiscriminately
and require the growth of large numbers of seeds, cut-
tings or regenerants to detect desirable changes. None-
theless, all of these approaches have proved valuable in
crop improvement and by the end of the twentieth cen-
tury, more than 2300 different crop varieties, ranging
from wheat to grapefruit, had been developed using radi-
ation and chemical mutagenesis [25].

Mechanization of agriculture

A major development with impact Malthus could not
have envisioned is the mechanization of agriculture.
Human and animal labor provided the motive force for
agriculture throughout most of its history and continues
to do so in many less-developed countries. The invention
of the internal combustion engine at the turn of the twen-
tieth century led to the development of small, maneu-
verable tractors. The mechanization of plowing, seed
planting, cultivation, fertilizer and pesticide distribution,
and harvesting accelerated in the US, Europe, and Asia
following World War II [26]. Agricultural mechanization
drove major demographic changes virtually everywhere.
In the U.S,, 21 % of the workforce was employed in agri-
culture in 1900 [27]. By 1945, the fraction had declined
to 16 % and by the end of the century the fraction of the
population employed in agriculture had fallen to 1.9 %.
At the same time, the average size of farms increased and
farms increasingly specialized in fewer crops. This pro-
found demographic shift from agrarian to urban under-
lies the development of today’s attitudes about food and
farming in developed countries. Today the vast major-
ity of the developed world’s population is urban and far
removed from primary food production.
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The Green Revolution

Malthus penned his essay when the human population of
the world stood at less than a billion. The population tri-
pled over the next century and a half. As the second half
of the twentieth century began, there were neo-Malthu-
sian predictions of mass famines in developing countries
that had not yet experienced science- and technology-
based advances in agriculture. Perhaps the best known of
the mid-century catastrophists was Paul Ehrlich, author
of The Population Bomb [28].

Remarkably, the extraordinary work of just a handful
of scientists and their teams, principally plant breeders
Norman Borlaug and Gurdev Khush, averted the widely
predicted Asian famines [29]. The Green Revolution was
based on the development of dwarf rice and wheat varie-
ties that responded to fertilizer application without fall-
ing over (lodging). Subsequent breeding for increased
yield continued to improve the productivity of these
crops by as much as 1 % per year. Perhaps most remark-
ably, the Green Revolution and other technological
advances reduced the fraction of the world’s hungry from
half to less than a sixth, even as the population doubled
from 3 to 6 billion. These accomplishments earned Bor-
laug a well-deserved Nobel Prize. Curiously, the Green
Revolution is often vilified today.

Genetic modification of crops

The equally revolutionary molecular genetic advances
that began in the 1960s led to the development of new
methods of crop improvement. The basic methodol-
ogy lies in the construction of hybrid DNA molecules
designated “recombinant DNA (R-DNA)” because they
consist of a piece of bacterial or viral DNA combined
with a piece of DNA from a different kind of organism,
plant or animal [30]. The ability to multiply such hybrid
DNA molecules in bacteria made it possible to develop
the DNA sequencing techniques that underlie today’s
genomic revolution.

As well, techniques were developed to introduce genes
into plants using either the soil bacterium Agrobacte-
rium tumefaciens, which naturally transfers a segment of
DNA into a plant cell, or mechanical penetration of plant
cells using tiny DNA-coated particles [31]. This com-
bination of methods and knowledge made it possible to
transfer a well-understood segment of genetic material
from either the same or a related plant or from a com-
pletely unrelated organism into virtually any crop plant,
creating what is known as a “transgenic” plant. Because
genes work the same way in all organisms, this made it
possible to introduce a desirable trait, such as disease- or
pest-resistance, without the extensive genetic and epige-
netic disturbance attending what we now consider to be
the “conventional” crop improvement techniques such as
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hybridization and mutagenesis [32—34]. Indeed, recent
comparisons have revealed plant modification by molec-
ular techniques has less impact on gene expression, pro-
tein, and metabolite levels than do conventional genetic
crosses [35-37].

Several crop modifications achieved using these meth-
ods are now in widespread use. Perhaps the best known
of these are crop plants containing a gene from the soil
bacterium, Bacillus thuringiensis, long used as a biologi-
cal pesticide. The gene encodes a protein that is toxic to
the larvae of certain kinds of insects, but not to animals
or humans [38]. Such a toxin gene is often called the “Bt
gene,” but is actually a family of related toxin genes from
a group of closely related bacteria and these are increas-
ingly used in combinations to decrease the probability of
resistance developing in the target insects, an approach
that has been dubbed gene “stacking”

Herbicide tolerance is another widely accepted GM
crop modification. Among the most common herbicides
in use today are compounds that interfere with the pro-
duction of certain amino acids that plants synthesize,
but animals do not [39]. Such herbicides, therefore, kill
plants, but have low or no toxicity for animals or humans.
Herbicide-tolerant crops make it possible to control
weeds without damaging the crop and without tilling the
soil. Such crops have been derived through natural muta-
tions and induced mutations, as well as by introduction
of genes from either bacterial sources or plant sources.
Today, herbicide-tolerant varieties of many crops, most
importantly soybeans and canola, are widely grown [40].

Papayas resistant to papaya ringspot virus (PRSV)
saved the Hawaiian papaya industry and are the only
such GM crop to emerge from public sector GM
research. Papaya ringspot virus is a devastating insect-
borne viral disease that wiped out the papaya industry
on the Hawaiian island of Oahu in the 1950s, forcing its
relocation to the Puna district of the big island. PRSV was
first detected in the Puna district in 1992; by 1994 it was
widespread and threatening the industry. A project initi-
ated in 1987 introduced a gene from the PRSV into papa-
yas based on reports that introducing a viral gene could
make a plant resistant to the virus from which the gene
came [41, 42]. Transgenic seeds were released in 1998;
by 2000, the papaya industry was returning to pre-1995
levels. This remarkable achievement of disease resistance
enhanced a virus protection mechanism already present
in the plant, much as vaccination protects people and
animals from infection by pathogens [43].

New methods are rapidly being developed that prom-
ise to further increase the specificity and precision of
genetic modification. These techniques capitalize on
growing knowledge of the dynamic processes under-
lying genome maintenance, particularly the repair of
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breaks in the genetic material, DNA. Known under the
general rubric of “site-directed nuclease (SDN)” tech-
nology, this approach uses proteins (or protein-nucleic
acid complexes) that seek out, bind to, and cut specific
DNA sequences, introducing breaks in the DNA at one
or a small set of sequences targeted for modification
[44]. Repair of such DNA cuts by natural cellular pro-
cesses results in precisely targeted genetic changes rather
than the random ones introduced by older methods of
mutagenesis. This method can also be used to introduce
a gene at a pre-identified site in the genome or to modify
a resident gene precisely, something that could not be
done with pinpoint specificity and precision by R-DNA
methods. As well, such genetic changes can often be
made without creating a transgenic plant. The changes
are the same at the molecular level as those that occur in
nature or can be induced by older mutagenic techniques.
What is new is that the genetic changes introduced by
SDN techniques are not random, but confined precisely
to the gene or genes selected by the breeder.

Adoption of GM crops

GM crops have been adopted at unprecedented rates
since their commercial introduction in 1996. In 2014,
GM crops were grown in 28 countries on 181.5 mil-
lion hectares [45]. More importantly, more than 90 % of
the 18 million farmers growing biotech crops today are
smallholder, resource-poor farmers. The simple reasons
that farmers migrate to GM crops are that their yields
increase and their costs decrease. A recent meta-analysis
of 147 crop studies conducted over a period of 20 years
concluded that the use of GM crops had reduced pes-
ticide use by 37 %, increased crop yields by 22 %, and
increase farmers’ profits by 68 % [46]. The vast majority
of GM hectarage is devoted to the growing of GM corn,
soybeans, cotton, and canola with either Bt toxin-based
pest resistance or herbicide tolerance traits. The rea-
sons for the narrow GM crop and trait base to date lie
in a combination of the economic, regulatory, and legal
issues, discussed below.

While some resistance to the Bt toxin has developed, it
has not been as rapid as initially feared and second-gen-
eration, two-Bt gene strategies to decrease the probability
of resistance are already being implemented [47]. Pre-
dicted deleterious effects on non-target organisms, such
as monarch butterflies and soil microorganisms have
either not been detected at all or are insignificant [48].
The better cropping practices supported by GM crops
have decreased the availability of the milkweed on which
monarch larvae feed [49]; hence efforts are being directed
to the establishment of milkweed preserves (http://
monarchjointventure.org/get-involved/create-habitat-
for-monarchs/). The development of herbicide tolerance
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in previously susceptible weeds, while not unique to GM
crops, is becoming an increasing problem because of the
widespread use of glyphosate with glyphosate-tolerant
GM crops [50]. Although the pace of herbicide discovery
has slowed markedly since the 1980s, new combinations
of herbicide-tolerant crops and older herbicides are likely
to come on the market in the near future [51].

The overwhelming evidence is that the GM foods now
on the market are as safe, or safer, than non-GM foods
[37, 52]. Moreover, there is no evidence that the use of
GM techniques to modify organisms is associated with
unique hazards. The European Union alone has invested
more than €300 million in GMO biosafety research.
Quoting from its recent report, “The main conclusion to
be drawn from the efforts of more than 130 research pro-
jects, covering a period of more than 25 years of research
and involving more than 500 independent research
groups, is that biotechnology, and in particular GMOs,
are not per se more risky than, e.g. conventional plant
breeding technologies” (http://ec.europa.eu/research/
biosociety/pdf/a_decade_of_eu-funded_gmo_research.
pdf). Every credible scientific body that has examined
the evidence has come to the same conclusion (http://
gmopundit.blogspot.com/p/450-published-safety-assess-
ments.html).

Despite occasional one-of-a-kind, often sensationalized
reports, the vast majority of feeding studies have identi-
fied no meaningful nutritional differences between GM
and non-GM food and feed. Indeed, and perhaps unsur-
prisingly, comparative molecular analyses show that GM
techniques have less impact on the genetic and molecu-
lar constitution of crop plants than conventional plant
breeding techniques [37]. This is because conventional
breeding mixes whole genomes comprising tens of thou-
sands of genes that have previously existed in isolation,
while GM methods generally add just a gene or two to
an otherwise compatible genome. Thus the probability
of introducing unexpected genetic or epigenetic changes
is much smaller by GM methods than by conventional
breeding methods.

Crops modified by GM techniques are also less likely
to have unexpected genetic effects than crops modified
by the more conventional techniques of chemical and
radiation mutagenesis methods simply because of the
greater precision and predictability of molecular modifi-
cation. Taken together with the closer scrutiny paid dur-
ing product development to the potential for toxicity and
allergenicity of novel proteins expressed by GM methods,
GM crops are arguably the safest new crops ever intro-
duced into the human and animal food chains.

Indeed, to date, the only unexpected effects of GM
crops have been beneficial. Many grains and nuts, includ-
ing corn, are commonly contaminated by mycotoxins,


http://monarchjointventure.org/get-involved/create-habitat-for-monarchs/
http://monarchjointventure.org/get-involved/create-habitat-for-monarchs/
http://monarchjointventure.org/get-involved/create-habitat-for-monarchs/
http://ec.europa.eu/research/biosociety/pdf/a_decade_of_eu-funded_gmo_research.pdf
http://ec.europa.eu/research/biosociety/pdf/a_decade_of_eu-funded_gmo_research.pdf
http://ec.europa.eu/research/biosociety/pdf/a_decade_of_eu-funded_gmo_research.pdf
http://gmopundit.blogspot.com/p/450-published-safety-assessments.html
http://gmopundit.blogspot.com/p/450-published-safety-assessments.html
http://gmopundit.blogspot.com/p/450-published-safety-assessments.html

Fedoroff Agric & Food Secur (2015) 4:11

which are toxic and carcinogenic compounds made
by fungi that follow boring insects into the plants. Bt
corn, however, shows as much as a 90 % reduction in
mycotoxin levels because the fungi that follow the bor-
ing insects into the plants cannot get into the Bt plants
[53]. There is also evidence that planting Bt crops reduces
insect pressure in non-GM crops growing nearby. The
widespread adoption of Bt corn in the U.S. Midwest has
resulted in an area-wide suppression of the European
corn borer [54].

Future challenges in agriculture

Since Malthus’ time, the human population has expanded
more than sixfold. Through science and technology, agri-
culture in developed nations has become far less labor-
intensive and has kept pace with population growth
worldwide. Today, fewer than 1 in 50 citizens of devel-
oped countries grows crops or raises animals for food.
But after a half-century’s progress in decreasing the frac-
tion of humanity experiencing chronic hunger, the food
price and financial crises commencing in 2008 have
begun to swell the ranks of the hungry once more [1, 55].
Population experts anticipate the addition of another 2—4
billion people to the planet’s population within the next
3—4 decades [4, 56, 57], but the amount of arable land has
not changed appreciably in more than half a century [58].
Moreover, arable land continues to be lost to urbaniza-
tion, salinization, and desertification.

Supplies of fresh water for agriculture are under pres-
sure, as well. Today, about a third of the global population
lives in arid and semi-arid areas, which cover roughly
40 % of the land area. Climate scientists predict that in
coming decades, average temperatures will increase and
dryland area will expand. Inhabitants of arid and semi-
arid regions of all continents are extracting ground water
faster than aquifers can recharge and often from fossil
aquifers that do not recharge [59]. Yet the major crops
that now feed the world—corn, wheat, rice, soy—require
a substantial amount of water. It takes 500-2,000 L of
water to produce a kilogram of wheat and the amount of
water required to produce a kilogram of animal protein is
2-10 times greater [60].

Increasing average temperatures and decreasing fresh
water availability present critical challenges to agricul-
tural researchers to increase crop performance under
suboptimal conditions. Rapid advances in our knowl-
edge of plant stress responses and improving molecu-
lar knowledge and tools for plant breeding have already
resulted in the introduction of new drought-tolerant crop
varieties, both GM and non-GM [61]. New varieties of
drought-tolerant maize produced using modern breed-
ing approaches that employ molecular markers, but do
not generate transgenic plants, have been released in
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the North American market by Syngenta and DuPont
Pioneer, while Monsanto and BASF have jointly devel-
oped MONB87460 (aka Genuity DroughtGard Hybrids),
a drought-tolerant maize variety expressing a cold-shock
protein from the bacterium Bacillus subtilis, introducing
it in the U.S in 2013 (http://www.monsanto.com/prod-
ucts/pages/droughtgard-hybrids.aspx).

However, it should be kept in mind that suboptimal
“stress” conditions necessarily move plants away from
their peak ability to use sunlight to convert carbon diox-
ide, water, and other simple compounds into the car-
bohydrates and proteins that feed people and animals.
Stress-tolerant varieties do not generally outperform less
stress-tolerant varieties by much or at all under optimal
conditions, but simply survive better under suboptimal
conditions, losing less of their yield potential.

More with less

Why do we need to do more with less? The FAO has esti-
mated that we will need to increase the amount of food
produced by 70 % by 2050 [62]. We will need more food,
feed, and fiber both because there will be more peo-
ple and because they will be richer. Among the things
that people demand as they become more affluent is
more meat in their diet. Producing more meat requires
growing more grain. But increasing the grain supply by
expanding the land under cultivation cannot be sus-
tained. All the best land is already under cultivation and
preserving what remains of our planet’s rich biological
heritage by leaving more land unplowed is a growing pri-
ority. Indeed, modeling exercises reveal that within just a
few decades, the planet’s natural resources will be insuf-
ficient to support developed-world consumption patterns
[63].

As well, the negative impact of climate change on
agriculture is becoming increasingly apparent and is
predicted to worsen [64, 65]. While more agricultur-
ally suitable land may become available at greater dis-
tances from the equator as the climate warms, there is
no guarantee that the productivity of these lands will
compensate for productivity losses in the more populous
equatorial regions. Whether our current highly produc-
tive food and feed crops can be modified and adapted to
be substantially more productive at the higher tempera-
tures expected or at more northern latitudes with shorter
growing seasons is not yet known. Substantial research
will be required not just on the salt, drought, and tem-
perature tolerance of existing crop plants, but also for the
domestication of plants that are not now used in agricul-
ture, but that are capable of growing at higher tempera-
tures and on saline water.

In today’s highly productive developed-world agri-
culture, fertilizers and other chemicals are applied and
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used inefficiently, themselves becoming pollutants in our
air, land, and water. As well, some of the chemicals used
in both conventional and organic agriculture to control
pests and diseases are toxic to people and to wildlife.
Transitioning to more sustainable agricultural prac-
tices while doubling the food and feed supply, even as
we must increasingly cope with the negative effects on
agricultural productivity of a warming climate, is likely
to be the greatest challenge of the twenty-first century
(66, 67].

Impediments to sustainable intensification

of agriculture

To live sustainably within planetary constraints, we must
grow more on the same amount of land using less water,
energy, and chemicals. The molecular genetic revolution
of the late twentieth century that powered the develop-
ment of precise GM methods is the most critical technol-
ogy for meeting these challenges. Paradoxically, although
the use of GM technology has been accepted in medicine,
it has evoked an almost unprecedented level of societal
controversy in the realm of food production, resulting in
the proliferation of regulatory and legal constraints that
threaten to cripple their use in achieving a more sustain-
able existence for humanity on planet Earth.

While productivity gains based on earlier scientific
advances can still increase food production in many
countries, particularly in Africa, such productivity gains
appear to have peaked in most developed countries and
recent productivity gains have been achieved largely
through adoption of GM crops [68]. The knowledge and
GM technology are available to address these challenges
throughout the world, but there are political, cultural,
and economic barriers to their widespread use in crop
improvement. As noted earlier, there is a global consen-
sus among scientific societies that GM technology is safe.
However, the political systems of Japan and most Euro-
pean and African countries remain opposed to growing
GM crops. Many countries lack GM regulatory systems
or have regulations that prohibit growing and, in some
countries, importing GM food and feed.

Even in countries such as the U.S. that have a GM regu-
latory framework [69], the process is complex, slow, and
expensive. U.S. developers must often obtain the approval
of three different agencies, the Environmental Protection
Agency, the U.S. Department of Agriculture (USDA), and
the Food and Drug Administration, to introduce a new
GM crop into the food supply. Bringing a GM crop to
market, including complying with the regulatory require-
ments, was estimated to cost $135 million in 2011 [70].
The effort, time, and cost for regulatory approval have
dramatically contracted the pipeline of GM innovations
that would directly benefit consumers [71].
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In Europe, the regulatory framework is practically non-
functional; only one GM crop is currently being grown
and only two others have gained approval since 1990
when the EU first adopted a regulatory system [72]. The
EU recently agreed to allow member countries decide
individually whether to permit cultivation of an EU-
approved GM crop (http://ec.europa.eu/food/plant/gmo/
legislation/future_rules_en.htm). The impact of this deci-
sion will not be known for some time, but it is likely to
further complicate trade and food aid as crops approved
in one country await regulatory approval in others [73].
Moreover, the increasing politicization of risk assessment
makes it unlikely that uniform global safety standards
for GM crops and animals will emerge in the foreseeable
future [74]. European influence has been especially det-
rimental in Africa, causing African leaders to be exces-
sively precautionary in approving GM crops and even to
ban the import of GM grain to alleviate famine [75].

However, it is the case of Golden Rice, genetically mod-
ified to produce the vitamin A precursor f-carotene, that
provides the paradigmatic example of an opportunity
foregone to use GM technology to address a major global
malnutrition issue [76]. Severe vitamin A deficiency
results in blindness, and half of the roughly half-million
children who are blinded by it annually die within a year.
Vitamin A deficiency also compromises immune system
function, exacerbating many kinds of illnesses. It is a dis-
ease of poverty and poor diet, responsible for 1.9-2.8
million preventable deaths annually, mostly of children
aged less than 5 years and women [77, 78].

Two scientists, Ingo Potrykus and Peter Beyer, and
their teams developed a rice variety whose grains accu-
mulate B-carotene, which our bodies convert to vitamin
A. Collaborating with the International Rice Research
Institute over a period of a quarter century, they devel-
oped and tested a transgenic rice variety that expresses
sufficient quantities of B-carotene so that a few ounces
of cooked rice can provide enough to eliminate the mor-
bidity and mortality of vitamin A deficiency [79]. Yet,
Golden Rice remains mired in controversy and has been
tied up in the regulatory process for more than a decade
[80]. Millions suffer and die while Golden Rice remains
in test plots.

The increasing politicization of risk determination
raises questions about the underlying motivations [74].
NGOs, most vocally Greenpeace and Friends of the
Earth, appear to have conducted vigorous campaigns
of misinformation about GMOs first in Europe, then
around the world [81-85]. Greenpeace remains ada-
mantly against even the most benign and beneficial uses
of GM technology in agriculture, such as the develop-
ment and distribution of Golden Rice. Given the weight
of scientific evidence to the contrary, it is difficult to
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avoid the conjecture that its continued opposition to a
harmless and beneficial technology has more to do with
preserving its funding base than benefitting humanity
(84, 85].

Perhaps the most counterproductive development is
the increasing vilification of GM foods as a marketing
tool by the organic food industry [86]. The organic food
industry finds it roots in rural India, where Sir Albert
Howard, arguably the father of “organic” agriculture,
developed composting methods capable of killing the
pathogens that abound in animal manures and human
wastes so that these could be used safely as fertilizers
in agriculture [30]. Even as synthetic fertilizers were
increasingly being used around the world, the organic
movement grew in the UK and Europe, eventually find-
ing an American champion in Jerome Rodale, founder
of the Rodale Press, and pesticide crusader Rachel Car-
son, author of Silent Spring, the book that has been
credited with starting the environmental movement
[87].

With the establishment of organic retailers, such as
Whole Foods and Wild Oats, the organic food busi-
ness grew rapidly and certification organizations pro-
liferated. To bring some uniformity to what was being
certified as “organic,” Congress established the National
Organic Standards Board (NOSB) under the USDA
through the Organic Food Production Act and charged
it with developing national standards [30]. These were
eventually published in 2000 and are generally referred
to as the Organic Rule. According to the NOSB, organic
agriculture is a production system that makes minimal
use of off-farm inputs and seeks to enhance “ecologi-
cal harmony” The Organic Rule expressly forbids the
use of GM crops, antibiotics, and synthetic nitrogen
fertilizers in crop production and animal husbandry,
as well as food additives and ionizing radiation in food
processing.

Organic food is food produced in compliance with the
Organic Rule; the USDA’s Organic Seal is a marketing
tool that makes no claims about food safety or nutritional
quality. But a number of organic food industry market-
ers have systematically used false and misleading claims
about the health benefits and relative safety of organic
foods compared with what are now called “convention-
ally grown” foods [86]. Indeed, such organic marketers
represent conventionally grown foods as swimming in
pesticide residues, GM foods as dangerous, and the bio-
technology companies that produce GM seeds as evil,
while portraying organically grown foods as both safer
and more healthful. Recent “labeling” campaigns have
the objective of promoting the organic food industry by
conveying the message to consumers that food contain-
ing GM ingredients is dangerous [86].

Page 8 of 10

The future

In 1798, Thomas Malthus told us that humanity was
doomed to famine and strife because population growth
would always outstrip our ability to produce food [12].
The human population of the Earth then numbered
about a billion. The ensuing two centuries have seen a
more than sevenfold expansion of the human population
as a result of rapid scientific and technical developments
in agriculture and a decline in the number of chroni-
cally hungry from half of humanity to about a sixth. But
as Nobel Laureate Norm Borlaug, Father of the Green
Revolution, observed in his Nobel Prize lecture (http://
www.nobelprize.org/nobel_prizes/peace/laureates/1970/
borlaug-acceptance.html), “We may be at high tide now,
but ebb tide could soon set in if we become complacent
and relax our efforts” Said another way, agriculture must
ever race to maintain today’s status quo.

And vyet agriculture is now threatened in a sense by its
very success. The demographic shift of population from
rural to urban areas has been particularly dramatic in
the developed world, with less than 2 % of the popula-
tion supplying the food for the rest today. But the very
fact that we are largely urban dwellers and have access to
food through a global food system that supplies our food
retailers with abundant produce blinds us to the basics of
agriculture and makes us vulnerable to the increasingly
strident opponents of modern agriculture who use fear to
promote their economic interests.

Will we have the wisdom to overcome our fear of
new technologies and re-invest in the kind of agricul-
tural research and development that can simultane-
ously increase agricultural productivity and decrease its
environmental impact, so that we might preserve what
remains of our extraordinary biological heritage? Can
we continue to keep food prices down through agricul-
tural innovation based on modern genetic methods and
better farm management? Or will poverty-based social
instability continue to spread and consume governments
as population continues to climb while climate warming
squeezes agriculture?

The answers to these questions will, for better or worse,
shape our future civilizations.
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