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Preliminary remarks

During the 400 years of its existence, the
Pontifical Academy of Sciences has carried out its
statutory goals by employing various
approaches. In the words of its 1976 reformed
Statutes, it ‘organises meetings to promote the
progress of sciences and the solution of
important scientific problems...and promotes
scientific investigations and research which can
contribute, in the appropriate places, to the
exploration of moral, social and spiritual
problems!

Inspired by this idea, in October 1982 the
Pontifical Academy held a Study Week on
Modern Biological Experimentation. In this
meeting, Professor J. Schell gave a paper on Gene
Transfers into Plants as a Natural and
Experimental Phenomenon. On this occasion,
John Paul Il addressed the participants with
these words: “I wish to recall, along with the few
cases which | have cited that benefit from
biological experimentation, the important
advantages that come from the increase of food
products and from the formation of new vegetal
species for the benefit of all, especially people
most in need”. The Holy Father John Paul Il, who
was well aware of what Paul VI called the tragedy
of world hunger, concluded his message by
asking God “to direct the application of scientific
research to the production of new food supplies,
since one of the greatest challenges that
humanity must face, together with the danger of
nuclear holocaust, is the hunger of the poor of
this world”. Encouraged by the Pope’s message,
in the Jubilee Year 2000 the Academy drafted its
first Statement on Genetically Modified Food
Plants to Combat Hunger in the World, which

was then published in 2004. Ten years after this
first Statement, the Council of the Academy, led
by myself and counting on such authoritative
members as Ingo Potrykus and Peter Raven,
decided to update it with the meeting we are
presenting in this volume. It is particularly
significant that the new Statement was then
signed by all the participants. It is our hope that
this new effort will serve to clarify an issue which
can undoubtedly and decisively contribute to
solving the growing problem of world hunger.

The general view

Individual life times and population densities of
any kind of living beings depend to a large
extent on the availability of food, or in other
words on food security. In archaeological times,
humans found their nutrition as gatherers and
hunters. About 10,000 years ago, our ancestors
started to collect seeds and other plant materials
from their preferred food plants. Agriculture
then took its start by deliberate planting of the
collected materials, growing the new plants up
and harvesting their products. This neolithic or
food-producing revolution must have taken
place independently at different locations on the
planet, both in the Old and in the New World.
This cultural development allowed the human
population to transform from small local or
migrating tribes to larger, often resident
communities which eventually developed into
technologically advanced nations. A number of
factors including food security contributed at
various stages of this development to limit the
ongoing population expansion.

A wide geographic exploration of our planet in
the last millennium led stepwise to beneficial
exchange of agricultural crops between
continents of the Old and the New World. For
example, Europe profited tremendously from

the introduction of potatoes, tomatoes and
maize from the Americas, while the New World
introduced wheat, barley and rice, among other
agricultural crops, from the Old World. None of
these mass implantations led to serious
ecological problems. As a result, food security
generally improved and allowed the human
population to continue to grow.

For a long time, agricultural management
improved food security stepwise, largely
through learning by doing and by learning from
each other. Breeding methods became
introduced and led to the selection of
agricultural crops with higher yields and
sometimes with higher nutritional values. It is
mainly in the last century that increasing
scientific knowledge and science-based
technologies started to contribute to the
improvement of food security, at least in parts of
our planet. The green revolution boosted this
development.

In the meantime scientific knowledge has
tremendously increased, largely by the
introduction of novel research strategies.
Genomics, proteomics and metabolomics
provide us with a rich scientific basis to
understand better the sources and nutritional
values of the products of many of our common
food crops. In addition, research strategies, such
as genetic engineering, have become available
and can allow one to attempt experimentally to
improve nutritional values and yields of food
products. Site-directed mutagenesis of inherited
genetic information and recombinant DNA
techniques introducing carefully selected
foreign genetic information into the genome of
an agricultural target crop have recently become
routine methodologies to reach envisaged
improvements. Thanks to the set of actually
available research strategies, selected products
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of such improvements can be assessed for their
genetic setups and functional phenotypes
before their introduction into the environment.
In contrast to earlier practices, such as
conventional plant improvement
methodologies, today’s molecular biological
research strategies can confidently allow the
researcher to obtain the envisaged genomic and
functional abilities without introducing other,
unexpected alterations into the developed
product. There is no justification to assume that

carefully carried out and controlled genetic
engineering would principally go along with
conjectural risks. Rather, molecular
methodologies provide to the researcher
highly secure and responsible approaches to
improve crop properties such as higher
nutritional values and improved health of the
plant itself.

The good news given here can contribute to
render agricultural practices more secure and
also more sustainable. We must be aware,

however, that the carrier capacity for
agricultural crops is limited on our

planet. Any longterm improvement of
worldwide food security has to go hand in
hand with a responsible and sustainable
parenthood, together with the safeguard of
the naturally given rich environmental
diversity.

Werner Arber

Biozentrum, University of Basel, Klingelbergstrasse
50-70, CH-4056 Basel, Switzerland
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Constraints to biotechnology
introduction for poverty alleviation

Ingo Potrykus

Emeritus Prof. Plant Sciences ETH Zurich, Zurich, Switzerland

Poverty in developing countries is usually linked to low agricul-
tural productivity. Inadequate quantity and quality of food
impacts human development potential, physically and mentally.
Reduced immunity to disease due to poor nutrition increases the
burden and Kkills. Current technologies (fertiliser, improved seed,
irrigation, pesticides) correctly applied can sustainably and safely
increase crop yields. Purchase cost and infrastructural issues (lack
of roads, credit, market access and market-affecting-trade-distor-
tions), however, severely limit small scale farmers’ ability to adopt
these life sustaining and life saving technologies.

Plant Biotechnology has great potential to improve the situa-
tion. Delivery of the technology in the seed largely overcomes the
logistical problems of distribution involved with packaged pro-
ducts: farmers can pass seed to each other. Once the initial research
is completed the ‘cost of goods’ (that is of a biotechnologically
delivered trait delivered in a seed) is zero. Total time to market is
comparable between biotechnology products and conventionally
bred seed. For some traits conventional breeding is not an option:
the only way to introduce such a trait is by genetic engineering.
Even for traits that can be improved by traditional breeding,
genetic engineering may facilitate and speed up the process.
Intellectual property issues are usually not a constraint in devel-
oping countries and in pro-poor agriculture.

It is notable that agricultural biotechnology uptake for com-
mercially introduced traits has been extremely rapid, including in
developing countries. However, for public good products from the
public sector, despite much research in developing countries, this
potential has not materialised. The politicisation of the regulatory
process is an extremely significant impediment to use of biotech-
nology by public institutions for public goods. Costs, time and
complexity of product introduction are severely and negatively
affected (without such political impediment the technology is
very appropriate for adoption by developing country scientists
and farmers: it does not require intensive capitalisation). The

E-mail address: ingo@potrykus.ch.

regulatory process in place is bureaucratic and unwarranted by
the science: despite rigorous investigation over more than a decade
of the commercial use of genetically engineered (GE) plants, no
substantiated environmental or health risks have been noted.
Opposition to biotechnology in agriculture is usually ideological.

The huge potential of plant biotechnology to produce more,
and more nutritive, food for the poor will be lost, if GE-regulation
is not changed from being driven by ‘extreme precaution’ princi-
ples to being driven by ‘science-based’ principles. Changing soci-
etal attitudes, including the regulatory processes involved, is
extremely important if we are to save biotechnology, in its broad-
est applications, for the poor, so that public institutions in devel-
oping as well as industrialised countries, can harness its power for
good.

Against this background the programme of the study week was
organised into the following sections. The Introduction to the Study
Week presents the problem of increasing food insecurity in devel-
oping countries, the need for continued improvement of crop
plants and agricultural productivity to address the problem, the
track record and perspective of genetic engineering (GE) technol-
ogy, and the roadblock to efficient use by the established concept
of ‘extreme precautionary regulation’. Contributions From Trans-
genic Plants will highlight what important contributions in the
areas of tolerance to abiotic stress, resistance to biological stress,
improved water use efficiency, improved nutritional quality, inac-
tivation of allergens and reduction of toxins, are already in use or
in the R&D pipeline. Following an account of the state-of-the-art
of the technology and the world-wide, radical opposition on the
use of the technology in agriculture, this session continues with
the question of whether or not GE-plants diminish or promote
biodiversity and describe what is necessary to achieve sustainable
yield, including the contributions from the private sector.

In the section on the State of Application of the Technology
concrete examples from Argentina show which products have
made it over the hurdles of the regulatory regimes. This session
concludes with a paper on the problems of and possible solutions
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in regard to intellectual property rights, and with a discourse on
the ethics of the use and non-use of transgenic plants in the
context of development. The session on the Potential Impact on
Development will highlight what an important role transgenic
plants could play if released from excessive regulation. The ques-
tion of whether or not there is any scientific basis for an extreme
precautionary attitude is analysed in the session on Putative Risk
and Risk Management. A comparison of the molecular alterations to
the genome by natural genetic variation and genetic engineering
shows that there is a priori little reason to be concerned with
genetic engineering of plants. In detailed case studies putative
risks to the environment and the consumer are analysed, to
explore whether in the history of use there was any case of real
concern. This is followed by the lessons from 25 years of use,
biosafety studies and regulatory oversight, and by an overview
comparing GMO myths with reality.

A brief section on Biofuels Must Not Compete With Food indicates
novel problems arising from the concept of biofuel production
from agricultural land, already seriously affecting food security
and concepts under study aiming at biofuel production from
biological materials that will not compete with food sources.
Hurdles Against Effective Use For The Poor describes which hurdles
under the presently established regulatory regime prevent use of
the technology for public good. The analysis focuses on (a) the
political climate around GEs having been spread from Europe
around the world; (b) the legal and trade consequences connected
to regulation and political climate; (c) GMO over-regulation
making use of GEs for the public sector inaccessible for cost
and time reasons; (d) the financial support to professional anti-
GE-lobby groups and (e) poor support for agricultural research
in general.

The programme of the study week was designed (a) to present
the potential of plant genetic engineering to contribute to food
security, (b) to analyse the causes for the obvious exclusion of the
public sector and projects from the delivery of public goods and (c)
to develop concepts how to improve the situation to the benefit of
the poor. The participants represented a wide and interdisciplinary
range of scientific disciplines including philosophy, theology,

political science, economy, agricultural law, agricultural econom-
ics, development economics, intellectual property rights, botany,
ecology, plant pathology, evolution, botany, microbiology, agri-
culture, crop science, biochemistry, molecular biology, biotech-
nology, food safety, biosafety, and regulation. The participants
jointly formulated and agreed unanimously to the following
summary of the results of the study week in form of a ‘STATE-
MENT’ which summarises the scientific conclusions and recom-
mendations following from those conclusions.

This STATEMENT is presented in five languages in print (Eng-
lish, Arabic, Chinese, Hindu, and Swahili) and in further 11
languages (Indonesia, Filippines, France, Germany, Italy, Japan,
Korea, Portugal, Russia, Spain, and Turkey) in form of links to the
internet. The English version is the authorised original, in case of
inconsistencies in one of the translations, which have, however
been carefully checked by Klaus Ammann.

The editors are very grateful to those who took care of the translations
(English: Drafted and endorsed by all participants of the Conference, synthe-
sized mainly by Ingo Potrykus, Peter Raven, Albert Weale, Chris Leaver

Arabic: Ismail Serageldin, Hanan Mounir

Chinese: Clive James, Mariechel Navarro,

Hindi: Kameswara Rao, Shantu Shantaram, Prof. Vimala, Geetha Singh

Swahili: Clive James, Margareth Karembu

11 languages as links:

Bahasa: Clive James, Clement Dionglay

Filipino: Clive James, Clement Dionglay

Francais: Marc van Montagu, Nathalie Verbruggen

German: Ingo Potrykus, Klaus Ammann, Nikolaus Amrhein

Italian:. Piero Morandini, Marcelo Sanchez Sorondo

Japanese: facilitated by Peter Raven

Korean: facilitated by Clive James

Portugese: Alda Lerayer, Debora Marques

Russian: Peter Raven, Konstantin Skryabin, Nikolay Burdeyniy, Tatyana
Shulkina, Biljana Papazov Ammann and Natalia Margulis,

Spanish: Marcelo Sanchez Sorondo, Wayne Parrott, Rafael Vicuiia,
Moisés Burachik

Turkish: Selim Cetiner, Nadir Fayazoff). For more details see the transla-
tions.

Powerpoint presentations of the conference in pdf format are also
available as hyperlink in the sequence of the original program.
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Food insecurity, hunger and malnutrition:
necessary policy and technology changes

Joachim von Braun

Center for Development Research (ZEF), University of Bonn, Germany

Ending food insecurity, hunger and malnutrition is a pressing global ethical priority. Despite differences
in food production systems, cultural values and economic conditions, hunger is not acceptable under
any ethical principles. Yet, progress in combating hunger and malnutrition in developing countries has
been discouraging, even as overall global prosperity has increased in past decades. A growing number of
people are deprived of the fundamental right to food, which is essential for all other rights as well as for
human existence itself. The food and nutrition crisis has deepened in recent years, as increased food price
volatility and global recession affected the poor. In a strategic agenda, it will be necessary to promote
pro-poor agricultural growth, reduce extreme market volatility and expand social protection and child

nutrition action.
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Ending hunger as a global priority

The current global architecture for governing food, nutrition and
agriculture has not been able to adequately address the challenges
the system now faces and ensure progress toward food security.
Even when general ethical principles are understood and agreed
upon, actors in the system do not take needed actions since they
lack the right incentives for doing so [1,2]. A comprehensive new
approach, founded upon strong ethical principles and right incen-
tives, is needed to address persisting hunger and the rising chal-
lenges in the agri-food system. To realize the potential of
technology and economic policies in reducing hunger and food
insecurity, this approach should also give adequate attention to
the role of institutions, including religious institutions.

E-mail address: jvonbraun@uni-bonn.de.

The attention of the Catholic Church to poverty reduction and
related actions has a long history. As stated in the Encyclical of
Pope Leo XIII on capital and labor in 1891, the desire of the
Church is that the poor should rise above poverty and wretched-
ness, and better their condition in life; and for this she makes a
strong endeavor [3]. Fighting hunger seems to be one of the most
obvious islands of consensus in world religions, and religious
institutions, such as the Catholic Church, have an important role
to play in advancing food security around the world. However,
none of the global religious congregations can effectively address
the hunger problem alone, and synchronized actions are needed
on this issue.

Three different approaches have been developed for addressing
food security and hunger. The development approach draws on
economic, technological, and institutional strategies and innova-
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tions for hunger reduction. The charity approach emphasizes both
private and public giving to the people in need, and the role of
religious institutions is very strong. The rights-based approach
focuses on prioritizing actions - including legal actions and advo-
cacy - that enhance basic human rights, such as access to adequate
food. All three approaches have an ethical base, and they all are
intrinsically linked. Weaknesses in the development approach to
hunger reduction, for example, undermine the rights-based
approach in a way which cannot be easily compensated for by
charitable actions. Technological innovations in food and agri-
culture are cutting across these different approaches for combating
hunger. In the past, technological breakthroughs adopted on a
large scale have had high positive social pay-offs — they have been a
critical component in preventing Malthusian predictions of popu-
lation growth outpacing agricultural production, and in instigat-
ing the Green Revolution in Asia in the 1960s and 1970s. New
high-impact technologies such as biotechnology, biofortification
and nanotechnology now offer further opportunities for boosting
agricultural productivity and enhancing food quality and nutri-
tional value. Science and technology alone, however, cannot
eliminate hunger and malnutrition, and the power of agricultural
technology is strengthened through related policies and institu-
tions. At the same time, if agricultural innovations are blocked,
development is also blocked, and hunger and poverty will be
perpetuated.

The food and nutrition crisis expands and deepens
Global progress in combating malnutrition has been slow in past
decades, with dramatic differences among countries and regions.
The 2008 Global Hunger Index (GHI) score fell to 15.2 compared to
18.7 in 1990, indicating a slight improvement in the overall hunger
situation [4]. (The GHI is a combined measure of three equally
weighted components: (i) the proportion of undernourished as a
percentage of the population, (ii) the prevalence of underweight in
children under the age of five and (iii) the under-five mortality rate.
The 2008 GHI is based on data until 2006 — the last year with data
available at the time of publication.) But the absolute number of
undernourished people in developing countries actually increased
from 823 million in 1990 to 848 million in 2002-2005, and an
estimated one billion in 2009 [5]. Even before the food price crisis in
2007-2008 hit the poor, roughly 160 million people were living in
ultra poverty, on less than 50 cents a day [6]. In aworrying trend, the
most severe deprivation isincreasingly concentrated in Sub-Saharan
Africa, which has experienced a significant increase in the number
of the ultra poor since 1990 and is currently home to three-quarters
of the world'’s ultra poor [6].

At their peaks in the second quarter of 2008, world prices of
wheat and maize were three times higher than at the beginning of
2003, and the price of rice was five times higher. In response to
high food prices, poor households had to limit their food con-
sumption, shift to even less-balanced diets, and spend less on other
goods and services that are essential for their health and welfare,
such as clean water, sanitation, education and health care [7]. Food
price hikes have also worsened micronutrient deficiencies, with
negative consequences for people’s nutrition and health, such as
impaired cognitive development, lower resistance to disease and
increased risks during childbirth for both mothers and children.
Since children’s nutrition is crucial for their physical and cognitive

development and for their productivity and earnings as adults, the
health and economic consequences of insufficient food and poor
diets are lifelong - for the individuals as well as for society. A 2008
Lancet article shows that men who benefited from a randomized
nutrition intervention when they were young children earned
wages that were 50% higher than those of nonparticipants three
decades later [8]. Thus, it must be assumed that even when a
multiyear price shock ends, the adverse consequences for the poor
and food insecure continue for decades.

The global financial crisis and recession are now adding to the
burden on the poor as wages are lost, many small farmers find
themselves unable to pay off their debts and capital for agriculture
is further limited. With food and general costs of living on the rise,
people in more than 60 countries turned to the streets in protest in
2007 and 2008. IFPRI estimates that recession and reduced invest-
ment in agriculture could raise international grain prices by 30%
and push 16 million more children into malnutrition in 2020
compared with continued high economic growth and maintained
investments [7]. At a global scale, the decline in investments
leading to cuts in agricultural supply seems to be stronger than
the demand decline due to the recession. These trends might soon
put again strong upward pressure on food prices combined with
increased price volatility.

The challenge of feeding the world has greatly increased. The
recent hikes in food prices are not exceptionally high from a
historical perspective but they have greatly increased the chal-
lenge of feeding the world’s growing population [7]. Since the time
of notoriously high food prices in the 1870s, world population has
increased more than five times reaching 6.7 billion today and it is
expected to reach 9 billion by 2050. To overcome existing hunger,
feed an additional 2 billion people and accommodate rising
demand from income growth, food production would have to
be doubled by 2050.

Science and technology for hunger and poverty
reduction

Existing land and water constraints, as well as further challenges
for natural resources such as climate change, make the task of
doubling food production in the next four decades additionally
challenging. There is only about 12% or less of available arable
land which is not presently forested or subject to erosion and
desertification. The area of land in farm production could in
principle be doubled, but only by massive destruction of forests
and loss of biodiversity and carbon sequestration capacity. The
other consequence of doubling food production this way is sig-
nificant increases in the marginal costs of investment, which
would translate in increased food prices.

Numerous studies have shown that spending on agricultural
research and development (R&D) is among the most effective
types of investment for promoting growth and reducing poverty.
For example, for every 1 million rupees spent on agricultural R&D
in India in the 1990s, 323 poor people were lifted above the
poverty line [9]. Plant-breeding programs, in which the centers
of the Consultative Group on International Agricultural Research
(CGIAR) play a leading role, have developed more than 8000
improved crop varieties in the past 40 years.

The opportunities offered by agricultural science for the future
are also wide. In an assessment of the key technological innova-
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tions needed for advancement by 2020, 9 of the 16 technological
innovations relate to agriculture and rural development, such as
genetically modified crops and rural wireless communications
[10]. Biofortification — the breeding of new varieties of staple crops
that are rich in micronutrients — allows the poor to receive the
necessary amounts of vitamin A, zinc and iron via their regular
staple-food diets. Biofortification provides a means of reaching
malnourished populations in relatively remote rural areas and
delivering naturally fortified foods to people with limited access
to commercially marketed fortified foods or supplements. New
high-impact technologies such as nanotechnology and its appli-
cations, might allow people to eat foods without absorbing harm-
ful allergens and cholesterol, and modify food taste and
nutritional value. For such technologies, however, research efforts
should be devoted to carefully studying both benefits and hazards
early on in the application process.

Genetic modification has been successful in creating beneficial
traits such as disease resistance, higher nutritional value and
increased yields - traits which can be difficult to achieve through
traditional breeding techniques. Biotechnology can increase small
farmer productivity and equity in poor communities threatened
by extreme weather, crop pests and different types of malnutrition.
In addition, it can ameliorate environmental degradation by
developing high-yield varieties, which require less use of chemical
pesticides and do not require mechanical tilling. Since 1996,
biotechnology has decreased the environmental impact associated
with herbicides, and insecticide use has significantly reduced
pesticide spraying. As a result, it has decreased the environmental
impact associated with herbicide and insecticide use on these
crops [11]. For consumers, biotechnology can improve health
outcomes and reduce food and health expenditures.

Even though genetically modified foods currently available on
the international market have passed risk assessments and are not
likely to present risks for human health [12] opposition against
genetically modified crops persists and has provoked wide atten-
tion and debate. On the surface, it appears as if interest group
activism against genetically modified foods is motivated by pre-
caution. However, a deeper look into the issue reveals that it is
predominantly an issue of preferences. Therefore, the constructive
solution would not be to enter into an exchange of dogmas, but an
examination of the rationality of consumer preferences and
improved information for customers.

From an ethical standpoint, the risks of growing genetically
modified crops should be weighed against the risks of nonadop-
tion. Rejection of genetically modified crops leads to negative
externalities that hurt the poor. To sustainably save human lives
without biotechnology investments, two options exist: use more
environmental capital and undermine sustainability, and invest
more in safety nets and direct social programs.

Both are very high-cost alternatives which are not sustainable.

Despite the benefits and the associated opportunity costs, agri-
cultural growth in many developing countries continues to be
hampered by lack of appropriate agricultural technologies. While
in 2008, about 12.3 million farmers in 15 developing countries
were growing biotech crops [13] these farmers still represent a
small fraction of those working on the 400 million small farms
globally. Dissemination of technology in agriculture requires
much more upfront investment in the foundations of effective

technology utilization, such as rural education, infrastructure and
extension services.

However, public R&D investments have been stagnating since
the mid-1990s, and the gap between rich and poor nations in
generating new technology remains [14]. From 1992 to 2006,
funding for the CGIAR, which is a major contributor to agricul-
tural innovation in partnership with national research systems,
increased by only 2% per year [15]. The current resources are
hardly enough to work at the frontiers of new science, and the
recent financial crunch further constrains the availability of capi-
tal for agriculture science in the developing world.

Strategic agenda for science and policy
At the global level, a science and technology initiative is needed to
respond to risks such as rising food prices, economic recession,
increased competition for natural resources and climate change.
Its agenda should focus on increasing agricultural productivity, but
also include increasing small farm incomes, sustainability of agri-
cultural practices, natural resources management, international
competitiveness, and food quality and health. Priorities should
be set with a clear focus on the poor and food insecurity. For
example, in the areas of agriculture, health and nutrition, focus
should be placed on increasing lives saved and livelihoods
improved, as well as economic productivity, growth and returns
on investment. In addition, the proposed science and technology
initiative would need to increase investments in R&D, explore new
technologies, including biotechnology, and strengthen partner-
ships.
The renewed focus on agriculture, food and nutrition should be
supported by three sets of complementary policy actions:
Promote pro-poor agricultural growth. To enhance agricultural
productivity, investments should be scaled up in the areas of
R&D, rural infrastructure, rural institutions, and information
monitoring and sharing. Doubling investments in public
agricultural research from US$5 to US$10 billion from 2008 to
2013 would significantly increase agricultural output and
millions of people would emerge from poverty. If these R&D
investments are targeted at the poor regions of the world — Sub-
Saharan Africa and South Asia - overall agricultural output
growth would increase by 1.1 percentage points a year and lift
about 282 million people out of poverty by 2020 [15]. On a global
scale, an evidence-based functional system is needed to ensure
biosafety.
Reduce extreme market volatility. To prevent extreme volatility, it
is essential to ensure open trade. In addition, two global
collective actions for food security are needed: first, a small,
independent physical reserve should be established exclusively
for emergency response and humanitarian assistance. Second, a
virtual reserve and intervention mechanism should be created to
help avoid the next price spikes. The organizational design of the
virtual reserve would include a high-level technical commission
that would intervene in future markets and a global intelligence
unit that would signal when prices head toward a spike [16].
Expand social protection and child nutrition action. To protect the
basic nutrition of the most vulnerable and improve food
security, agricultural growth and reducing market volatility
must be accompanied by social protection and nutrition
actions. Protective actions are needed to mitigate short-term
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risks (incl. conditional cash transfers, pension systems and
employment programs), and preventive actions are needed to
avoid long-term negative consequences (including preventive
health and nutrition interventions such as school feeding and
programs for improved early childhood nutrition and strength-
ened and expanded to ensure universal coverage). In the
formulation of global policy and technology promotion
strategies, the different innovation needs and (risk) preferences
of poor and rich need to be reconciled. To achieve this, first,
innovation must not be compartmentalized as a need of a
specific group, country or region, since such categorizations
stop innovation in its tracks. Second, survival and basic needs
should be acknowledged and treated as absolute, and must not
be weighed against relative preferences. Third, solutions to
overcome conflict must be found in the interest of the poor in
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In spite of several World Food Summits during the past decade, the number of people going to bed
hungry is increasing and now exceeds one billion. Food security strategies should therefore be revisited.
Food security systems should begin with local communities who can develop and manage community
gene, seed, grain and water banks. At the national level, access to balanced diet and clean drinking water
should become a basic human right. Implementation of the right to food will involve concurrent
attention to production, procurement, preservation and public distribution. Higher production in
perpetuity should be achieved through an ever-green revolution based on the principles of conservation
and climate-resilient farming. This will call for a blend of traditional ecological prudence with frontier
technologies, particularly biotechnology and information communication technologies.
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Mahatma Gandhi said in 1948 “God is bread to the hungry’.

Food security involves physical, economic, social and environ-
mental access to balanced diet, and clean drinking water for every
Corresponding author: Swaminathan, M.S. (chairman@mssrfres.in), (msswami@vsnl.net) child, woman and man. Physical access is a function of the
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availability of food in the market and is related to both in-country
production and imports, when needed. Economic access is related
to purchasing power and employment opportunities. Social access
is conditioned by gender equity and justice. Environmental access
is determined by sanitation, hygiene, primary healthcare and
clean drinking water. Thus, both food and non-food factors deter-
mine food security.

The hunger crisis
In spite of the highest priority accorded to hunger elimination
among the UN Millennium Development Goals (UN-MDGs), the
FAO (Food and Agriculture Organisation) estimates that the num-
ber of people going to bed hungry is increasing. When UN-MDGs
were adopted in 2000, about 820 million were estimated to be
under-nourished. Now, it is over a billion. Why are we in this
condition? The hunger crisis facing us has the following principal
short-term dimensions:
¢ Environment
¢ Economics
* Equity
¢ Employment
* FEnergy

The long-term dimension relates to global warming and climate
change.

Dealing with crisis
Environment
Among the key areas needing attention are:
* Conservation of prime farm land for agriculture, soil healthcare
and enhancement
¢ Irrigation water availability and quality and rain water harvest-
ing
* Biodiversity loss
* Damage to ecosystem services
* Ecological footprint (related to life styles) and population
supporting capacity of ecosystems
Aristotle said long ago that the soil is the stomach of the plant.
Exploitative agricultural practices lead to soil mining and damage
to the physical, chemical and microbiological properties of the
soil. Every farm family should have a soil health card giving
integrated information on all aspects of soil health, like organic
matter status, macro- and micro-nutrient availability and the
hydraulic conductivity of the soil. Mobile Soil Health Vans should
be organised. A national land care movement should deal with
both the conservation of prime farm land for agricultural purposes
and the prevention of soil erosion and degradation. The fertility of
waste or wasted land should be restored. Building a sustainable
water security system involves concurrent attention to supply
augmentation and demand management. Supply augmentation
involves harnessing all the major sources of irrigation water,
namely rain, ground, surface, effluents and waste water and sea-
water. Rain water harvesting through a pond in every farm must
become a way of life. Sea water constitutes over 97% of the water
resources available in our planet. There is vast scope for sea water
farming through agri-aqua farms. Conjunctive use of water like
fresh water and treated industrial effluents should become insti-
tutionalised. Industry should give back the water it consumes in a
good condition.

Demand management in agriculture should come from the
adoption of ‘more crop and income per drop of water’ techniques.
Agronomists should indicate in their publications not only yield
per hectare, but also yield per unit of water. Micro-irrigation
methods need to become universal.

Biodiversity loss and damage to ecosystem services is taking
place at an alarming rate. This has serious implications in relation
to our capacity to deal with the new challenges arising from
climate change and transboundary pests. The loss of every gene
and species limits our options for the future, particularly when
recombinant DNA technology affords an opportunity to create
novel genetic combinations capable of conferring resistance to
abiotic and biotic stresses.

An institutional method to address environmental threats to
food security is the organisation of community managed food and
water security systems at the village level. This will comprise field
gene bank through in situ on farm conservation of local land
races, seed bank for ensuring the availability of seeds during
times of drought and flood, grain bank involving storage of local
food crops (often belonging to the category of orphan crops) and
water bank in the form of ponds and reservoirs capturing rain
water. Thus, conservation, cultivation, consumption and com-
merce can be linked into a food security continuum. A reason
why malnutrition is increasing in the world is the centralised
approach to both analysis and action. A decentralised, community
centred approach to food security will help us to reach our nutri-
tion goals speedily and surely.

Economics in relation to food security

The cost-risk-return structure of farming determines the decisions
of farmers with reference to the choice of crops and investment on
inputs. Input costs are going up partly due to the escalation in the
price of petroleum products. Output prices are not increasing in
tandem with a rise in the cost of production. Due to inadequate
availability of institutional credit and effective insurance, small
farmers get caught in a debt trap, with much of the borrowing
coming from private money lenders at very high interest rates. If
farm ecology and economics go wrong, nothing else will
have a chance to go right. Public policies in the field of
agriculture should give over-riding priority to safeguarding and
improving the ecological foundations essential for sustainable
agriculture, on the one hand and assured and remunerative mar-
keting opportunities, on the other.

Equity
The social, economic, environmental and gender dimensions of
equity must receive integrated attention. An area in intra-genera-
tional equity which needs urgent attention is the elimination of
maternal and foetal under-nutrition resulting in the birth of
children with low birth weight (LBW). Such LBW children suffer
from several handicaps including impaired cognitive abilities. At
the other end is the growing damage to our life support systems of
land, water, biodiversity and climate, leading to reduced oppor-
tunities for a healthy and productive life to the children yet to be
born.

A method of overcoming problems in the areas of environmen-
tal, social and gender inequity is to subject all the development
programmes to a matrix analysis designed to ascertain whether the
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programme is pro-nature, pro-poor and pro-woman. A pro-nature,
pro-poor and pro-woman orientation is also essential in the area of
technology development and dissemination.

Employment
The famine of jobs or purchasing power is often the cause of
famine of food at the household level. Modern industry often
leads to jobless economic growth. Agriculture including crop and
animal husbandry, fisheries, forestry, agro-forestry, agro-proces-
sing and agri-business promotes job-led growth. Crop-livestock
integrated farming systems enhance both income and nutrition
security. In the developing countries of the Asia-Pacific Region,
what we need is job-led economic growth, so that the goal of food
for all coupled with human dignity can be achieved. The econom-
ics of human dignity demands that everyone should have an
opportunity to earn his/her daily bread.

There are several successful models of promoting job-led eco-
nomic growth in this region. One model relates to the successful
experience in China of promoting higher small farm productivity
and profitability on the one hand, and opportunities for skilled
and remunerative non-farm employment through township-vil-
lage—enterprises (TVE) on the other. This two pronged strategy has
helped China to achieve both high farm productivity and impress-
ive manufacturing capacity. ‘Jobs for All’ then becomes a reality.

The other model, developed at the MS Swaminathan Research
Foundation (MSSRF), is known as the ‘Biovillage’ model of human-
centred development. The Biovillage model involves the following
three concurrent steps.
¢ Conservation and enhancement of the ecological foundation

for sustainable agriculture, with particular attention to soil
health care, rain water harvesting and efficient water use,
biodiversity conservation and sustainable and equitable use,
climate risk management, and the protection and development
of village common property resources.

¢ Improving on-farm productivity based on ever-green revolu-
tion principles, which help to enhance farm productivity in
perpetuity without associated ecological harm. This calls for
mainstreaming ecological principles in technology develop-
ment and dissemination.

* Generation of skilled and market-driven non-farm employ-
ment opportunities through improved post harvest technology
and value addition to primary products.

Processing, storage and marketing require greater investment of
technology and finance.

The Biovillage Council, which manages the biovillage activities
through group co-operation, ensures that every adult in the village
has an opportunity for a healthy and productive life

Energy

Each Biovillage Council develops a strategy for energy security
involving a feasible and affordable blend of renewable and non-
renewable sources of energy. Among the renewable sources solar,
wind, biogas and biomass are particularly important.

Bridging the technology divide

Starting from the industrial revolution in Europe nearly 4 centu-
ries ago, technology has been a major factor in North-South, rich—-
poor, rural-urban and gender divides. If technology has been

the primary cause of such divides, we should now enlist
technology as an aid to bridging the divides. An important
requirement for promoting the ‘Bridging the Divides Movement’ is
knowledge and skill empowerment. Harnessing modern Informa-
tion and Communication Technologies (ICT) is a powerful
method of empowerment of rural communities. The Village
Knowledge Centre movement, launched in India by MSSRF in
partnership with a multi-stakeholder National Alliance for Village
Knowledge Revolution, is based on the principles of community
ownership, demand driven and dynamic information, use of local
language and capacity building. Capacity building and content
creation are two key elements of this programme.

Biotechnology is becoming an important tool in creating novel
genetic combinations. Action is needed at two ends of the spec-
trum for harnessing novel genetic combinations to meet current
and future challenges arising from global warming and climate
change. First, in village schools DNA Clubs should be organised to
spread genetic literacy. Second, each Nation should have a stat-
utory, professionally led National Biotechnology Authority. The
bottom line of a Nation’s Biotechnology Regulatory Policy should
be:

“the economic well being of farm families, food security of
the nation, health security of the consumer, protection of
the environment, biosecurity of the country and the
security of national and international trade in farm com-
modities”.

(Report of the M S Swaminathan Committee, 2004)

Developing countries should develop regulatory procedures
which ensure the safe and responsible use of biotechnology,
particularly recombinant DNA technology. In India, a National
Biotechnology Regulatory Authority is being created through an
Act of Parliament.

From green to an ever-green revolution: Indian
experience

In India, the 20th century was a period of agony and ecstasy on the
farm front. The colonial period (1900-1947) was characterised by
insignificant growth in food production and frequent famines.
The last part of the colonial period witnessed the Bengal Famine of
1942-1943, when over 2 million children, women and men died
from hunger. This led to Jawaharlal Nehru's famous statement
soon after independence in 1947, ‘everything else can wait,
but not agriculture’.

The Nehru period (1947-1964) was marked by emphasis on
irrigation, power generation, production of mineral fertilisers,
chemical pesticides, community development, national extension
service, and above all strengthening of agricultural research and
education through the establishment of agricultural universities. A
post-graduate school was set up at the Indian Agricultural Research
Institute, New Delhi, which was conferred in 1958 the status of a
deemed university under the UGC Act of 1956. The first Agricul-
tural University based on the Land Grant University system of the
United States of America started functioning in 1960 at Pant Nagar
in Uttar Pradesh (now in Uttarakhand).

In spite of all the measures taken to strengthen agricultural
research, education, extension and development, the gap between
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food production and food requirement continued to grow
between 1950 and 1960. Consequently, food imports, largely
under the PL-480 programme of the United States, grew year after
year, reaching a peak level of 10 million tonnes in 1966. Globally
and nationally, there was scepticism about India’s capacity to feed
its growing population.

To meet this challenge, an Intensive Agriculture District Pro-
gramme (IADP) was started in the early 1960s to maximise the
output of cereals like rice and wheat in districts where irrigation
water was available. The strategy was to provide seeds, fertiliser
and other inputs to improve productivity. During the first 15 years
after independence, production increase was largely associated
with area expansion and not due to higher yield. Consequently,
the average yield of rice and wheat continued to stagnate at less
than 1 tonne per hectare. It is under such circumstances, that I
pointed out that the IADP, also referred to as the package pro-
gramme, had one important missing ingredient, namely a genetic
strain which can respond to the rest of the package, particularly
soil nutrients and irrigation water.

The search for high-yielding varieties which can convert sun-
light, water and nutrients into grains in an efficient manner first
began in rice with the initiation of the indica—japonica hybridisa-
tion programme at the Central Rice Research Institute, Cuttack, in
the early 1950s. Similar work was started in wheat in the mid-
1950s, using mutation breeding techniques as well as hybridisa-
tion between Triticum aestivum varieties and sub-species compactun
and sphaerococum. The indica—japonica hybridisation programme
resulted in varieties like ADT-27 in Tamil Nadu and Mashuri in
Malaysia. The programme did not make much headway due to
sterility problems. In the case of wheat also, the expected improve-
ment in yield potential did not take place because a short plant
stature was also associated with short panicles and reduced yield
potential. Fortunately, Japanese scientists led by Dr. Gonziro
Inazouka identified Norin 10 and other genes which helped to
break the negative correlation between plant height and panicle
length. The Norin dwarfing gene was used by Dr. Orville Vogel in
Washington State University, Pulman, to breed high-yielding
winter wheats like Gaines. The same genes were used by Dr.
Norman Borlaug in Mexico to develop semi-dwarf spring wheats.
By adopting a shuttle breeding technique, Dr. Borlaug also made
the wheat plant insensitive to photo-period and temperature. This
gave birth to high-yielding spring wheat varieties Lerma Rojo-64A,
Sonora 63, Sonora 64, Mayo 64 and other strains in Mexico. We
obtained seeds of these varieties, as well as a wide range of
segregating material from Dr. Borlaug in September 1963. The
details of the semi-dwarf wheat programme initiated with the
Norin dwarfing genes are contained in the publication ‘Wheat
Revolution — a Dialogue’ [1]. Production advances were rapid
resulting in the green revolution in 1968, due to the growth of
a Green Revolution Symphony, consisting of mutually rein-
forcing packages of technology, services, public policy in input
and out pricing and marketing, and above all farmers’ enthusiasm.

In the area of technology, some of the significant steps taken
included (a) the organisation of multi-location trials with 4 Mex-
ican Semi-dwarf varieties during 1963-1964; (b) the organisation
of National Demonstrations in the fields of resource poor farmers
with small holdings from 1964 to 1965 onwards; (c) the import of
200 tonnes of seeds of Lerma Rojo-64A and Sonora 64 during

1965-1966 to expand the National Demonstration Programme
throughout the wheat growing areas; (d) import of 18,000 tonnes
of seeds from Mexico, mainly of the variety Lerma Rojo-64A for
increasing the area under semi-dwarf wheat varieties; (e) selection
of amber grain wheat varieties from the segregating populations
sent by Dr. Borlaug and development of high-yielding amber
wheats like Kalyan Sona and Sonalika, and initiation of a dynamic
programme of cross-breeding both in aestivum and durum wheats
to incorporate the Norin dwarfing genes into high quality Indian
Wheat varieties like C306, bred by Chaudhury Ram Dhan Singh in
the Punjab.

In the area of services, the important measures taken included
(a) the setting up of a National Seed Corporation, (b) rural elec-
trification, (c) rural communication, and (d) enlarged credit sup-
ply. The public policy measures led to the establishment of an
Agricultural Prices Commission, the enforcement of a minimum
support price through the Food Corporation of India, and the
building up of grain reserves to feed the public distribution system.
Because the new technologies are scale neutral but not resource
neutral, special programmes like the small and marginal farmer
support programmes were initiated. The aim was to ensure social
inclusion in access to high-yield technologies.

The integrated packages of technology, services and public
policies ignited farmers’ enthusiasm and a small government
programme became a mass movement. Writing in the Illustrated
Weekly of India (May 11, 1969), I made the following remarks on
the Punjab Wheat Miracle.

“Brimming with enthusiasm, hard-working, skilled and
determined, the Punjab farmer has been the backbone of
the revolution. Revolutions are usually associated with
the young, but in this revolution, age has been no obstacle
to participation. Farmers, young and old, educated and
uneducated, have easily taken to the new agronomy. It
has been heart-warming to see young college graduates,
retired officials, ex-army men, illiterate peasants and
small farmers queuing up to get the new seeds. At least
in the Punjab, the divorce between intellect and labour,
which has been the bane of our agriculture is vanishing’.

To bring this significant development in India’s agricultural
evolution to public attention, the then Prime Minister Smt. Indira
Gandhi released a special stamp titled “‘The Wheat Revolution’ in
July 1968.

Similar opportunities for enhancing production through pro-
ductivity improvement soon became available in rice, maize,
sorghum and peal millet. Hence, the US scientist Dr. William
Gaud coined the term ‘Green Revolution’ to indicate productivity
triggered production increase. To ensure that a productivity based
agriculture does not result in ecological harm due to the unsus-
tainable exploitation of land and water, adoption of mono-culture
and excessive use of mineral fertilisers and chemical pesticides, I
appealed to farmers in the following words, not to harm the long-
term production potential for short-term gains in my address to
the Indian Science Congress held on Varanasi in January 1968:

“Exploitative agriculture offers great dangers if carried
out with only an immediate profit or production motive.
The emerging exploitative farming community in India
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should become aware of this. Intensive cultivation of land
without conservation of soil fertility and soil structure
would lead, ultimately, to the springing up of deserts.
Irrigation without arrangements for drainage would
result in soils getting alkaline or saline. Indiscriminate
use of pesticides, fungicides and herbicides could cause
adverse changes in biological balance as well as lead to
an increase in the incidence of cancer and other diseases,
through the toxic residues present in the grains or other
edible parts. Unscientific tapping of underground water
will lead to the rapid exhaustion of this wonderful capital
resource left to us through ages of natural farming. The
rapid replacement of numerous locally adapted varieties
with one or two high-yielding strains in large contiguous
areas would result in the spread of serious diseases
capable of wiping out entire crops, as happened prior
to the Irish potato famine of 1854 and the Bengal rice
famine in 1942. Therefore the initiation of exploitative
agriculture without a proper understanding of the various
consequences of every one of the changes introduced into
traditional agriculture, and without first building up a
proper scientific and training base to sustain it, may only
lead us, in the long run, into an era of agricultural disaster
rather than one of agricultural prosperity.”

I pleaded for converting the green revolution into an ever-green
revolution by mainstreaming the principles of ecology in technol-
ogy development and dissemination. I defined ‘ever-green revolu-
tion’ as increasing productivity in perpetuity without associated
ecological harm [2-5]. I pleaded for avoiding the temptation to
convert the green revolution into a greed revolution. Unfortu-
nately, ecologically unsound public policies, like the supply of free
electricity, have led to the over-exploitation of the aquifer in the
Punjab, Haryana and Western UP region. The heartland of the
green revolution is in deep ecological distress [6]. The need for
adopting the methods of an ever-green revolution has therefore
become very urgent.

There are two major pathways to fostering an ever-green revolu-
tion. The first is organic farming. Productive organic farming
needs considerable research support, particularly in the areas of
soil fertility replenishment and plant protection. Soils in most
parts of India lack organic matter and are also deficient both in
macro- and micro-nutrients. A majority of farmers cultivate one
hectare or less. Crop-livestock integrated farming will help to build
soil fertility, but most small farm families have only 1 or 2 farm
animals like cows, buffaloes and bullocks. Green manure crops and
fertiliser trees can help to build soil fertility. Also, commercially
viable organic farming methods will spread only if there is a
premium price for organic products. Organic farming should be
promoted in the case of vegetable and fruit crops and medicinal
plants, where the danger of pesticide residues should be avoided.

The second pathway to an ever-green revolution is green
agriculture. In this case, ecologically sound practices like con-
servation farming, integrated pest management, integrated nutri-
ent supply and natural resource conservation and enhancement,
are promoted. Green agriculture techniques could include the
cultivation of crop varieties bred through the use of recombinant
DNA technology, in case such varieties have advantages like

resistance to biotic or abiotic stresses, or other attributes like better
nutritive quality. In organic farming, the cultivation of genetically
modified crops is prohibited. The cultivation of varieties bred with
the help of molecular marker assisted selection is however allowed.

New possibilities can be envisaged by a combination of organic
farming and high-yield agriculture. Eco-agriculture aims at
mutually reinforcing relationships between agricultural produc-
tivity and conservation of nature. Innovative eco-agriculture
approaches can draw together the most productive elements of
modern agriculture, new ecological insights and the knowledge
that local people have developed from thousands of years of living
in harmony with nature. Eco-agriculture is defined as an approach
that brings together agricultural development and conservation of
biodiversity as explicit objectives in the same landscapes [4,7,8].

For resource poor farmers, green agriculture is the method of
choice for producing more in an environmentally benign manner.
The smaller the farm, the greater is the need for marketable
surplus. Research on efficient micro-organisms which can help
to build soil fertility, as well as fertiliser trees like Faidherbia albida
will help both organic farming and green agriculture. The National
Commission on Farmers NCF recommended in 2006 the initiation
of a conservation farming movement in the heartland of the green
revolution, to halt the damage now occurring to the ecological
foundations essential for sustainable agriculture. NCF suggested
the allocation of Rs. 1000 crores (US$ 200 million) to start with, for
achieving a paradigm shift from exploitative to conservation
farming in the Punjab-Haryana-Western UP region.

Sustainable food security

Despite the large number of nutrition safety net programmes
introduced by the Central and State Governments from time to
time, India still remains the home for the largest number of
malnourished children and adults in the world. We should ask
why we are in this regrettable and unacceptable situation. The
answer lies in the basic structure of our consumption pattern.

Nearly two thirds of our population lives in rural areas. A
majority of them are small and marginal farmers and landless
labourers. They fall under the category producer-consumer.
We have thus two categories, that is about 700 million producer-
consumers and about 400 million consumers. In industrial
countries, consumers will be about 97% and producer—-consumers
will be about 3%. Therefore widespread malnutrition and endemic
hunger will persist unless the producer-consumer can consume a
balanced diet. This situation also prevails in most countries in the
Asia-Pacific Region. This will call for higher small farm productiv-
ity and profitability, on an environmentally sustainable manner.
An ever-green revolution accompanied by a small farm
management revolution are hence vital components of a
freedom from hunger movement. How can we develop a
sustainable and equitable food security system?

As pointed out earlier, food security at the level of each indi-
vidual child, woman and man involves physical, economic and
social access to balanced diet, including the needed macro- and
micro-nutrients, safe drinking water, primary health care, sanita-
tion and environmental hygiene. Thus, concurrent attention is
needed to both food and non-food factors. Any national legisla-
tion related to food security should deal with production, access
and absorption in a holistic manner. The following three steps are
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urgently needed for ensuring adequate availability of home-grown

food.

* First, we must take steps to defend the gains already made.
This will involve integrating ecological principles in technol-
ogy development. At the same time, public policies should
promote the sustainable use of land, water, biodiversity and
common property resources through conservation farming. If
the regions, which now provide most of the grain for the public
distribution system, do not shift to an ever-green revolution
pathway of productivity improvement, the nation’s food
security system will be jeopardy.

¢ Second, we must extend productivity gains to the ‘green
but no green revolution’ areas like the entire eastern India,
where there is adequate water availability. These areas
constitute the ‘sleeping giant’ of Indian agriculture and should
be enabled to take to green agriculture in a big way through
appropriate packages of technology, services and public
policies.

* Third, we should make new gains, particularly in rainfed
areas, which constitute 60% of the farm area in the country.
Available data show that the yield gap (i.e. gap between
potential and actual yields) in such rainfed semi-arid areas is as
high as 200-300% in the case of pulses, oilseeds, millets, semi-
arid horticulture, etc. Work on ‘more crop and income per drop
of water’ and on planting a billion fertiliser trees like Faidherbia
albida should be promoted. Water harvesting and efficient
water use should become a way of life in such areas. A Pond in
Every Farm should become a habit and where appropriate,
labour from the National Rural Employment Guarantee Act
(NREGA) programme should be utilised for constructing farm
ponds in the fields of small and marginal farmers in drought-
prone areas.

India has nearly a billion farm animals including poultry. Live-
stock and livelihoods are intimately inter-related in all major agro-
ecosystems, but more particularly in arid and semi-arid areas. Also,
the ownership of livestock is more egalitarian than that of land.
Therefore, crop-livestock integrated farming systems should be
promoted because this confers multiple benefits, like income and
nutrition security.

There are several other areas involving a blend of technology
and social engineering which need immediate attention.

The first area relates to giving the power and economy
of scale to small and marginal farmers, who constitute the
large majority of the farming population of this region. The
average size of holding is declining year after year. Yet, Green
Agriculture, involving Integrated Pest Management IPM, Inte-
grated Network solutions INS, rain water harvesting and watershed
management, requires cooperative efforts among the farm women
and men living in a watershed or the command area of an irriga-
tion project. Hence, efforts to promote either cooperative or group
farming or the formation of Small Farmers’ Self-help Groups,
should be intensified with the help of Agricultural and Animal
Sciences Universities. Contract farming can be promoted if it
represents a win-win situation to both producers and purchasers.

Second, there is increasing feminisation of agriculture.
All agricultural research and development programmes must be
gender sensitive. Taking into consideration the multiple burdens
on a woman's time, every effort should be made to reduce the

number of hours of work of rural women and increase their
earning per hour of work. Also, support services for women in
agriculture like créches and day care centres, as recommended by
the National Council of Farmers, should be provided. The gender
dimensions of the impact of climate change should be studied
because women generally tend to be in charge of water, fodder,
fuel wood and livestock.

Third, 70% of populations in rural India are young
women and men below the age of 35. A survey of the National
Sample Survey Organization (NSSO) has revealed that over 45% of
farmers would like to quit farming, if there is any other livelihood
option. Attracting and retaining youth in farming are hence major
challenges. This is where a technological upgrading of agriculture
and multiple livelihood occupations become important. We must
make agriculture economically rewarding and intellectually satis-
fying. This will call for blending traditional wisdom and ecological
prudence with frontier technologies like biotechnology and infor-
mation and communication technologies.

Fourth, we should enhance the coping capacity of farm
families to the adverse impact of climate change. For this
purpose, at least one woman and one male member of every local
self-governing bodies should be trained as Climate Risk Man-
agers. They should become well versed in the art and science of
monsoon and climate management. ‘Weather information
for all’ should become a reality through the establishment of a
national grid of mini-agro-meteorological stations.

Fifth, there are new pathways offered with the help of
modern breeding technology in the area of biofortifica-
tion of crops, such as the golden rice.

Overcoming hidden hunger caused by micronutrient deficiencies
The challenge of micronutrient deficiencies in diet is becoming
great especially for the chronically poor. Iodine, vitamin A and
iron deficiencies are serious in many parts of the developing world.
Worldwide, iron deficiency affects over one billion children and
adults. Recent analyses from the United States Institute of Med-
icine [9-12] highlight the effect of severe anaemia in accounting
for up to one in five maternal deaths. Maternal anaemia is pan-
demic and is associated with high MMR; anaemia during infancy,
compounded by maternal under-nutrition, leads to poor brain
development. Iron deficiency is also a major cause of permanent
brain damage and death in children and limits the work capacity of
adults [12-17]. There is not enough appreciation of the serious
adverse implications to future generations arising from the high
incidence of low birth weight among newborn babies. LBW is a
major contributor to stunting and affects brain development in
the child. The new millennium will be a knowledge century, with
agriculture and industry becoming more knowledge intensive.
Denial of opportunities for the full expression of the innate genetic
potential for mental development even at birth is the cruelest form
of inequity that can prevail in any society [15]. We must take steps
to eliminate as soon as possible such inequity at birth leading to a
denial of opportunities to nearly one out of every three children
born in South Asia, for performing their legitimate role in the
emerging knowledge century.

Wherever rice is the staple, a multi-pronged strategy for the
elimination of hidden hunger should be developed by rice scien-
tists. IRRI has undertaken research on enriching rice genetically
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with iron and other micro-nutrients. Fortification, promotion of
balanced diets, new semi-processed foods involving an appropri-
ate blend of rice and micro-nutrient rich millets as well as genetic
improvement, could all form part of an integrated strategy to
combat the following major nutritional problems in predomi-
nantly rice eating families:

* Protein-energy malnutrition

* Nutritional anaemia (iron deficiency)

* Vitamin A deficiency

* Jodine deficiency

¢ Dietary deficiencies of thiamin, riboflavin, fat, calcium, vitamin

C and zinc, as I suggested [12] that the International Rice

Commission could include nutrition security aspect as an

integral part of the International Network.

We must fight the serious threat to the intellectual capital of
developing countries caused by low birth weight children and
hidden hunger [18]. Some of the research areas worthy of attention
in this context are described below.

Breeding for nutritional quality

Nutritive quality is as important as cooking quality for countries in
tropical Asia, where rice is the principal source of dietary protein,
vitamin (B;) and minerals (Fe, Ca) [19]. Rice provides about 40% of
the protein in the Asian diet. Among the cereal proteins, rice
protein is considered to be biologically the richest by virtue of
its high digestibility (88%), high lysine content (+4%) and rela-
tively better net protein utilisation. Yet, it is nutritionally handi-
capped on account of two factors viz: (i) its inherently low protein
content (6-8%) and (ii) inevitable milling loss of as much as 15—
20%. Unlike other cereals, increased protein content in rice does
not result in decreased protein quality as all of its fractions
(glutelin 65%, globulin and albumin 15% and lysine-cysteine-rich
prolamin 14%) are rich in lysine and other essential amino acids.
Even a marginal increase of 2 percentage points of protein, there-
fore, would mean 10-15% increase in the nutritionally rich pro-
tein intake in our diet.

Genetic engineering approaches for correcting micronutrient
deficiencies

Breeding for Nutritional Improvement was recommended at the
19th Session of the International Rice Commission, which called
for an increase in focus on strategies to combat malnutrition
[20,21]. There are four categories of direct intervention believed
to be successful in reducing micro-nutrient malnutrition; supple-
mentation, fortification, dietary diversification and genetic
enhancement [22]. Nutritional status of populations will focus
on the potential for improving malnutrition, primarily micronu-
trient malnutrition through genetic improvement.

Golden rice

About 250 million people worldwide are deficient in vitamin A.
Over five million children in South and South-east Asia are
reported to suffer from the serious eye disease ‘xerophthalmia’
every year and about 5,00,000 of them eventually become partially
or totally blind due to deficiency of vitamin A. Besides affecting
vision, vitamin A deficiency predisposes children to varied respira-
tory and intestinal diseases resulting in high mortality. Research-
ers from Swiss Federal Institute of Technology inserted these genes

from daffodil and a bacterium into temperate rice plants to pro-
duce a modified grain, which has sufficient B-carotene (precursor
of vitamin A) to meet total vitamin A requirements in a typical
Asian diet [23]. Golden rice technology was made available to
developing nations for research. If this technology can be moved
to the production stage, it could represent an important contribu-
tion to improved human nutrition. In particular, rice fortified
genetically with vitamin A and iron will be very useful to improve
the nutritional status of pregnant and nursing women.

Iron deficiency

Iron deficiency anaemia (IDA) is the world’s most common nutri-
tional deficiency. It affects pregnant and nursing women and
young children most commonly. IDA in mothers predisposes to
still births, neonatal mortality, anaemia and low birth weight in
infants, and increases the risk of maternal mortality [10,12].
Regular intake of iron or administration of iron prevents anaemia.
Daily supplementation with iron—folic acid tablets is a low-cost
and effective intervention. Genetic enrichment of iron in rice has
also been accomplished through recombinant DNA technology
[24].

To sum up, Indian agriculture is at the crossroads. Our popula-
tion may reach 1750 million by 2050. Per capita crop land will
then be 0.089 ha and per capita fresh water supply will be 1190 m?/
year. Food grain production must be doubled and the area under
irrigation should go up from the current 60 million ha to 114
million ha by 2050. Degraded soils should be restored through
increase in carbon pools in soils. How are we going to achieve a
match between human numbers and human capacity to produce
adequate food for all? To quote Edward O. Wilson [25] in The
Future of Life:

“The problem before us is how to feed billions of new
mouths over the next several decades and save the rest of
life at the same time without being trapped in a Faustian
bargain that threatens freedom from security. The benefits
must come from an evergreen revolution (as proposed by
Swaminathan). The aim of this new thrust is to lift produc-
tion well above the levels attained by the Green Revolution
of the 1960s, using technology and regulatory policy more
advanced and even safer than now in existence”.

Making hunger history in the Asia-Pacific Region
With the spread of democratic systems of governance in most parts
of the world, a world without hunger is an idea whose time has
come. Access to balanced diet and clean drinking water must be a
fundamental right of every human being. This will call for a
shift from a charity based approach to hunger elimina-
tion to a right based one. The Government of India is currently
developing legislation to ensure food security for all. Such a
National Food Security Act, to be effective, should deal with food
availability, access and absorption in an integrated manner. Food
availability can be ensured by launching a ‘bridge the yield gap’
movement, which is designed to help in narrowing or eliminating
the gap between potential and actual yields through packages of
technology, services and public policies.

Food access can be ensured through making food availability
at affordable cost and by generating sustainable livelihood oppor-
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tunities in the farm and off-farm sectors. A rights based
approach to access can provide for common and differ-
entiated entitlements. The common entitlement should aim to
ensure adequate availability of food in the market coupled with an
effective public distribution system which will enable all citizens

and concerted endeavour at the global, national and local levels.
Centralised goals and resource allocation should be coupled with
decentralised planning and action. Community food and water
security systems involving the establishment of local level gene,
seed, grain and water banks will facilitate both as ever-green farm
revolution and sustainable food and nutrition security. Such local
level Food Security systems will also help to enlarge the shrinking
food basket by including a wide range of millets, legumes and
tubers in the diet.

FAO is the flagship of the global resolve to end hunger. The Asia-
Pacific Region is the home of the largest number of under-nour-
ished children, women and men. Hunger can be overcome if there
is the requisite fusion of professional skill, political will and action,
farmers’ enthusiasm and above all, people’s participation. The
FAO Regional office for the Asia-Pacific Region has the unique
opportunity for promoting a Food Security Symphony to generate
the needed degree of convergence and synergy among the numer-
ous nutrition safety net programmes in operation in our region.

to access essential quantities of staple grains at a reasonable price.
Differentiated entitlement will refer to providing food at low price
to the socially and economically underprivileged sections of the
society. Thus, there will be universal access to the needed calories
and proteins, making the goal of food for all a reality.

A National Food Security Act should in addition to aiming to
end poverty induced protein—energy malnutrition, should also
provide for the following:
¢ Elimination of hidden hunger caused by the deficiency of

micro-nutrients like iron, iodine, zinc, vitamin A and vitamin

By, through a food cum fortification approach. In particular,
emphasis should be placed on providing horticultural remedies
for the nutritional maladies prevailing in an area, based on local

foods. Finally, we should develop and spread climate-resilient crop-
® Provision of clean drinking water to ensure food assimilation in ping and farming systems. Gene Banks for a Warming Planet are
the body. necessary [26]. Breeding strategies should give priority to devel-

¢ Attention to non-food factors like primary health care,
environmental hygiene and sanitation.

* Launching of a nutrition literacy movement and training one
woman and one man in every village as ‘Hunger Fighters’'.
In the ultimate analysis we will succeed in achieving food

oping varieties of crops, characterised by a high per-day produc-
tivity because global warming will lead to a reduction in the
duration of crops like wheat and rice under sub-tropical conditions
[26]. A National Climate Management Movement should include
appropriate mitigation and adaptation measures. This is an essen-

security in an era of global change, only through a well planned
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The introduction of science and technology into agriculture over the past two centuries has markedly
increased agricultural productivity and decreased its labor-intensiveness. Chemical fertilization,
mechanization, plant breeding and molecular genetic modification (GM) have contributed to
unparalleled productivity increases. Future increases are far from assured because of underinvestment in
agricultural research, growing population pressure, decreasing fresh water availability, increasing
temperatures and societal rejection of GM crops in many countries.

Introduction

The world has experienced a succession of shocks over the past two
years: a global food crisis, spiraling energy costs, accelerating
climate change and most recently, a financial meltdown. The food
crisis sparked riots in countries on every continent (http://www.
time.com/time/world/article/0,8599,1717572,00.html).

But even as each crisis sweeps the previous one out of awareness,
it is crucial to recognize that the food crisis is not a transient
phenomenon. Indeed, crisis is a misnomer.

The current situation developed over a very long time as a result
of relentlessly increasing demand pushing against a shrinking
natural resource base, even as investment in agricultural research
and development declined decade by decade. The oil price spike
combined with widespread droughts in 2007 and 2008 to aggra-
vate the underlying trends and send grain prices spiraling. Prices
have come down since, but the overall upward trend persists.
Indeed, the adequacy of the food supply will increasingly be a
crucial issue, if not the crucial, of the 21st century [1].

Integration of science and technology into agriculture
Food security is not a new concern. In recent times, it was Thomas
Malthus’ famous 1798 Essay on Population that crystallized the

' The views expressed here should not be construed as representing those of
the US government. Fedoroff is on leave from Penn State University, where
she is the Willaman Professor of the Life Sciences and Evan Pugh Professor in
the Biology Department and the Huck Institutes of the Life Sciences.

problem of balancing food and human population [2]. Indeed,
Malthusian has entered the language to denote the prophecy that
humanity is doomed to poverty and famine because the growth of
the human population must inevitably outstrip mankind’s ability
to increase food production. Malthus penned his essay at about the
time that science began to enter agriculture in earnest. Late 18th
century milestones were Joseph Priestley’s discovery that plants
emit oxygen [3] and Nicholas-Théodore de Saussure’s definition of
the chemical composition of plants [4]. Malthus could not have
envisioned the extraordinary increases in productivity that the
integration of science and technology into agricultural practice
would stimulate over the ensuing two centuries.

Both organic and mineral fertilization of plants have ancient
roots. Long before the reasons were understood, people knew that
certain chemicals, such as saltpeter and lime, as well as a wide
variety of biological materials ranging from fish and oyster shells
to manure and bones stimulated plant growth [5]. Justus von
Liebig laid the foundation for the modern chemical fertilization
methods in the early 19th century by identifying the major
chemical requirements for plant growth [6]. Although it was
known by mid-century that biological sources of nitrogen could
be replaced by chemical sources, supplying nitrogen in the
reduced or oxidized forms that plants use remained a major
limitation until the development early in the 20th century of
the Haber-Bosch process for fixing atmospheric nitrogen on an
industrial scale [7]. Today agriculture in the developed world relies
primarily on chemical fertilizers.

1871-6784/$ - see front matter © 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.nbt.2009.12.004

www.elsevier.com/locate/nbt 461

Research Paper


http://www.time.com/time/world/article/0,8599,1717572,00.html
http://www.time.com/time/world/article/0,8599,1717572,00.html
http://dx.doi.org/10.1016/j.nbt.2009.12.004

P
1
©v
(1]
Q
=
[a)
>
o
Q
°
1)
=

RESEARCH PAPER

New Biotechnology * Volume 27, Number 5 < November 2010

Crop domestication

Long before chemistry entered agriculture, people were doing
what we now call genetic modification (GM), transforming ined-
ible wild plants into the crop plants that feed people and their
animals today. Corn, also known as maize (Zea mays), remains
arguably the most spectacular feat of genetic engineering ever
accomplished. Its huge ears, packed with starch and oil, provide
one of humanity’s three top food and feed crops. Corn bears little
resemblance to its closest wild relative, teosinte. Indeed, the two
are so dissimilar that when teosinte was first discovered in 1896, it
was assigned to a different species and named Euchleana mexicana.
Although it was already known in the 1920s that teosinte and corn
have the same number of chromosomes and readily produce fertile
hybrids, controversies about their relationship and about the
origin of corn continued throughout most of the 20th century.

It was the work of Dr John Doebley and his colleagues starting
with the genetic analysis of teosinte—corn hybrids that precisely
defined the genetic changes that transformed teosinte into mod-
ern corn (http://www.teosinte.wisc.edu/publications.html). Per-
haps the most remarkable outcome of his genetic sleuthing is
that the difference between teosinte, a grass with hard, inedible
seeds and modern corn resides in just a handful of genes. Fossilized
cobs recovered from caves in Mexico and dated as more than 6000
old already have the multirowed character of the modern corn ear,
as do almost 4000 year-old cobs from the Ocampo Caves in
northeastern New Mexico [8]. Doebley’s later work with the evolu-
tionary geneticist Svante Paabo traced the key genetic changes that
transformed teosinte into corn to the Balsas River Valley in Mexico
and dated them to roughly 6-10,000 years before the present.
What is even more remarkable is that once this handful of muta-
tions had been brought together, the suite of genetic changes
stayed together and spread very rapidly, so that the same group of
alleles had already penetrated into the American Southwest more
than 3000 years ago.

Perhaps the most important insight that has been gained
through the molecular analysis of crop domestication is that
people have vastly changed wild plants to transform them into
crop plants and that this has been done over many thousands of
years. All of the changes are genetic changes. This is as true of
wheat and rice as it is of tomatoes, cabbage and oranges. Each crop
has its own interesting history [9]. Among the most important
traits that distinguish wild from domesticated plants is the reten-
tion of mature seeds on the plant. Plants have a variety of mechan-
isms for dispersing their seeds, central to which are the shattering
of the seed structure upon maturation. It is much easier for people
to harvest seeds if they remain attached to the plant, hence the
selection of genetic changes, technically known as mutations, that
prevent seed dispersal is thought to be among the earliest steps in
crop domestication.

Among the many other traits altered during domestication are
the size and shape of foliage, tubers, berries, fruits and grains, as
well as their abundance, toxicity and nutritional value. The under-
lying genetic differences that distinguish a domesticated crop
plant from its wild progenitors are many, but molecular analysis
is revealing that key changes are often in genes that encode
transcription factors, proteins that regulate the expression of
many other genes [10]. Differences in nutrient composition
among varieties of the same crop are attributable to mutations

in genes coding for proteins of certain biosynthetic pathways. For
example, mutations in genes for enzymes involved in the conver-
sion of sugar to starch gave rise to sweet corn varieties.

Modern crop improvement

Crop improvement benefited from both the Mendelian and the
molecular genetic revolutions of the 20th century. Austrian monk
Gregor Mendel’s pioneering observations on inheritance, pub-
lished in 1865, were made independently by Dutch botanist Hugo
de Vries, only then gaining the interest of other geneticists [11].
Indeed, a simple demonstration project to illustrate Mendelian
inheritance led to the discovery of hybrid vigor, a phenomenon
whose incorporation into crop breeding resulted in a dramatic
expansion of the corn ear and, thereby, crop yield. The discovery is
attributed to George Harrison Shull, working at the Carnegie
Institution of Washington'’s Station for Experimental Evolution.
He was asked by the Station’s director to develop a demonstration
of Mendel’s rules of inheritance. In the course of these experi-
ments, he grew curious about why some kinds of corn made more
rows of kernels than others, so he inbred the respective varieties
and then crossed them to see whether row number trait segregated
in the simple way that Mendel had observed with round and
wrinkled peas. What he discovered instead is that when he crossed
the inbred lines to each other, he got tall healthy uniform plants
with much bigger ears [12]. This phenomenon, called hybrid vigor
or heterosis, is the basis of today’s extraordinarily productive
hybrid corn varieties [13].

Curiously, when they were first introduced in the US during the
1930s, corn hybrids faced a good deal of the kinds of resistance that
biotech crops face today. They were complex to produce and
agriculture experiment stations were not interested. Eventually
a company was formed to produce hybrid seed. But farmers
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 hybrid corn was rapidly adopted in the mid-west
[14].

Techniques for accelerating mutation rates with radiation and
chemicals and through tissue culture were developed and widely
applied in the genetic improvement of crops during the 20th
century [15]. Such techniques introduce mutations rather indis-
criminately and require the growth of large numbers of seeds,
cuttings or regenerants to detect desirable changes. Nonetheless,
all of these approaches have proved valuable in crop improvement
and by the end of the 20th century, more than 2300 different crop
varieties, ranging from wheat to grapefruit, had been developed
using radiation mutagenesis [16].

Mechanization of agriculture

Another major development whose 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. Early tractors powered by steam
engines were large and unwieldy, but the invention of the internal
combustion engine at the turn of the 20th century led to the
development of smaller and more maneuverable machines. The
mechanization of plowing, seed planting, cultivation, fertilizer
and pesticide distribution and harvesting accelerated in the US,
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Europe and Asia following World War II [17]. Agricultural mechan-
ization drove major demographic changes in all developing coun-
tries. In the US, 21% of the workforce was employed in agriculture
in 1900 [18]. 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 has increased and farms have increasingly specialized in
fewer crops.

The Green Revolution

Malthus penned his essay when the human population of the
world stood at less than a billion. The population tripled over the
next century and there was a resurgence of Malthusian predictions
of mass famines in developing countries that had not yet incor-
porated science-based and technology-based advances into their
agricultural systems. Perhaps the best known of the mid-century
catastrophists was Paul Ehrlich, author of The Population Bomb
[19].

It took the work of just a handful of scientists, principally plant
breeders Borlaug, Swaminathan and Khush, to avert the predicted
Asian famines [20]. The Green Revolution was based on the
development of rice and wheat varieties with mutations in genes
that controlled their growth rate, resulting in dwarf varieties able
to respond better to fertilizer application without falling over.
Subsequent breeding for increasing yield continued to increase the
productivity of these crops by as much as 1% per year. Instru-
mental in these discoveries were the first two institutes established
by the Consultative Group on International Agricultural Research
(CGIAR), the International Rice Research Institute (IRRI) (http://
www.irri.org/) in the Phillipines and the International Maize and
Wheat Improvement Center (CIMMYT) (http://www.cimmyt.org/).
Remarkably, the Green Revolution innovations of the late 20th
century 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.

Molecular genetic modification (GM) of crops

A genetic revolution that began in the 1960s led to the develop-
ment of a new set of methods for modifying plants. Research in the
1950s and 1960s identified the existence of tiny chromosomes,
called plasmids, in bacteria that could replicate themselves inde-
pendently [9]. Other discoveries led to the identification of pro-
teins, called restriction enzymes, that cut the small chromosomes
in a way that made it possible to insert a piece of genetic material
from a completely different organism, then reseal the plasmid. The
new ‘recombinant’ plasmid could then be reintroduced into a
bacterium, where it replicated itself many times over, even as
the bacteria multiplied. This amplification of the recombinant
plasmids yields enough copies of the gene of interest to permit its
sequence analysis and its modification. The techniques of cloning
and sequencing DNA underlie today’s genomic revolution, in
which the genetic information has been decoded for literally
hundreds of different organisms, from viruses and bacteria to
plants, animals and humans.

Additional techniques were developed for the introduction of
genes into plants. These generally use either the soil bacterium
Agrobacterium tumefasciens, which naturally transfers a segment of
DNA into wounded plant cells, or mechanical penetration of plant
cells using tiny DNA-coated particles [21]. This combination of

techniques has made it possible to introduce into plants genetic
material from either the same or a related plant or even an
unrelated organism, such as a bacterium or a different species of
plant.

Several crop modifications achieved using these methods
are now in widespread use. Perhaps the best known of these are
crop plants into which a gene from the soil bacterium, Bacillus
thuringiensis, has been introduced. B. thuringiensis has long
been used as a biological pesticide because it produces a protein
that is toxic to the larvae of certain kinds of insects, but not to
animals or people (http://www.extension.umn.edu/distribution/
cropsystems/DC7055.html). The gene coding for the toxin is often
called ‘the Bt gene’ for its bacterial origin. The Bt toxin genes,
which constitute a family of closely related proteins, have been
introduced into several different crops, primarily corn and cotton.
In the US and Europe, pest-protected crop varieties are produced
almost exclusively by companies such as Monsanto, DuPont and
Syngenta. In other parts of the world, including in China and
India, such crop modifications are being done by both the public
and private research sectors.

Another widely accepted crop modification is the introduction
of genes that confer resistance to herbicides. Herbicides are
chemical compounds that kill plants by blocking physiological
processes that are necessary for plant growth and survival (http://
www.hort.wisc.edu/cran/pubs_archive/../HowHerbicideWork.
pdf). These are generally processes unique either to all plants or
certain kinds of plants. Among the most widely used today are
compounds that interfere with the production of amino acids that
plants make, but animals do not [22]. Herbicide-tolerant crop
plants make it possible to control weeds with an herbicide without
damaging the crop and have been derived through natural and
induced mutations, as well as by introduction of genes from either
bacterial sources or modified genes from plant sources. Today,
herbicide-tolerant varieties of many crops, most importantly soy-
beans and canola, are widely grown.

Papaya ringspot virus-resistant papayas are a remarkable GM
achievement that saved the Hawaiian papaya industry [23]. Papaya
ringspot virus (PRSV) is a devastating insect-borne viral disease
that wiped out the papaya industry on Oahu in the 1950s, forcing
its relocation to the Puna district of the big island. By the 1970s,
the Puna district was producing 95% of Hawaii’s papayas. PRSV
was first detected in the Puna district in 1992; by 1995 it was
widespread and threatening the industry. However, Dennis Gon-
salves and his colleagues at Cornell University began a project in
1985 to introduce a viral gene into papayas based on the observa-
tions made in Roger Beachy’s group at Washington University that
introducing a viral gene could make a plant resistant to the virus
from which the gene came [24].

The first transgenic papaya plants expressing a PRSV gene were
ready in 1991, small field tests began in 1992 and large-scale field
tests began in 1994. Approvals from the Animal Plant Health
Inspection Service (APHIS) of US Department of Agriculture
(USDA), as well as the Environmental Protection Agency (EPA)
and the Food and Drug Administration (FDA) for release of the
seeds to farmers took another three years, by that time many
papaya farmers had gone out of business. Transgenic seeds were
released in 1998 and by 2000, the papaya industry had come back
to pre-1995 levels. Although it was not known at the time, recent
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studies have shown that the resistance is attributable to post-
transcriptional gene silencing, a process in which a small RNA
derived from a double-stranded version of the viral gene transcript
initiates the cleavage of invading viral RNA [25]. This remarkable
method of crop protection enhances a mechanism present in
plants and responsible for protecting the plant from further infec-
tion by the same and closely related viruses, much as the devel-
opment of immunity protects people and animals from
reinfection by pathogens.

Adoption of GM crops

Although the use of molecular modification techniques in crop
improvement engendered controversy from the beginning, GM
crops have experienced unprecedented adoption rates since their
initial introduction in 1996. By 2008, the latest year for which
statistics are available, roughly 10% of cropland was planted in GM
crops [26]. Transgenic crops were grown on more than 300 million
acres in 25 countries by more than 13 million farmers, 90% of
whom were small-holder, resource-poor farmers. The vast majority
of transgenic cropland is devoted to just four transgenic crops:
cotton, maize, soybean and canola, but the list of transgenic crops
is growing and already includes papaya, tomato, poplar, petunia,
sweet pepper, squash, alfalfa and, for the first time in 2008, sugar
beet.

Few of the widely anticipated adverse effects have materialized.
While some resistance to the Bt toxin has developed, it has not
been as rapid as initially feared and second-generation, two-Bt
gene strategies to decrease the probability of resistance are already
being implemented [27]. Predicted deleterious effects on nontar-
get organisms, such as monarch butterflies and soil microorgan-
isms have either not been detected at all or are not significant.
Moreover, while conventional pesticides use decreases the abun-
dance of beneficial insects, Bt crops do not.

The many studies that have been done to assess the safety of
foods containing or consisting of GM crops have reached the
conclusion that GM foods are at least as safe as non-GM foods
[28]. This is in part because of the close scrutiny paid during
product development to the potential for toxicity and allergeni-
city of the proteins encoded by genes being added.

To date, the unexpected effects have been beneficial. For exam-
ple, many grains and nuts, including corn and peanuts, are com-
monly contaminated by mycotoxins, toxic compounds made by
fungi that follow boring insects into the plants. Two of these,
fumonisins and aflatoxin, are extremely toxic and carcinogenic. Bt
corn, however, shows as much as a 90% reduction in mycotoxin
levels because the fungi that follow the boring insects into the
plants do not get into the Bt plants [29].

As well, there is evidence that planting Bt crops reduces insect
pressure in other crops growing nearby. Bt cotton has been widely
planted in China. Analysis of the population dynamics of the
target pest, the cotton bollworm, showed that Bt cotton not only
controls the bollworm on transgenic cotton designed to resist this
pest, but also reduces its presence on other host crops and thereby
decreases the need for insecticide sprays in general [30].

Future challenges in agriculture
The scientific and technological advances in agriculture of the
19th and 20th centuries have been nothing less than spectacular.

Since Malthus’ time, the human population has expanded more
than sixfold. In the developed world, agriculture has become less
labor-intensive and has kept apace of population growth world-
wide. Today, less than 1 in 50 citizens of developed countries
grows crops or raises animals for food. On the one hand, this
means that most people live in cities and find livelihoods that pay
higher wages than farming. Those remaining on farms often also
work in off-farm jobs, raising average farm income. On the other
hand, this means that most citizens of developed countries have
little knowledge of what it takes to create the bounty of foods that
stock contemporary supermarkets.

Moreover, after a half-century’s progress in decreasing
the fraction of humanity experiencing hunger from half to less
than a sixth, the food crisis and the more recent global financial
crisis have again begun to swell the ranks of the hungry [31].
Population experts anticipate the addition of another two to
four billion people to the planet’s population within the next
three to four decades [32]. However, the amount of arable land
has not changed appreciably in more than half a century,
increasing by only about 10% [33]. And it is not likely to increase
much in the future because we are losing it to urbanization,
salinization and desertification as fast or faster than we are
adding it.

Another variable that is becoming crucial is the availability of
fresh water for agriculture. Today, about one-third of the global
population lives in arid and semiarid 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 [34]. Even now, inhabitants of arid and semiarid regions
of all continents are extracting ground water faster than aquifers
can recharge and often from fossil aquifers that do not recharge
[35].

Thus the challenges to agriculture in the 21st century are
profound: increasing agricultural productivity on land largely
already under cultivation at higher temperatures using less water.
Can it be done? The truth is, we do not know. The impediments are
both biological and cultural.

The major crops that now feed the world - corn, wheat, rice and
soy — require a substantial amount of water. For example, produ-
cing a kilogram of wheat requires between 500 and 2000 L, largely
lost through transpiration [36]. But because half of the grain
currently produced worldwide is fed to animals, five to ten times
as much water is consumed to produce a kilogram of meat as is
required to produce a kilogram of grain.

The optimal growth temperature to produce maximal yields of
our major crop plants is determined by the temperature optimum
for photosynthesis, the process by which plants convert solar
energy into chemical energy, and other physiological processes.
It is also determined by the temperature range that supports
optimal development of the harvested storage organs (grain, bean
and kernel) that accumulate starches, proteins and fats [37]. A
recent study reports that yields increase with temperature up to
29°C for corn, 30°C for soybeans and 32°C for cotton, but then
decline precipitously at higher temperatures [38]. This study pre-
dicts that yields of these crops in their current growing areas will
decline by 30-46% by the end of the 21st century under the most
moderate climate change scenario and by 63-82% under the most
rapid warming scenario.
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The expected pressures on water availability and increasing
temperatures present crucial challenges to agricultural researchers
to increase crop water efficiency and heat tolerance. Whether our
current highly productive food and feed crops can be modified and
adapted to be even more productive at the higher temperatures
expected or at more northern latitudes is simply not known. It
would therefore be wise to increase investment in research on
alternative forms of agriculture based on plants not now used in
agriculture, but capable of growing at higher temperatures and
using brackish or salt water for irrigation. Indeed, the array of
molecular tools and knowledge available today might make it
possible to design a wholly new kind of agriculture for a more
arid, hotter world.
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Lessons from the ‘Humanitarian Golden
Rice’ project: regulation prevents
development of public good genetically
engineered crop products

Ingo Potrykus

Emeritus Plant Sciences ETH Zirich, Switzerland

Compared to a non-Genetically Engineered (GE) variety, the deployment of Golden Rice has suffered
from a delay of at least ten years. The cause of this delay is exclusively GE-regulation. Considering the
potential impact of Golden Rice on the reduction in vitamin A-malnutrition, this delay is responsible for
an unjustifiable loss of millions of lives, mostly children and women. GE-regulation is also responsible
for the fact that no public institution can deliver a public good GE-product and that thus we have a de
facto monopoly in favour of a few potent industries. Considering the forgone benefits from prevented
public good GE-products, GE-regulation is responsible for hundreds of millions of lives, all of them, of
course, in developing countries. As there is no scientific justification for present GE-regulation, and as it
has, so far, not prevented any harm, our society has the urgent responsibility to reconsider present
regulation, which is based on an extreme interpretation of the precautionary principle, and change it to
science-based regulation on the basis of traits instead of technology. GE-technology has an
unprecedented safety record and is far more precise and predictable than any other ‘traditional’ and
unregulated breeding technology. Not to change GE-regulation to a scientific basis is considered by the
author ‘a crime against humanity’.
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Background: the Humanitarian Golden Rice project

The following analysis is based on ten years of day-to-day experi-
ence with the public good project ‘Humanitarian Golden Rice’ [1].
This project from the public sector follows the successful proof-of-
concept work [2-6] in which GE-technology was used to engineer
the biochemical pathway for the synthesis of pro-vitamin A into

E-mail address: ingo@potrykus.ch.

the starch-storing tissue of the rice seed, the endosperm, which is
consumed in the form of ‘polished rice’. Polished ‘Golden Rice’
thus contains substantial amounts of pro-vitamin A (which the
body converts into vitamin A). This concept of ‘bio-fortification’
[7] (defined as using the potential of genetics to improve the
micro-nutrient content of food) was applied to save eyesight
and lives of the numerous vitamin A-deficient children dependent
on rice as their basic diet [1]. As polished rice does not contain pro-
vitamin A, rice-dependent poor populations, which cannot afford
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a diversified diet, suffer from vitamin A-malnutrition. ‘Yellow rice’
(vellow indicating pro-vitamin A) was, therefore, on the wish-list
of rice breeders since the early 1980s, but could not be attained via
traditional breeding because of the lack of natural variability in
this trait [1]. This trait became an option only with the advent of
‘genetic engineering’ [8] and is still beyond the reach of traditional
breeding. Subsequent to the early proof-of-concept work by the
teams of my collaborator Peter Beyer and my own, which produced
the first Golden Rice in 1999, research by the private sector [9] and
traditional breeding by the public sector (e.g., Cuu Long Delta Rice
Research Institute, Vietnam and International Rice Research Insti-
tute, The Philippines amongst other institutions) [1] has led to
substantial increases in the accumulation of pro-vitamin A in
polished Golden Rice, such that the routine and standard daily
diet of Golden Rice instead of white rice could prevent vitamin A-
malnutrition [1].

Figure 1 illustrates, with the typical example of Bangladesh, how
different dietary components contribute to vitamin A and pro-
vitamin A to the daily diet. Rice-dependent poor societies typically
receive between 40% and 80% of their food calories from rice and
the remaining calories from fruit and vegetables (providing pro-
vitamin A), and fish and poultry (providing vitamin A) [1].
Figure la shows that neither women nor children reach the
50% line of the recommended daily allowance, the minimum
required to be protected from malnutrition [1]. Figure 1b indicates
how a shift to Golden Rice would raise the vitamin A-level across
this critical line. The concept of Golden Rice represents, therefore,
a sustained intervention for a reduction in vitamin A-deficiency.

The concept of using the potential of genetics and GE-technol-
ogy in a public sector project to fight a severe public health
problem affecting poor societies was welcomed with much enthu-
siasm by the scientific community, the private sector, the media
and the public, and Golden Rice has been featured in numerous
international print media, including the cover of the Asian and US
(but not the European) editions of TIME Magazine [10]. However,
it also provoked heavy opposition by anti-GE-advocates, largely as
the project undermined this opposition’s views that GE-technol-
ogy was only for industrialised farmers in industrialised countries
for multinational profit. Rather, Golden Rice is to be free of any
charge to growers and consumers in poor developing countries, to
address one of the great public health travesties of our time -

(A)

Why do rice-depending poor societies suffer from vitamin A-malnutrition?
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vitamin A-deficiency. Expectations were high and it was generally
expected that Golden Rice would be in the fields ‘soon’ [11]. On
the Basis of the experience with traditional variety development
with such a clear and single locus trait, experienced rice breeders
were predicting that eight backcross generations (three years at
IRRI for example, or even less if marker-assisted breeding were to
be applied) would be sufficient to develop and register Golden Rice
varieties [12]. The International Rice Research Institute, Philip-
pines (IRRI), and other public rice research institutions in devel-
oping countries were keen to progress variety development and
registration [1]. According to these expectations Golden Rice
should have reached the farmers’ fields in Asia by 2002. It is
now 2009 and it will take at least until 2012 before Golden Rice
can be handed over to the farmers in the first Asian countries.

Hurdles preventing the use of GE-technology for public
good projects

What then were the hurdles which, in comparison to a comparable
non-GE-variety, delayed the deployment of Golden Rice for more
than ten years? How can we understand a ten-year delay for a case
with so much public support and such high expectations of social
benefits? And what can we learn from this experience for the
numerous other public good projects in the pipeline around the
world?

It turned out that, under the enthusiasm of the scientific break-
through, neither the scientists involved, nor the scientific com-
munity, nor the media, nor the public were aware of the specific
requirements associated with development of a GE-crop variety.
There were numerous problems which came as a surprise to the
‘naive’ public sector scientists, who followed the idealistic concept
of using their scientific breakthrough to fight vitamin A-malnu-
trition. In retrospect, however, it turned out that one single
problem was responsible for nearly all of the delay. This outstand-
ing problem was (and still is) the political dimension of GE and
particularly its effect on GE-regulation. The rules and regulations
established worldwide for the handling and use of ‘transgenic
plants’ (genetically engineered plants, GEs) and the expectations
of the regulatory authorities are so demanding that even with best
support it takes ten years to prepare for and assemble all the data
required for a regulatory dossier, not to mention the exorbitant
costs involved. In the following I will briefly describe the various

Even rice lines with a relatively low provitamin A content of 2-4 ?g would
have a substantial health benefit. Rice lines available have 2-30 7g.
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Golden Rice would have the potential to cure vitamin A-deficiency as
soon as the normal diet would be changed to Golden Rice.

Contribution of vitamin A from the routine diet in rice-dependent poor populations without and with Golden Rice with the example of Bangladesh.
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hurdles and their contribution to the ‘unexpected’ delay of more
than ten years.

Intellectual property (IP) rights were the first and appar-
ently ‘insurmountable’ hurdle we were faced with. As long as
working for proof-of-concept, scientists can effectively ignore IP
rights. Patents do not play a role. Scientists are free to exploit the
public knowledge provided by patented inventions. We had no
idea, which patents we were using for our task. The best scientific
breakthrough, however, cannot rescue a single child from vitamin
A-malnutrition, if a product is not developed on its basis. From this
moment on, however, patents count. As we intended that Golden
Rice would be handed over to the farmers free of charge, we had to
organise free licences for the IP involved. It turned out that the
number of patents was dramatically high [13,14]. Free licences, as
it turned out, for 70 patents belonging to 32 patent holders
appeared, not only to us, like the end of our idea. Under the
specific circumstances of our ‘humanitarian’ project [1] however,
the support within a ‘public-private partnership’ [1], and the
experience and engagement of our partner from the private sector,
Dr. Adrian Dubock, it was possible to solve this supposedly ‘insur-
mountable’ problem within less than half a year and in such a way
that it did not delay the project for even a day [15]. Another
important early contribution from Dr Dubock to the humanitarian
project’s long-term viability was the concept of the Humanitarian
Golden Rice Board & licensee Golden Rice Network [1].

Lack of financial support from the public domain was
the next hurdle. It turned out that within the public domain there
was no funding beyond proof-of-concept. Financial support for
‘product development’ is probably beyond the philosophy of any
academic institution. Academic institutions are set up to finance
basic or strategic research for ‘scientific novelty’. Product devel-
opment is considered a task for the private sector. As a result of that
situation, we were caught in an institutional ‘dead end road’: our
concept was to use the results from our proof-of-concept work for a
public good project on the reduction of vitamin A-deficiency, and
this required developing a ‘product’. There is no question that the
responsibility for public good projects are within the public sector.
But the public sector does not support — and has no expertise in —
product development, and expects the private sector to take care of
product development. This concept works for cases where the
private sector has an interest and can expect a financial return
for the investment required to develop a product on the basis of a
public sector result. Humanitarian projects do not offer a chance
for such a return. Therefore, the private sector cannot afford to
develop such a public good product. So, again this looked like the
end of our concept of a ‘Humanitarian Golden Rice’.

The only way out was to find some mutual interest which could
encourage the private sector to support the humanitarian project.
As we had patented our invention, we could accept a proposal by
the private sector (Zeneca, now Syngenta) to grant them the rights
for commercial exploitation of our invention in return for rights to
additional necessary technology from Syngenta and defined sup-
port for clearly and precisely defined humanitarian exploitation.
This concept worked out [1]. The rights for our invention were
transferred to Zeneca/Syngenta. We licensed back, together with
other necessary technology and defined support, the rights for
‘humanitarian use’, and agreed a ‘sublicense agreement’ to be used
as the basis for collaboration with numerous partner institutions

on the basis of a ‘sub-sub-license agreement’. We benefited from
this ‘public-private partnership’ through substantial in-kind sup-
port and solution of the patent problems, and received very
valuable donations for the humanitarian project from work done
by Syngenta while working towards the development of a com-
mercial Golden Rice product. Much to our regret, the company
stopped the commercial project because the chance for a financial
return at the level of the investment was too low. We learned the
hard way what it means to develop a product and what it means to
manage such a task effectively.

Nothing from these activities was holding back the develop-
ment of a Golden Rice product. Financial support was received
from philanthropic and other visionary organisations such as The
Rockefeller Foundation, USAID, and the Syngenta Foundation
under Mr Andrew Bennett. But no support was available from
any public European or any UN institution. Thanks to the exis-
tence of altruistic organisations, although it was not easy to find
financial support, it was possible, and lack of financial support was
not a factor blocking the development of our product.

There were further disturbing factors such as the negative
political climate around GE-technology [16], anti-GE-activists
[17], the negative attitude of developmental aid organisations
to GE crops [18], which all had strong negative effects on possible
governmental support and especially on putative support from
UN-organisations, even those having a specific mandate to reduce
vitamin A-malnutrition, who did not reply to written invitations
to engage in some way. But all this did not slow down Golden Rice
development.

How GE-regulation delays GE-variety deployment by
ten years

The only and dramatic bottleneck was, and is, GE-regulation. As
there was no experience in the public domain with deregulation of
a GMO-product, we followed advice from the private sector with
appropriate expertise. Regulation affects a GE-product long before
the collection of data for a regulatory dossier starts, and much
longer before a complete dossier can be handed in to national
authorities for the actual process of deregulation. The actual
process of regulatory clearance, once a dossier is in line with
the regulatory requirements, can be relatively fast. Which are then
the practical GE-stumbling blocks which interfere with the devel-
opment of a product long before regulatory authorities work on
the regulatory clearance?

(1) Deletion of selectable marker (two years): GE-technol-
ogy requires use of selectable marker genes, which allow the
selection, from amongst millions of cells, of a few which have
integrated the novel genes of interest. Regulatory authorities
prefer, under public scrutiny, that antibiotic selectable marker
genes be deleted. This is technically possible, but takes a lot of
time and effort. This has to be done despite the fact that there
is a wealth of scientific literature documenting that the
antibiotic marker genes in use have no effect on consumer
and environmental safety [19].

(2) Screening for streamlined integration (two years):
Regulatory authorities do not accept complicated integration
patterns of the ‘transgenes’. The argument is that this can
have unexpected and unforeseeable consequences. As inte-
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gration of genes is a random event, the only way to achieve
clean integration is to repeat the experiment so often until
such an event has been found. This requires endless
repetitions of the same experiment. Use of Agrobacterium-
mediated transformation is helpful, but does not guarantee
clean integration. This request is maintained for GE crops
despite the fact that any ‘traditional’ standard breeding
process leads to uncontrolled integration as well, especially if
prior mutagenesis by radiation or chemical means is involved,
yet such random mutagenesis goes unregulated if no new
genes have been introduced from other organisms.

(3) Screening for regulatory clean events (two years):
‘Regulatory clean’ events are DNA integration events which
combine all the features which make them unproblematic for
regulatory authorities, in all molecular genetic aspects. The
gene cassette for one transgene is integrated in an ideal and
perfect manner when there is: (a) one copy only, (b) no
alterations of the construct, (c) no read-through on both sides
possible, (d) no disturbance of existing reading frames, (e) no
activation or inactivation of neighbouring genes or expres-
sion signals, (f) no activation of possible mobile elements, (g)
stable expression at the predicted level and under the
predicted conditions. Such ‘ideal’ events are rarities. To find
them requires not only hundred-fold repetitions of the same
experiment with regulatory clean constructs and technology,
but also sequencing for all candidate events not only of the
construct but also of the adjacent host DNA, which by itself is
not as problematic as the discovery of such an event amongst
thousands. We were in the fortunate situation that Syngenta
was screening for them with an enormous effort during their,
later abandoned, ‘commercial’ Golden Rice phase and was
donating the material to the humanitarian project under the
terms of the original licence. All final Golden Rice varieties are
based on such ‘regulatory clean’ events.

(4) Trans-boundary movement of seeds (two years):
Golden Rice is, of course, an international breeding exercise.
Rice breeders within the Golden Rice network [1] in the
different countries, using traditional and marker-assisted
breeding, develop agronomically improved, locally optimised
Golden Rice varieties on the basis of the most popular
varieties in their countries. This requires free exchange of
breeding seed material between countries. The conditions set
up by the Cartagena protocol [20] make exchange of
transgenic seed so complicated that it took more then two
years to transfer, for example breeding seed from The
Philippines to Vietnam; and one year from USA to India,
during which time 30 politically loaded questions were asked
in the Indian Parliament. These Cartagena conditions are
enforced, despite common sense suggesting that it is
extremely difficult to construct a hypothetical risk from seed
transfer between two breeding stations in different countries,
especially for Golden Rice.!

! Incidentally, free movement of cereal seed between different countries seed
breeding systems was absolutely at the heart of the success of the green
revolution of the 1960s and 1970s in introducing new genes to countries,
increasing biodiversity, and increasing food productivity and reducing
malnutrition.

(&)

(6)

)

Obligatory sequence from growth chamber to green-
house to screen-house to field (two years): Permission
for work in the field is given, if at all, only after intensive
testing and data collection in (a) a contained growth
chamber, (b) followed by the same in a contained glasshouse,
and (c) followed by the same in a contained screen-house.
This means that tests can begin on small plots only after 18
months, according to the regulatory requirement. Whether
permission is given, however, also has a political component.
We waited until late 2008 for the first permission for the first
small-scale field plot in a developing country. Fortunately, we
carried out initial field tests in Louisiana, USA, in 2004, where
granting of the permission did not even require half a year.
Variety development, however, means ‘breeding’; breeding
depends upon large numbers of offspring; large numbers are
possible only in the field. Breeding also requires response to
the natural environment to explore response to the natural
stress conditions. Neither the necessary numbers nor the
environmental conditions can be achieved under artificial
conditions. This most severe impediment of normal, efficient
breeding is the automatic consequence of regulation. It does
not matter that nobody has ever come up with a hypothetical
scenario arguing for any hypothetical environmental risk
from Golden Rice. Every GE case has to follow all rules and
regulations, independently of whether there is any putative
risk or not. Again, we lost far more than two years to ideology-
based regulation!

Requirement for one-event selection (two years):
Preparing a regulatory dossier for a single transgenic event
is so demanding and expensive that it is totally impossible to
deregulate several independent transgenic events. This forces
any GE-product developer to base all variety development on
a single transgenic event. To be able to select the single event
and then invest all resources in it requires collection of
numerous data from many events. To collect these data
without extended work in the field is impossible. Event
selection can come only after permission for field experiments
(see above for the problems!). Different varieties developed
from a single transgenic event can be deregulated on the basis
of the same regulatory dossier, if they are derived by
traditional breeding. Therefore, all Golden Rice varieties are
derived from one single transgenic event more than half a
decade ago and all subsequent steps are the result of
traditional plant breeding in the different partner institutions
in the different countries. We definitely would prefer to have
varieties based on different events, but the conditions for
deregulation leave no choice, despite the whole basis of the
applicable rules being a one-time transitory necessity to
overcome the limitations of conventional breeding all those
years and seed generations before.

Requirements for the regulatory dossier (four years):
I will not describe all the hundreds of expensive studies in
molecular genetics, biochemistry, nutrition, protein identity,
-digestibility, -immunogenicity, gene expression, anti-nutri-
ents, and agronomy required, at publication level quality, for
the final regulatory dossier. These requirements keep an
entire team of specialists busy for at least four years. Part of the
studies can already be done during the course of develop-
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ment, but an essential part has to be done with the final
variety to be released. This also means that ten years of
expensive experimentation has to be performed with no
guarantee that at the end everything will be in accordance
with the regulatory requirements. Not to be in line with the
regulatory requirements, however, does not need to con-
stitute a realistic risk. It just means no permission for release.

(8) Deregulation procedure (one year): Once a complete
regulatory dossier, especially one based on a regulatory clean
event, has been assembled, the actual procedure for regula-
tory clearance has a fair chance of taking less than a year.
Therefore, it is neither the regulatory authorities, nor the final
regulatory process, which has to be blamed for delaying
registration of GE varieties. It is the rules and regulations
themselves for the use of transgenic plants and, of course, the
political attitude enforcing its ‘extreme precautionary appli-
cation’.

The putative impact of Golden Rice

The definite impact of Golden Rice will be monitored in epide-
miological studies following release to the farmers and consump-
tion by vitamin A-deficient and rice-dependent populations.
Because of regulation this will not be possible before 2013.
Socio-economic studies, however, allow one to get an educated
estimate already now, by performing state-of-the-art ex ante
studies. Because solid data about human bioconversion and
bio-availability of pro-vitamin A from Golden Rice have been
generated [21,22], the predictions can be relatively precise. There
has also been a series of economic ex ante studies with Golden
Rice in different countries. In the following paragraph I refer to
the detailed study on the putative impact of Golden Rice in
India, published by the team of Professor Matin Qaim, Gottingen
[23].

The annual burden of vitamin A-deficiency in India is char-
acterised by the loss of 71,600 lives or 2,328,000 ‘DALYs’. (A DALY
is a technical term used by economists to quantify, and allow
comparison between the impacts of interventions and refers to a
standardised disability-adjusted life year.) The potential annual
impact of Golden Rice is presented in two scenarios, one ‘pessi-
mistic’ and the other ‘optimistic’. Three years after this publica-
tion, we know that the optimistic scenario is a realistic one.
According to these scenarios, Golden Rice could save up to
40,000 lives per year, or in DALYs, up to 1,382,000 healthy life
years annually. The lives saved would represent 95% of those rice-
dependent poor in danger of losing eyesight and life. As only half
of the Indian poor depend upon rice and the other half upon
wheat, Golden Rice could not save more than half of the 71,600.
(For the others ‘Golden Wheat’ might be an option.)

The World Bank’s benchmark cost of saving one ‘disability-
adjusted life year’, valued at $620-$1860 by the Bank, is $200. The
actual costs for the, so far most effective, traditional intervention —
the free distribution of vitamin A-capsules — is between $134 and
$559. Golden Rice is expected to do the same thing for only $3.
And this $3 cost would include all the money spent in ten years of
proof-of-concept work, plus all the money spent on product
development, deregulation, variety registration and social market-
ing. These unprecedented low costs are the consequence of the fact
that there are no recurrent costs, once a variety has been released.

This is the major reason why this intervention based on ‘bio-
fortification’ is highly sustainable as well as cheap.

Once cleared for adoption by the national authorities, seeds of
agronomically optimised and locally adapted Golden Rice vari-
eties will be provided to the farmers by public seed distribution
units or by licensed seed multiplications units, free of charge for
the trait and within the framework of the humanitarian project.
The farmer will be free to grow, harvest, sell, consume and store
Golden rice without restrictions, including to use part of the
harvest for the next sowing and to pass seeds on to neighbours.
The rice farmers will continue to use their traditional farming
practices and will not require any additional input in the form of
agrochemicals or fertiliser. The costs of production will be the
same as for any other variety of rice The yield of Golden Rice
varieties is at least as good as other popular non-GE varieties and
there is no off-taste which would discourage consumers from
eating Golden Rice. The only difference is the yellow colour. Initial
but in depth social marketing research has shown that households
have no problem with the colour when they understand it is
associated with good nutrition.

Lessons learned from the Humanitarian Golden Rice
project

From ten years work with the development of the first public sector
GE-product we can derive a series of lessons which apply to any
further public sector GE project. These lessons are probably new to
most colleagues in academia as well as to the public sector in
general. As they have, however, far-reaching consequences for all
those projects in the public domain, financed with the vision of
contributing to the solution of altruistic problems (much of basic
science in plant molecular biology and biotechnology is financed
with this argument in mind), those financing and working on such
problems should at least be aware of what stands between a
pleasing, academic, proof-of-concept result and the practical
impact it claims to achieve.

A. Negative attitudes to GE crops:

1. The European negative attitude to GE has a very strong
negative effect on governments in developing countries.

2. The negative attitude is prevalent within several NGO’s, a
small part of the public, much of the media, many
development aid organisations and most European
governments.

3. This effect is exacerbated by the financial support of the
EU to NGO groups paid to lobby the EU against GE crops

4. This effect is exacerbated by the financial support by
European NGOs to NGOs in developing countries.

B. Regulatory process:

1. Justification for present regulation is based on the notion
that the technology leads to ‘unpredictable and uncon-
trolled modifications of the genome’.

2. This argument ignores the fact that all traditional breeding
has been and is doing exactly the same (e.g., [24-28]).

3. In the entire history of GMO-technology development
and application there is not a single documented case of
harm, which could be used to argue for maintenance of
the present regulatory situation [29].

4. There is no scientific justification for present regulation.
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C. The financial and time cost implications of excessive regula-
tion:

1.

The costs for the development of a GE-variety are currently
soimmense, due to politics, not science, thatitis difficult to
identify a product which offers a fair chance for financial
return of the investment for non-industrial crops.

In addition, GE-regulation delays delivery of GE-based
products for about ten years, compared to non-GE
varieties and carries a huge financial penalty.

Time and costs for delivery of a GE-product to the market
are, therefore, so immense that neither publicinstitutions,
nor any small- or medium-sized enterprise, can afford the
investment in funds and/or personnel.

D. Impact on food security of unscientific regulation:

1.

Food security for developing countries, however, requires,
besides the best of traditional agriculture, also the best of
novel technologies. GE-regulation excludes a very potent
and promising technology.

There is, in addition to Golden Rice, excellent progress
within the Bill & Melinda Gates Foundation funded bio-
fortification projects within Grand Challenges in Global
Health No. 9 [30] with regard to high-iron-, high zinc-, high
protein-rice, and exactly the same in cassava, banana, and
sorghum, which have the potential to save further
millions of lives per year.

All these projects suffer from the same consequences of
regulation as described for Golden Rice, increasing the
number of lives lost to the tens of millions per year. And
there are drought-, salt-, flooding-, virus-, bacterial- fungal-,
insect-, nematode-resistance projects too, not only with the
major crops, but also with staple crops important for food
security in developing countries, and there is improved
exploitation of natural resources which could all sub-
stantially contribute to food security [31], if only GE-
regulation did not prevent public good GE-product
development.

Numerous other public projects for, for example, improved
food security, including many from developing country
laboratories and with orphan crops, have — under these
conditions — no chance to make it to the market place.
GE-potential is, therefore, blocked for public good projects.
The often-raised complaint (especially by the GE-opposi-
tion) that GE-technology has been only exploited for
industrial projects, has its only cause in the GE-regulatory
system, and politicisation of this useful technology.

E. The social cost of over regulation:

1.

According to the ex ante study mentioned above [21]
Golden Rice could save in India alone ca. 40,000 lives per
year. The social costs as the consequence of GE-regulation,
calculated only for the case of Golden Rice, India and the
delay of deployment of ten years, would add up to a loss of
about 400,000 lives.

However, there are further countries with vitamin A-
deficiency problems and poor, rice-dependent poor popula-
tions, such as The Philippines, Bangladesh, India, Vietnam,
Indonesia, and China for which Golden Rice is under
development [1]. Delay of deployment raises the social costs
of regulation to a loss of lives far beyond one million.

F.

G.

A conservative estimate of the social costs of all those
blocked public good projects indicated above, and
considering just the ten years of delay, amounts to
astronomic losses of hundreds of millions of lives.

And this is not everything with regard to social costs,
because the great majority of the public good projects will
not just be delayed; they will never make it to the market
place, thus adding further loss in lives.

In addition to the unacceptable and astronomic social
costs, there are also enormous economic losses which
cannot be recovered because the loss of lives and healthy
life years (DALYs) are irreversible.

A World Bank study [32] calculates the annual economic
loss of GDP due to lack of adoption of ‘Golden Rice
technology’ to be ca. $15.6 billion in Asia alone, with
utmost $300m of exports to Europe at risk.

The role and limitations of the public sector:

1.

The public sector, not the private one, is responsible for
public good, altruistic and humanitarian projects.

The public sector has competence for proof-of-concept
work, but is totally incompetent and unwilling to deliver
public good GE-products from its own successful research.
The public sector, therefore, depends upon partnership
with the private sector for the exploitation of its
achievements in science and technology.

In contrast to the private sector, academic personnel
survive on publications. All the work necessary for product
development and deregulation does not offer the slightest
chance of publication.

New ways of recognising merit need to be developed to
address this shortcoming, which impedes academic
involvement in pro-poor product development.

The role of the private sector and those with broad based
commercial experience in the private sector:

1.

The consequence of the above is a de facto monopoly for
GE-products among a few financially potent companies
and for industrial crops.

There is goodwill in, and from those individuals with
experience of, the private sector to support development
of public good products with expertise and intellectual
property, as long as this does not interfere with
commercial interests.

H. The role of public—private partnerships:

L.

1.

Public-private partnerships function only, if there is a
strong mutual interest also for the private partner and if
the public partner can be considered reliable.
Public—private partnerships require clear definition of, and
the related contractual basis for, those mutual interests
and reliable management structures on the public side, to
minimise liability risks for the private sector and to ensure
that the public sector gets what it needs consistently from
the private sector, despite changing personnel and
business situations.

The moral imperative:

1.

The damage to lives and welfare from GE-regulation is
enormous, and affects the poor, and not the rich Western
societies, which are responsible for the establishment and
maintenance of these regulations.
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2. The West ignores a moral imperative to make these
technologies available to the poor, including its applica-
tion to orphan crops [33,36] and therefore carries
responsibility for the consequences.

Considering the above and the additional fact that there is a
scientific consensus that transgenic plants pose NO novel risk as
compared to non-transgenic plants derived from traditional plant
breeding [34], it is difficult to understand that our society con-
tinues with the practice of extreme precautionary regulation,
exclusively of those plants which have been produced with the
most precise and predictable technique of genetic modification
and which have the safest track record compared to any other
technology [35].
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Are those opposing the technology and those politically respon-
sible for existing regulation willing to take responsibility for the
economic losses? Or, far more importantly, are they ready to take
responsibility for the astronomic social costs?

What else is necessary to open the eyes of those, who carry
political responsibility, to understand that not changing GE-reg-
ulation from extreme precautionary to science-based regulation,
guided by considerations of the risks and benefits of the trait
instead of regulating a technology on ideological terms, constitu-
tes a ‘crime against humanity’ [28]?
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Water scarcity is a serious problem that will be exacerbated by global climate change. Massive quantities
of water are used in agriculture, and abiotic stresses, especially drought and increased salinity, are
primary causes of crop loss worldwide. Various approaches may be adopted to consume less water in
agriculture, one of them being the development of plants that use less water yet maintain high yields in
conditions of water scarcity. In recent years several molecular networks concerned with stress
perception, signal transduction and stress responses in plants have been elucidated. Consequently,
engineering some of the genes involved in these mechanisms promises to enhance plant tolerance to
stresses and in particular increase their water use efficiency. Here we review the various approaches used
so far to produce transgenic plants having improved tolerance to abiotic stresses, and discuss criteria for
choosing which genes to work on (functional and regulatory genes) and which gene expression
promoters (constitutive, inducible, and cell-specific) have been used to obtain successful results.
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Introduction produces about 40% of the world’s food [2]. Agriculture currently

According to the Food and Agriculture Organization the planet has
approximately 1400 million km® of water [1]. However, after
subtracting the salt water of the oceans and the freshwater locked
up in ice caps, only around 9000-14,000 km® of freshwater is
potentially available for human use [1].

The success of agricultural production depends crucially on
water availability. Over 80% of global cropland is rain-fed; how-
ever irrigated cropland, constituting about 16% of the total,

Corresponding author: Tonelli, C. (chiara.tonelli@unimi.it)

uses over 70% (86% in developing countries) of available fresh-
water [3,4].

The global population is projected to increase from the current
6.7 billion to over 9 billion by 2050. Rising living standards have
increased meat consumption, with consequent increased demand
for grain for animal feed, which will have a significant impact on
agricultural land use [5]. Increased food production implies
increased demand for and consumption of water.

Water scarcity, typically accompanied by increasing salinity, is
the one of the major causes of poor plant performance and limited
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crop yields worldwide [6] and is the single most common cause of
severe food shortage in developing countries. Even in most of the
agriculturally productive regions, short periods of water deficiency
are responsible for considerable reductions in seed and biomass
yields each year [5]. Global climate change, which is increasing
temperatures worldwide and changing rainfall patterns, is
expected to exacerbate the negative effects of water deficiency
in agriculture [7].

To meet the growing demand for food and to contrast the
detrimental effects of climate change on crop yields, it is imperative
to develop new crops that have improved water use efficiency and
have improved resistance to drought stress. These goals might be
attained by conventional plant breeding approaches. In fact using
the traditional methods of crossing and selecting progeny, breeders
have produced new varieties with improved ability to resist stresses
[8]. However modern plant biotechnology has a much greater
potential by far to produce substantial improvements [9,10].

Mechanisms of drought resistance

Plants are sessile and have had to evolve various mechanisms to
enable them to adapt to ever-changing environmental conditions.
They have developed two strategies to resist drought: drought
avoidance and dehydration tolerance [11]. Drought avoidance
refers to a plant’s ability to maintain high water status even when
water is scarce, for example by growing long roots to reach deep
soil moisture, or reducing water loss by restricting the aperture of
the stomata on leaf surfaces. In fact, stomata play a major role in
plant adaptation to stress. Dehydration tolerance is well illustrated
by the so-called ‘resurrection plants’ which are able to withstand
loss of around 90% of their water content yet remain viable and re-
grow when moist conditions return; most other plants can with-
stand only moderate dehydration (about 30% water loss) and still
remain viable. Breeding programs have generally sought to
improve dehydration avoidance rather than dehydration toler-
ance as strategies for producing new varieties able to cope with
drought stress [11].

At least six signal transduction pathways in plants are involved
in responses to drought and closely related responses to high
salinity and cold stress [12]. The hormone abscisic acid, synthe-
sized in response to abiotic stress, plays a key role in three of these
pathways [12].

The elucidation of mechanisms involved in stress responses has
provided valuable insights into how plant responses to abiotic
stresses might be improved by genetic engineering. Following the
application of microarray technology, several hundred stress-
induced genes, mainly in the model plant Arabidopsis thaliana,
have been identified as candidates for manipulation [12] and have
been classified into three groups [13]: (a) genes encoding proteins
with a known enzymatic or structural function. Examples include
enzymes for synthesis of osmoprotective compounds, late embry-
ogenesis abundant (LEA) proteins, osmotins, chaperons, channels
involved in water movements through cell membranes, ubiqui-
tins, proteases involved in protein turnover, and detoxifying
enzymes; (b) genes with as yet unknown functions; and (c) reg-
ulatory genes, such as those coding for kinases, phosphatases and
transcription factors.

Numerous studies have investigated drought resistance
mechanisms at the vegetative stage, and such studies are impor-

tant for improving resistance in plants subject to continuous or
sub-continuous water deficit. However for major cereals, resistance
to drought is more important at the reproductive stage, to ensure
pollen fertility and grain development, and more recent studies
have therefore focused on identifying genes that can be modified
to improve drought tolerance at this crucial stage [14-18].

In the following we review the various genetic engineering
approaches used in recent years to obtain drought-tolerant plants.

Improving response to water stress by manipulating
single action genes

Early attempts to develop transgenic plants resistant to water stress
focused on single action genes responsible for the modification of
a single metabolite or protein that would confer increased toler-
ance to drought stress. Recent reviews [13,19] document progress
in this area.

Osmoregulation is one of the most effective ways evolved by
stress-tolerant plants to combat abiotic stress, but most crop plants
lack the ability to synthesize the osmoprotectants naturally pro-
duced by stress-tolerant plants. Therefore genes concerned with
the synthesis of osmoprotectants have been incorporated into
transgenic plants to confer stress-tolerance (reviewed in
[13,19]). Overproduction of compatible solute osmoprotectants
such as amino acids (e.g. proline), quaternary and other amines
(e.g. glycinebetaine and polyamines), and sugars and sugar alco-
hols (e.g. mannitol, trehalose and galactinol) has been achieved in
various target plants. Glycinebetaine in particular has been exten-
sively studied as a compatible solute, both by genetically engineer-
ing its biosynthesis in agriculturally important species and by its
exogenous application [20]. When maize plants were transformed
with the betA gene from Escherichia coli that encodes choline
dehydrogenase, they accumulated glycinebetaine in tissues and
were more tolerant to drought stress than wild-type plants at
different developmental stages. Most importantly their grain yield
was 10-23% higher than that of wild-type plants after three weeks
of drought stress [21].

In some cases the accumulation of compatible solutes also
protects plants against damage by reactive oxygen species (ROS)
[22]; in other cases the solutes have chaperone-like activities that
protect other proteins maintaining their structure and function
[23,24].

Genes coding for heat-shock proteins, molecular chaperones
and LEA proteins (reviewed in [13,19]) have been extensively used
to improve drought responses in plants. An interesting recent
example is the use of RNA chaperones of bacterial origin by
Castiglioni et al., to confer abiotic stress tolerance in several
species, and improved grain yield in maize under water-limiting
conditions [25]. These authors demonstrated that constitutive
expression of two cold shock proteins — CspA from E. coli and
CspB from Bacillus subtilus (both RNA chaperones) — conferred
abiotic stress tolerance to transgenic Arabidopsis, rice, and maize.
They obtained a greater than 20% increase in maize grain yield
under water-limiting conditions in field trials, without observing
pleiotropic effects on plant development. The improvement in
drought response was observed in the late vegetative/flowering
period as well as the grain-fill period: during these periods, three
consecutive days of wilting can reduce grain yield by 30-50% [26].
Stress tolerance conferred by manipulation of cold shock proteins
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is not only novel, but also appears as a highly promising approach
to improving plant productivity in suboptimal growth conditions.

Improving response to water stress by manipulating
regulatory genes

The transference of a single gene encoding a specific stress protein
does not always result in sufficient expression to produce useful
tolerance, because multiple and complex pathways are involved in
controlling plant drought responses [27] and because modification
of a single enzyme in a biochemical pathway is usually contrasted
by a tendency of plant cells to restore homeostasis [28]. Targeting
multiple steps in a pathway may often modify metabolite fluxes in
a more predictable manner. Another promising approach is there-
fore to engineer the overexpression of genes encoding stress-
inducible transcription factors. Transcription factors typically reg-
ulate several genes and are likely to be used extensively in the next
generation of genetically modified crops [29,30]. Numerous tran-
scriptional regulators are known to be involved in plant responses
to drought stress [31]; most fall into one of the large transcription
factor families (AP2/ERF, bZIP, NAC, MYB, MYC, Cys,His, zinc-
finger, NFY and WRKY); and some cis-elements, bound by these
transcription factors, have been identified [31]. For example absci-
sic acid-responsive elements (ABRE) [32] are 5’ upstream regions of
abscisic acid-responsive genes that are bound by AREB/ABF tran-
scription factors belonging to the basic leucine zipper family.
These mediate at least one of the abscisic acid-dependent pathways
involved in responses to drought stress. Another cis-element is the
dehydration responsive element/C-repeat (DRE/CRT) which is
involved in one of the abscisic acid-independent pathways [29].
Various DRE/CRT-binding proteins, coding for ERF/AP2 transcrip-
tion factors, are induced by desiccation, salt treatment, and cold in
some plant species [31].

The first examples of transcription factor engineering to
improve abiotic stress tolerance were overexpression of the ERF/
AP2 factors CBF1, DREB1A and CBF4. Overexpression of these
factors resulted in cold, drought and salt tolerance in Arabidopsis
[33-35] and it was later shown the similar tolerance could be
induced in many crop plants by overexpression of these factors
[36,37]. Numerous transgenic Arabidopsis varieties with improved
drought tolerance due to overexpression of various stress-regu-
lated transcription factors have been reported, but similar results
have also been obtained in crop plants [38].

Typically a gene coding for a transcription factor in Arabidopsis
is isolated, characterized and shown to improve drought response
when overexpressed. The gene is then transferred to a crop plant
where it often confers the same drought-tolerant phenotype. The
HRD gene, coding for an AP2/ERF-like transcription factor [39]
exemplifies this approach. Arabidopsis plants with a gain-of-func-
tion mutation in the HRD gene (hrd-D mutants) are drought-
resistant, salt-tolerant, and overexpress abiotic stress marker genes.
Overexpression of the same gene in rice significantly improves
water use efficiency both under well-watered conditions (50-100%
increase) and under drought (50% increase). These plants also
show enhanced photosynthetic assimilation and reduced tran-
spiration [39]. HRD gene overexpression conserves drought toler-
ance in both dicots and monocots.

In other cases a gene coding for a transcription factor is isolated
and characterized in Arabidopsis, but its orthologue gene in the

crop plant of interest is identified and made to overexpress. For
example Nelson et al. [40] showed that overexpression of the
Arabidopsis CAAT box-binding transcription factor AtNF-YB1 con-
fers improved performance in Arabidopsis under drought condi-
tions. They next overexpressed the orthologue of AtNF-YB1 (called
ZmNF-YB2) in maize and found that, under simulated drought
conditions, the altered maize plants produced up to 50% more
than unmodified plants [40].

In other cases, studies of responses to abiotic stress directly on
the crop plant of interest have contributed to the identification of
candidate genes to overexpress. A recent example is the study of
Ohetal. [17], which showed that independent constitutive expres-
sion of the stress-inducible genes AP37 and AP59 in rice — which
code for transcription factors belonging to the AP2 family -
resulted in increased tolerance to drought and salinity at the
vegetative stage. This study also provides a good example of
how gene modification can result in opposing effects in response
to drought in the reproductive and vegetative organs of a plant.
Thus in plants transgenic for AP37, grain yield increased by 16—
57% over controls under severe drought conditions, whereas in
plants transgenic for APS9 grain yield was reduced by 23-43%
compared with controls, under both normal and drought condi-
tions [17], while at the vegetative stage overexpression of the two
genes resulted in increased tolerance.

In recent years much attention has focused on the transcription
factors involved in regulating stomatal movements [41-44]. Sto-
mata are pores in the plant epidermis that regulate CO, uptake for
photosynthesis and water loss by transpiration; pore size is con-
trolled by turgor-driven volume changes in the two guard cells that
surround each stoma [45]. The highly specialized guard cells
integrate signals from the plant and from the environment to
regulate aperture size and help ensure plant survival under various
conditions [46].

The transcription factor SNAC1 (stress-responsive NAC1) influ-
ences stoma aperture size in the rice plant. Transgenic plants that
overexpressed SNAC1 had improved drought resistance and a 22—
34% increase in seed-setting (both compared to control) during
severe in-the-field drought conditions at the reproductive stage
[42]. Such plants show increased sensitivity to abscisic acid and
have more stomata closed under both normal and drought con-
ditions than wild-type plants [42]. The rice variety in which this
work was done is not widely grown commercially, so the team is
now generating transgenic plants from commercial rice varieties
[47].

Constitutive, inducible and cell-specific promoters

All the approaches to improving water stress tolerance reviewed
above involved constitutive overexpression of genes. This implies
that the gene construct introduced into the target plant also
contains a gene promoter that ensures constitutive transcription
of the gene. Commonly used promoters are Cauliflower mosaic
virus 35S (CaMV35S) [48] or promoters for constitutively
expressed plant genes like ubiquitin [49], actin [50], and cyto-
chrome c [51]; these are usually effective in producing transgenic
plants with the required stress-tolerant properties. In some cases
however, constitutive expression of a gene normally only induced
by stress has negative effects — so-called pleiotropic effects [34,52—
54] - on growth and development when stress is not present. One
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solution is to use inducible (rather than constitutive) promoters
that allow expression of a transgene only when it is required, while
it is silenced otherwise. For example constitutive expression in
Arabidopsis of DREB1/CBF3, a gene coding for a transcription factor
induced by osmotic stress, confers tolerance to stress, but causes
severe growth retardation under normal growth conditions [34].
However, if this gene is expressed under the control of an osmotic
stress-inducible promoter — RD29A was the promoter used — no
growth retardation occurs, while the plant is highly resistant to
several stressing conditions when these occur [34].

Similar results have been obtained in crop plants. In tomato,
overexpression of the Arabidopsis CBF1 gene, encoding a transcrip-
tion factor belonging to AP2/ERF family, confers increased drought,
cold and oxidative stress tolerance compared to wild-type plants,
but plant growth is severely affected [52]. By contrast, when the
same gene was placed under the control of a synthetic promoter
derived from the barley HVA22 gene, it was expressed mainly under
abiotic stresses, so that the plant had the same tolerance character-
istics towards stresses, but plant growth under normal conditions
was not affected [53]. This approach was also applied to the rice
OsNAC6 gene, which codes for a transcription factor involved in
responses to abiotic stresses. Its overexpression under the control of
the CaMV35S promoter resulted in decreased plant growth and
productivity, while expression of the same gene under the control of
either of the two stress-inducible promoters LIP9 or OsNACS6,
improved stress tolerance, without affecting plant growth [54].

Stress-inducible promoters usually maintain low levels of
expression of the downstream genes under normal growth con-
ditions, but even low expression levels may have negative effects if
the gene of interest has pleiotropic effects under conditions in
which its expression is not necessary. A promoter that is comple-
tely silenced under normal growth conditions, but is active in
response to drought, abscisic acid and increased salinity, is that of
the rice OsLEA3-1 gene [SS5]. However this promoter also has the
drawback that it is activated only after 6 days of drought stress, or
after 18 hours of salt treatment. These times are too long for an
efficient response. An ideal stress-inducible promoter would be
completely silenced under normal conditions, but induced by
stress in a fairly short time (a few hours) after stress onset. The
promoter of the Arabidopsis AtMYB41 gene, which is not expressed
in any tissues under standard growth conditions but is highly
induced in response to drought, salt and abscisic acid [56], may
therefore be a very useful promoter.

Cell-specificity is another aspect that needs to be considered in
choosing a promoter. Because of the fundamental role played by
guard cells in integrating internal and environmental signals, they
appear to be attractive targets for engineering drought response.
Genetic engineering of target genes in guard cells requires effective
expression systems with suitable promoters, because constitutive
promoters (e.g. CaMV35S) are not always functional or can have
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negative effects on plant growth and productivity. However, very
few guard cell-specific plant promoters have been identified. One
that has been investigated is the Arabidopsis AtMYB60 promoter
which shows high guard cell-specificity [41]. As AtMYB60 expres-
sion is rapidly down-regulated by abscisic acid and dehydration
stress, it is promising as a research tool for the targeted guard cell
gene silencing of negative regulators of stress response (see below).
Constitutive guard cell-specific promoters are also promising for
engineering positive stomata responses to drought. Examples
include pGC1 [57] and pCYP [58,59].

Gain of function versus loss of function

Most approaches to abiotic stress resistance have introduced genes
with a constitutive or inducible promoter, resulting in gene over-
expression. In some cases, however, stress resistance has been
conferred by gene down-regulation. This may be achieved by
RNA interference [60], co-suppression [61] or loss-of-function
mutants [41-43]. The major role of short single-stranded RNA
molecules (miRNAs) in stress responses has only been recently
elucidated and is reviewed in [62].

Use of loss of function to achieve stress resistance is exemplified
by an Arabidopsis mutant harboring a knock-out mutation in the
AtMYB60 gene, coding for an R2R3MYB transcription factor [41].
As noted above, the AtMYB60 gene is guard cell-specific. Stoma size
in the mutant is 30% smaller than in wild-type plants, so tran-
spiration is reduced resulting in greater tolerance to dehydrating
conditions than wild-type plants. The exact role of the AtMYB60
transcription factor has not been fully elucidated. Its expression is
up-regulated by signals that induce stoma opening, like white and
blue light, and negatively down-regulated by desiccation and
abscisic acid treatment — signals that promote stoma closure. It
is possible that this transcription factor is an up-regulator of stoma
opening that is silenced in stress conditions. Technological trans-
fer of the AtMYB60 strategy to crop plants is in progress.

A similar phenotype has recently been described in a rice dst
mutant [43]. The corresponding gene encodes a zinc finger
drought and salt tolerance (DST) transcription factor that down-
regulates stoma closure through modulation of H,O, homeostasis.
In the mutant, stoma closure is increased and stoma density
reduced, resulting in enhanced drought and salt tolerance.

Conclusion

The green revolution of the 20th century markedly increased crop
production through genetic improvements to major food crops,
increased mechanization, improved pest control and improved
soil fertility. In April 2000, Kofi Annan, then Secretary General of
the United Nations, called for a blue revolution in agriculture to
generate ‘more crop per drop’ [1]. Although this revolution is not
yet with us, ‘the seeds have at least been planted’ as recently noted
by Pennisi [47].
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Abstract

Micronutrients are essential for a healthy life. Humans do not produce micronutrients, and hence they
must obtain them through the foodchain. Staple crops are the predominant food source of mankind, but
need to be complemented by other foodstuffs because they are generally deficient in one or the other
micronutrient. Breeding for micronutrient-dense crops is not always a viable option because of the
absence of genetic variability for the desired trait. Moreover, sterility issues and the complex genetic
makeup of some crop plants make them unamenable to conventional breeding. In these cases, genetic
modification remains the only viable option. The tools to produce a number of micronutrients in staple
crops have recently become available thanks to the identification of the genes involved in the
corresponding biochemical pathways at an unprecedented rate. Discarding genetic modification as a
viable option is definitely not in the interest of human wellbeing.
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Nutritional genomics

Owing to the rapid development of sophisticated molecular tech-
niques over the past decades, progress in gene discovery has been
extraordinary, and the knowledge of biosynthetic pathways has
grown tremendously. The main reason is that all organisms share a
good proportion of their genes and metabolic functions, making it
possible to draw conclusions from one species to another and to do
research on model organisms with short life cycles while taking

E-mail address: Peter.Beyer@biologie.uni-freiburg.de.

advantage of an exhaustive genetic infrastructure already avail-
able, such as sequenced genomes and gene expression data [1,2].

The elucidation of plant metabolic pathways and their inter-
connections still remains a significant challenge, not least because
of sheer numbers. Plants are extremely versatile chemical factories.
An Arabidopsis leaf contains no fewer than 2000 different sub-
stances, and the entire plant kingdom can produce 200 000 or
more different chemical compounds [3]. Many of these are so-
called secondary metabolites and relevant for the plant’s adapta-
tion to specific environments. However, some of these are also
relevant from a human nutritional perspective. Being essential
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components of the diet, these are termed ‘vitamins’ when organic,
and ‘trace minerals’ when inorganic, and together are referred to as
‘micronutrients’. ‘Nutritional Genomics’ is a discipline of modern
biology that focuses on elucidating the biochemical pathways
(vitamins) or physiological processes of uptake and mobilization
(minerals) that are needed in plants to sustain human health.

Unequal distribution of micronutrients in plant tissues
As a whole, plants can provide all human dietary macro and
micronutrients needed to live a healthy life as a vegetarian. How-
ever, micronutrients are usually unevenly distributed not only
between plant species but more importantly also within different
tissues of a given plant. Leaves often contain all necessary micro-
nutrients, while the specialised storage tissues of grain, roots, and
tubers — which make up most staple foods — show only limited
biochemical diversity and at levels often insufficient for human
nutritional needs.

For example, in the rice endosperm, the edible part of the rice
grain, the micronutrients iron, folate, provitamin A, and vitamin E
are present only at minimal levels while in the rice leaf they are
present in quantities which would be adequate if rice leaves were
apt for human consumption. For rice endosperm to meet human
nutritional requirements it is, therefore necessary to modify the
plant so that the endosperm accumulates the required nutrients.
Alternatively, supplementation and fortification can and are being
used to cope with the deficiency problems that arise from an
unbalanced diet owing to reliance mainly on micronutrient defi-
cient food staples. Predominant consumption of staples is a con-
sequence of extreme poverty. Unfortunately, large parts of the
worlds population survive on less than two dollars a day and hence
can neither diversify their diets nor buy supplements.

Biofortification: Breeding vs. genetic modification
Micronutrient malnutrition is a continuing and serious public
health problem in many countries. Supplementation and fortifica-
tion-based interventions have been applied for decades. Although
such interventions have shown considerable success in the past,
they have not been able to eradicate the problem, mainly owing to
the significant and expensive distribution logistics required which
are insufficiently developed in poorer countries. Moreover, such
interventions are not economically sustainable, requiring ongoing
funding which may falter upon economic crisis or political turmoil.
Experience with vitamin A supplementation programs, for instance,
revealed that coverage achieved over the last decade in 103 priority
countries has stagnated at 58%, with high year-to-year fluctuation
[4]. In India, the ‘Nutritional Anaemia Control Programme’, mostly
designed to address iron deficiency, has been in place since 1970
with littleimpact, because of mismanagement, underfunding, logis-
tical problems, and poor compliance [5]. In recent years, coverage
with iron folate supplements was around 30% for pregnant women
and 10% for adolescent girls [6].

Biofortification, much advocated by the HarvestPlus research
consortium (see http://www.harvestplus.org), is potentially a cost-
effective and sustainable intervention, either as a stand-alone
solution or in combination with supplementation and fortifica-
tion. Biofortification denotes the ‘fortification’ of agronomically
important crop plant tissues by means of their own biochemical
capacity. Once the crops are developed the costs of biofortification

- including development costs — constitute only a fraction of
supplementation costs. Biofortified crops are intended to be dis-
tributed through the traditional pathways of agriculture and local
trade. Golden Rice, for instance, should require little more than
the costs of the normally reliable seed production systems for its
continued deployment following introduction. Production costs
will be no different from any other rice.

The costs of breeding are moderate — in the range of $4m per
variety spread over 10 years —amounting to approximately 0.2% of
the global vitamin A supplementation expenditures in the sce-
nario described above over the same period [7]. The development
and regulatory approval of a transgenic crop can be 5-8 times
higher [8,9], still representing only a fraction of the sustained costs
necessary for a classical public health intervention. These higher
costs have the potential to be substantially reduced once a more
scientifically based regulatory requirement is introduced.

Given these advantages, the often-debated question is whether
all of the biofortification needs can be achieved by breeding
techniques alone, including ‘precision (smart) breeding’ relying
on genetic markers associated with the desired trait. The simple
answer is ‘no’. There are two main reasons for the need for genetic
modification. In cases where the genetic variability for a given trait
is too low to meet the target levels, breeding is not an option and
one needs to resort to the knowledge gained in nutritional geno-
mics research (see above) in order to apply recombinant DNA
technology. The other case is with crop plants which are impos-
sible or very difficult to breed.

In other words, biofortification of staple crop plant tissues can
be achieved through breeding where this is possible, while recom-
binant DNA technology must be applied in all other cases. Some
examples will be given in the subsequent paragraphs.

Some plants do not show adequate trait variability: the
case of provitamin A rice (Golden Rice)

Accumulation of provitamin A carotenoids in rice grains cannot be
achieved through breeding. Germplasm screening conducted at the
International Rice Research Institute (IRRI) and elsewhere did not
reveal any cultivar of rice capable of accumulating provitamin A in
the grain that could be used as a parental line for further breeding.
Consequently, genetic engineering needed to be applied to biofor-
tify rice, with the aim of helping combat vitamin A deficiency (VAD)
induced diseases, which are widespread in the tropics.

Vitamin A denotes a group of C, carotenoid derivatives (ret-
inal, retinol and its esters, and retinoic acid), which play an
essential role in vision, immune response, epithelial cell growth,
bone growth, reproduction, maintenance of the surface linings of
the eyes, embryonic development, and regulation of adult genes.
In humans, provitamin A carotenoids are cleaved in the centre of
the molecule and converted into vitamin A retinoids. An early
symptom of vitamin A deficiency is night blindness. Structural
alterations of the conjunctiva and the cornea (xerophthalmia,
keratomalacia) may follow, and subsequent inflammation and
infection result in irreversible blindness. Depression of the
immune system increases the severity of measles and diarrhoea,
leading to a nine-fold increase in child mortality, which is appar-
ent even before the appearance of xerophthalmia. According to
WHO, an estimated 127 million preschool children are affected by
vitamin A deficiency, with 250 000-500 000 becoming blind every
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year, half of whom die within 12 months of losing their sight
(WHO database of vitamin A deficiency; http://www.who.int/
vmnis/vitamina/data/en/index.html).

The Golden Rice technology currently being developed -
known as GR2 - employs two provitamin A pathway genes (see
[10], for review). One codes for the enzyme phytoene synthase,
which has turned out to be the major rate-limiting step in car-
otenoid production in most plant tissues. The essential improve-
ment in the development of GR2 over the previous GR1 version
was to exchange the phytoene synthase from daffodil with the one
from maize, thus leading to increased provitamin A formation
[11]. The second gene (which codes for a carotene desaturase) is
Crtl from the bacterium Pantoea ananatis (formerly named Erwinia
uredovora). Crtl was used because plants utilise four genes (two
carotene desaturases and two carotene cis—trans isomerases) to
carry out the same reaction sequence leading to the provitamin
A precursor lycopene. One single bacterial transgene can thus
substitute for four plant transgenes. The enzyme activities
upstream of phytoene and downstream of lycopene in the caro-
tenoid pathway are all actively expressed in wild-type rice endo-
sperm. Thus all that is needed is to reconstitute the overall
biosynthetic sequence is to ‘bridge the gap’ [12].

During the past few years the trait has been transferred from the
original cultivar into selected locally adapted rice varieties. This
was done by a consortium of partner institutions in the Philip-
pines, Vietnam, and India. Concomitantly, the event to be carried
through the regulatory process was determined based on the
datasets collected during the breeding process and instructed by
the bioconversion numbers obtained, which showed that bioa-
vailability of the provitamin A in GR2 is very high [13].

The case of folate and iron in rice

Folate, or vitamin B9, is an essential coenzyme involved in one-
carbon metabolism. Folate deficiency is associated with a higher
risk to newborns of neural tube defects, spina bifida, and anence-
phaly, and an increased risk of cardiovascular diseases, cancer, and
impaired cognitive function in adults. Mandatory fortification of
wheat flour with folic acid in the United States in 1998 was
followed by a significant reduction in the prevalence of neural
tube defects [14]. Folate deficiency also causes widespread mega-
loblastic anaemia during pregnancy and often exacerbates already
existing iron deficiency anaemia [15], see also [17-19].

As with provitamin A, folate levels are very low in rice endo-
sperm and so is the genetic variability of the trait. Thus, folate
biofortification is another case for which genetic modification is
required. A successful proof-of principle rice has recently been
reported [16]. Here, the transformation of two pathway genes from
Arabidopsis thaliana shifted folate production to levels in the grains
which can be expected to meet the requirements necessary to
combat its deficiency. Product development would be required
but, inexplicably, has so far not met the interest of donor agencies.
Other results demonstrate that recommendations for folic acid
supplementation alone did not appear to succeed in reducing the
incidence of open NTDs in Nova Scotia, whereas the fortification
of grain products with folic acid did result in a significant reduc-
tion in the incidence [20].

Iron is a redox-active constituent of the catalytic site of heme
and non-heme iron proteins. More than one-third of the world’s

population suffers from anaemia; half of it caused by iron defi-
ciency [21]. Endemic infectious diseases exacerbate the incidence
of iron deficiency anaemia in developing countries. Iron defi-
ciency adversely affects cognitive development, resistance to
infection, work capacity, productivity, and pregnancy. Children
of anaemic mothers have low iron reserves, requiring more iron
than is supplied by breast milk, and suffer from physical growth
and irreversible mental development impairment [21]. It is esti-
mated that 800000 deaths are attributable to iron-deficiency
anaemia annually.

Rice endosperm is a very poor source of iron, the variability
between cultivars ranging from ca. 1 to 8 ppm. Although a study
conducted with rice containing 6 ppm can have a positive impact
on nutritional status [22], there is consensus that significantly
higher levels would be very desirable. The lack of adequate varia-
bility in iron content of seed calls for transgenic approaches
capable of increasing iron partitioning in favour of the grains.
However, the knowledge base for this trait is still meagre; 39 genes
are thought to control iron homeostasis in rice [23] of which the
rate-limiting ones are currently unknown. More research in the
field of nutritional genomics is required to answer this question.

In contrast to iron, a significantly higher variability has been
found for the zinc content of polished rice grains (G. Barry, P. Virk,
IRRI, personal communication) which makes this trait a likely
candidate for precision breeding.

Some plants cannot be bred or breeding is very difficult
Banana (cooking banana: ‘plantain’) is the staple food in more
than 50 countries; in Uganda, for instance, consumption is
approximate to 220 kg per person per year. However, banana fruit
as eaten contains only low levels of vitamins and minerals. Bana-
nas constitute sterile triploids selected from the wild. This makes
conventional breeding extremely difficult, which explains why
bananas are propagated vegetatively. For this reason the species
has been genetically static for thousands of years and is conse-
quently susceptible to changing environments and biotic stresses,
such as attack by fungal diseases, as well as by bacteria and viruses.
The banana variety ‘Gros Michel’ has been lost almost entirely to
the so-called ‘Panama Disease’ caused by the fungus Fusarium
oxysporum because breeding for resistance was not possible.
Because banana-based diets are deficient in provitamin A,
iron, and vitamin E, a project employing genetic transformation
is underway to increase the level of these micronutrients. The
project is being led by the Queensland University of Technology,
Australia, in partnership with scientists at the National Agricul-
tural Research Organization of Uganda (see http://www.
grandchallenges.org).

Cassava ranks number five among human staple foods. In sub-
Saharan Africa, however, it is number one because of its ability to
provide food security in drought conditions. However, the micro-
nutrient content is low and there are other problems with this crop
such as the content of toxic cyanogenic glycosides and post-
harvest deterioration, which minimises shelf-life. Cassava is vege-
tatively propagated, like banana. By contrast, however, it can be
bred but has never been pushed to produce genetically uniform
inbred lines. Cassava plants therefore, possess a very complex,
heterozygous genetic makeup, which renders varietal recovery
very difficult. Long breeding cycles and asynchronous flowering
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represent further hindrances to breeding cassava for specific traits
[24]. Consequently, projects employing genetic modification are
underway at several institutions, such as The Danforth Plant
Science Center (USA) partnering with several Universities and
African institutions (see http://www.grandchallenges.org), and
at CIAT (Colombia), partnering with the University of Freiburg,
Germany. All of these have made significant progress (Richard
Sayre, Danforth Center, personal communications) on all fronts
and have developed proof-of-principle results showing that nutri-
tionally improved versions of cassava can be produced through
genetic modification.

Potato, as a vegetatively propagated crop plant, shares the issue
of genetic complexity with cassava and has also been targeted to
increase provitamin A content. This was successful; however the
installation of a ‘mini-pathway’ was required to arrive at high
provitamin A levels [25].

Needs for the development of nutritionally improved
crop plants in the public sector

The examples given above are not at all comprehensive; the list
could be extended by further cases of product-focused transgenic
research conducted by public-sector scientists both in industria-
lised countries as well as in developing nations.

The public sector needs to resource these developing country
targeted projects as they do not represent commercially valuable
targets and therefore cannot be a commercial priority for the private
sector. However, the private sector does have a potentially valuable
role to play in pro-poor projects if skill is applied to structuring
public—private partnerships so that all parties benefit. Golden Rice is
an example where crucial phases of technology development have
been mastered for pro-poor purposes by partnering with Syngenta
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Plants are replete with thousands of proteins and small molecules, many of which are species-specific,
poisonous or dangerous. Over time humans have learned to avoid dangerous plants or inactivate many
toxic components in food plants, but there is still room for ameliorating food crops (and plants in
general) in terms of their allergens and toxins content, especially in their edible parts. Inactivation at the
genetic rather than physical or chemical level has many advantages and classical genetic approaches
have resulted in significant reduction of toxin content. The capacity, offered by genetic engineering, of
turning off (inactivating) specific genes has opened up the possibility of altering the plant content in a
far more precise manner than previously available. Different levels of intervention (genes coding for
toxins/allergens or for enzymes, transporters or regulators involved in their metabolism) are possible
and there are several tools for inactivating genes, both direct (using chemical and physical mutagens,
insertion of transposons and other genetic elements) and indirect (antisense RNA, RNA interference,
microRNA, eventually leading to gene silencing). Each level/strategy has specific advantages and
disadvantages (speed, costs, selectivity, stability, reversibility, frequency of desired genotype and
regulatory regime). Paradigmatic examples from classical and transgenic approaches are discussed to
emphasize the need to revise the present regulatory process. Reducing the content of natural toxins is a
trade-off process: the lesser the content of natural toxins, the higher the susceptibility of a plant to pests
and therefore the stronger the need to protect plants. As a consequence, more specific pesticides like Bt
are needed to substitute for general pesticides.

Contents

The dangers of nature and food. . . . . ... .. e 483
Improving food safety and food security . . ... ... ... 484
Targeting the genes rather than the proteins . . . ... ... . e e e 485
Direct and indirect gene inactivation strategies . . ... ... ... ... e 485
No one method suites all situations (of pros and COns) . . ... ... ... e 487
Examples of inactivation of toxins in transgenic plants . . . . .. ... . L 487
Room for improvement Of OIPhan CIOPS . . . . ..o oottt 488
Trade-offs for toxXin redUCtiON . . . . ... .. o 488
Plant-derived allergens . . . . . . ... ..t e 488
Examples of inactivation of allergens in transgenic plants . . . . ... ... ... 488
An example of insanity in regulation: percent similarity is not everything . . ........ ... .. ... .. ... . L . 489

E-mail address: piero.morandini@unimi.it.

482 www.elsevier.com/locate/nbt 1871-6784/$ - see front matter © 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.nbt.2010.06.011


mailto:piero.morandini@unimi.it
http://dx.doi.org/10.1016/j.nbt.2010.06.011

New Biotechnology * Volume 27, Number 5+ November 2010 REVIEW
CONCIUSIONS . . . oot e e e e e e e e e e e e e e e e e e e 489
Note added in Proof . . . . . o e 490
ACKNOwledgements . . . . . . oo e e e 490
RefOTOIICS. . . o o o 491

The dangers of nature and food

Toxic substances abound in living beings, plants included.
Humans use plants (or products made from them) as a source
of food, fiber, fuel, tools or drugs and therefore are constantly
exposed to toxins and allergens of plant origin. The plant world
can thus be viewed as a ‘minefield’. A short walk both in culti-
vated fields and wild areas in many places in Italy, for which I
have some experience, and more generally everywhere in the
world, allows one to meet plants which have caused poisoning or
even fatalities in humans or animals (see some examples in
Table 1). For instance, castor bean (Ricinus communis) is common
in southern Italy and produces ricin, a poison among the most
potent known to man. The lethal oral dose in humans is approxi-
mately eight beans; even half a bean was enough to cause death
[1]. Other highly toxic encounters in Mediterranean countries
are oleander (Nerium oleander) and most plants in the Ranuncu-
laceae, Scrofulariaceae and Solanaceae (nightshade) families. For
references on common toxic plants in Italy [2]; for North Amer-
ica [3]; for a general treatise [4]; for a recent compilation [5]; for a
website [6]. The common names for several members of the

TABLE 1

Solanaceae are quite explicit in their message: angel’s trumpet
or devil’s weed (Datura stramonium), the apple of Sodom (Sola-
num sodomeum), bittersweet nightshade or poisonberry (Solanum
dulcamara), black nightshade or devil’s little tomatoes (Solanum
nigrum) and deadly nightshade (Atropa belladonna). Some of the
fruits or flowers are quite attractive in appearance and therefore
become more dangerous for people raised in urban settings and
who are unaware of the risks, children in particular, for example
[7-9]. One author suggests that ‘about 2% of plant species can
severely poison people who happen to ingest them’, with alka-
loids being the major cause [10]. Some toxins are quite wide-
spread among plants, like cyanogenic glucosides, which are
reported in at least 2500 different species [11]. Many toxic plants
are weedy, wild plants which need not human’s intervention to
survive.

Likewise, many crops have dangerous substances (Table 1),
some in edible part and some in organs not used as food. For
instance potato tubers or ripe tomato fruits usually have low levels
of glycoalkaloids, but leaves, diseased tubers and fruits (a small
berry) of potato or leaves and immature fruits of tomato are more

Examples of wild and crop plants with toxic substances and their effects

Common name Latin name Toxic substance® Effect® Dose‘|content?
Giant fennel Ferula communis Prenylated coumarins Lethal

Jimson weed Datura stramonium Atropine (and other alkaloids) Lethal 100 seeds|0.1 mg/seed
Tobacco Nicotiana tabacum Nicotine Lethal 1 mg/kg|3-6%

Apple of sodom Solanum sodomeum Solasonine, solanidine Toxic 30 mg/kg|0.3 mg/g
Castor bean Ricinus communis Ricin/ricinoleic acid Lethal Half a seed

Pepper Capsicum spp. Capsaicin Lethal |0-2 mg/g

Tomato Solanum lycopersicum Tomatine Toxic

Potato Solanum tuberosum Solanine Lethal [3-6 mg/kg

Cassava (Yucca)

Manihot esculenta

Cyanogenic glucosides

Paralysis-stunting

|15-400 mg HCN/kg

Soybean

Glycine max

Protease/amylase inhibitors

Toxic

Almond

Prunus dulcis

Cyanogenic glucosides

Lethal

20 seeds|29 mg/kg

Brussel sprouts

Brassica oleracea

Glucosinolates

Lethal-goiter

[1-2 mg/g

Cotton Gossypium hirsutum Gossypol Cardio/hepatotoxic 0.3-3 mg/kg|10 mg/g
Vetch Lathyrus sativus Oxalyl-diaminopropionic acid Neurotoxin/paresis [0.3-3.2%

Lima bean Phaseolus lunatus Cyanogenic glucosides Lethal |2-3 mg HCN/kg
Poppy Papaver somniferum Morphine Lethal 100 mg|10 mg/g
Bamboo Several species Cyanogenic glucosides Toxic |1-8 g HCN/kg

2 Only the main toxic components are listed. Most of the plants in the table are mentioned in [14], but see also [1-13]. For the giant fennel toxicity, see [147], for Jimson weed [148], for

pepper [149]. Many other toxic substances can often contaminate plants or food, but are not considered in this list.

P The effect is obviously dependent on the dose. When a substance or a plant is defined as lethal in the table, there are reports in the literature of fatal cases for humans or grazing animals

(e.g. [147]). For other examples of toxicity in animals, see http://www.ansci.cornell.edu/plants/ (plant poisonous to livestock and other animals).

“The lethal dose reported is usually the minimum observed and may not be always lethal. The dose is expressed as the amount of plant (e.g. number of seeds) or as the amount per kg of
body weight able to cause the effect.

9The content refers to the main active principle causing the toxic effect and it is expressed per plant part or weight.
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toxic. Cases of severe poisoning, sometimes fatal, are reported in
the literature for several of the edible plants listed in Table 1 (e.g.
[12,13]; for a compilation [14]).

Most of the toxic substances in plants are known to men since
time immemorial and were identified by modern science according
to their chemical characteristics (alkaloids, glucosides, aminoacids,
proteins, lipids, etc.). Their toxicology and mode of action have
been described (for a comprehensive compilation see [4,5]).
Although some (e.g. digitoxin) have a long history of use as phar-
maceuticals and are still used today, most have been abandoned
because of the short interval between therapeutic and toxic dose.

The ability of humans to survive and thrive depends on their
capacity to recognize and avoid or inactivate most of these toxic
compounds. Especially for plants used as food, this is achieved by a
combination of proper storage and processing (e.g. maceration
and fermentation) among which cooking is the most prominent
for its major effect of heat inactivation. Knowledge in this context
can be likened to a precise map handed down from generation to
generation through culture and education, warning of the dangers
of the minefield, while technology becomes similar to a metal
detector to reveal, avoid or inactivate toxic substances. Knowledge
and technology buffer us from the toxic effect of nature and allow
a far wider spectrum of plants or plant parts to be used to our
benefit than those ‘naturally’ available. The widespread belief in
the superior goodness of nature and the evil of manipulations by
human is causing harm and death (e.g. [15-17]).

Cultivated plants seem to have fewer toxins than their wild
relatives, as the result of selection for better-tasting plants [18]. For
example, the wild potato Solanum acaule has three times more
glycoalkaloids than cultivated potato and is more toxic [19-21].
Cultivated Brassicaceae (cabbage, broccoli and cauliflower), when
compared to wild species, have less glucosinolates, a major class of
secondary metabolites [22,23] and this affects the survival of
herbivore insects and their parasitoids [24,23]. The wild bean
Phaseolus lunatus contains about three times cyanogenic gluco-
sides when compared to the cultivated bean [25]. Wild and culti-
vated beans have different levels of antinutritional factors [26].
Cyanogenic glucosides in white clover (a forage crop) act as a
deterrent against herbivores [27], but cultivars devoid of cyano-
genic glucosides have been bred to obtain better palatability for
grazing animals. Similar reductions have been reported for other
crops [28]. The issue is complicated by the effect of the environ-
ment and pest pressure [29]. Whether this is a general rule remains
to be demonstrated, but it seems an acceptable hypothesis and
might contribute to the general susceptibility of crop plants to
pests. Nevertheless, the point remains that humans can clearly
tolerate at least low levels of toxins in their diet without ill effects.
In fact, the ability to safely consume a low level of toxins has been a
key element in the survival of all omnivores. The most appealing
explanation for the observed crop-wild differences is that humans
selected loss of function mutations leading to a reduced toxin
content during the domestication process on the basis of feeding
‘tests’. Most presumably it was a long process of trial and error (or
trial and death). At least in one case it seems that not only the
overall quantity of toxic glucosinolates is reduced, but also that
inducibility by wounding is lost in the cultivated species [23].

Thus many crops still produce the same kind of toxins as their
wild relatives, albeit in lower quantity, at least in edible parts. This

means that the biosynthetic capacity is there. Indeed sometimes
crops are fatal for humans [12,13,30]. Moreover, toxin content
might increase spontaneously or during the breeding process, the
so-called ‘unintended effects’. Cases are known where commercial
varieties caused health problems for this reason: rashes from celery
[31,32], vomiting, stomach cramps, diarrhea or collapse from
zucchini [33,34], potato [35] and bottle gourd [36]. Therefore
testing for known toxins is routinely performed in crops known
to contain toxic compounds, irrespective of the breeding method
used. A problem relevant both to the developing and developed
world is mycotoxin contamination of foodstuffs. Mycotoxins are
not actually produced by plants, but are a byproduct of fungal
growth on plants or foods. While there are several strategies (both
conventional and transgenic) to control mycotoxins, this is out-
side the scope of my review. Other authors discuss mycotoxins in
this issue (W. Parrot, B. Chassy).

Improving food safety and food security

The presence of toxic substances is still problematic for a few crop
plants, which might be ameliorated by a further reduction, as well
as for wild plants, in those cases for which a rapid domestication
process might be desirable, such as for some biofuel crops [37]. To
give a perception of the relevance of crop amelioration in eco-
nomical as well as human terms, I provide three examples: rape-
seed, cassava and cotton.

Rapeseed is widely grown and the annual production in 2007
was 50 Mt. The seeds are used mainly for oil production. After
extraction, the resultant meal (35 Mt/year) is a good source of
protein for animal feed, but its use is often limited by the amount
of glucosinolates that can be ingested because of their toxicity.
Glucosinolates themselves are not toxic, but upon cell disruption,
they are hydrolyzed by plant myrosinases (specific esterases) and
their hydrolysis products have been shown to be deleterious to rat,
pig, poultry, rabbit, cow, sheep and fish, with effects on health,
growth, productivity and reproduction (reviewed in [38]). In
several cases, high-level intake results in increased mortality. Part
of the negative effects on animals can be reduced by iodine
supplementation, because some of the glucosinolates hydrolysis
products interfere with thyroid hormone production. Classical
breeding was used to create varieties low in glucosinolates: the
so-called ‘double zero’ varieties are low in (but not devoid of) both
erucic acid and glucosinolates. Also several treatments are avail-
able to reduce glucosinolate content [38]. Processing like heat
inactivation further reduces the toxicity of glucosinolates, but
also reduces lysine availability and thus the quality of the feed
[39]. Thus genetic engineering gives a possibility of improving the
meal through selective removal/reduction of glucosinolates in
seeds beyond the reductions already obtained by breeding. The
problem of toxicity might be less relevant in developed countries
where most varieties have already a reduced glucosinolate content,
but further improvements at the genetic level can translate into
increased feed utilization efficiency, even in developed countries,
making intensive agriculture more sustainable.

Cassava is a staple food for around 700 million people in the
world, mainly Africa and Latin America. The starchy tuberous
roots are poor in protein and contain varying amounts of two
cyanogenic glucosides (linamarin and lotaustralin) which can be
converted to HCN upon hydrolysis of the glucoside. Chronic
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exposure to sublethal levels of HCN is responsible for konzo
(irreversible paralysis of legs [40-42]), goiter and cretinism, stunt-
ing of children [42] and possibly Tropical Ataxic Neuropathy [43].
Some of these effects are exacerbated by diets poor in iodine and/or
protein. On the history and sufferings connected to goiter due to
iodine deficiency, I recommend the book by Hetzel [44]. Both
bitter and sweet cassava (with a reduced content of cyanogenic
glucosides) are available [45], but the preference of consumers and
farmers depends also on traits such as cooking quality, starch
texture and resistance to disease. Therefore the availability of
plants combining certain characteristics with reduced cyanogen
content might be better achieved by transgenesis rather than
breeding. Given the rising consumption of cassava, especially in
Africa [46] there is the case for improving varieties as well as
education on the methods to process cassava tubers to remove
cyanogens [46].

The third example is cotton, a crop primarily grown for fiber
with an annual production in the range of 25-28 Mt of fiber in
recent years. Interestingly, for each kg of fiber the plant produces
1.65 kg of seed (41-46 Mt/year) which contains 21% oil and 23%
protein. The meal left after oil extraction contains high-quality
protein (8-10 Mt/year), but it is unsuitable for consumption by
monogastric animals, humans included, because of the presence of
gossypol, a cardio- and hepato-toxic terpenoid [47]. It is therefore
used as feed for ruminants, which are less sensitive to gossypol,
either as meal after oil extraction or more rarely as whole seeds.
Costly chemical, biological and physical procedures (see [48] for
some references) are used to remove gossypol from cottonseed
products to allow their use as food for non-ruminant animals,
including solvent extraction with different solvents, ferrous sul-
fate or calcium hydroxide treatment, microbial fermentation and
mechanical processing. It is clear that the development of varieties
without gossypol would completely eliminate the need for gossy-
pol removal and could potentially satisfy the daily protein require-
ment for half a billion people. A glandless cotton mutation was
discovered in 1954 and immediately attracted the attention
because gossypol accumulates in epidermal glands, located in
seeds and aerial plant parts. Several commercial glandless varieties
were developed by conventional breeding but they turned out to
be extraordinarily susceptible to several insect pests, presumably
because they lack protective terpenoids [49,50].

Targeting the genes rather than the proteins

The overwhelming majority of toxins are either protein them-
selves or are synthesized by proteins. The dogma of molecular
biology states that ‘DNA makes mRNA and mRNA makes protein’.
This is normally represented as: Gene — mRNA — Protein. If we
target the gene or the mRNA coding for a certain protein, then we
end up not making the protein at all or making a nonfunctional
protein. Therefore, the most sensible approach to reduce/inacti-
vate a toxin in a living being is targeting the gene coding for (i) the
toxin (if this is a protein synthesized through mRNA/ribosomes),
(ii) a component of the specific machinery/pathway responsible
for its production/accumulation (as is the case for toxic metabo-
lites) or (iii) a regulator of the expression of the toxin, either
directly (for a toxic protein) or indirectly (if it is a metabolite).
Other strategies are the pharmacological or physical inactivation
of the protein (e.g. by heat through cooking and food processing)

or the stimulation of its degradation, but these strategies will not
be dealt with here. I shall focus on inactivation at the gene/mRNA
level as a safe and cheap alternative. The power of this approach is
that mutations are inherited and usually quite stable. All the
progeny of a plant with a disrupted gene will carry the same
inactive allele. This implies that protein inactivation through gene
inactivation is a once-for-all approach and needs not to be
repeated at each generation or harvest. In a few cases, mutations
could revert to the original status, but this is a spontaneous process
whose frequency depends on the type of mutation. Selecting the
appropriate mutation can make the reversion frequency extremely
low. The next question is: how it is possible to inactivate a gene or
its corresponding mRNA?

Direct and indirect gene inactivation strategies
Mutations arise spontaneously in any organism and by several
means. Some of the causes are inevitable, such as background
radiation, the endogenous production of reactive oxygen species
or the mutagenic effect of DNA replication and cell division, while
others can be induced or strengthened by environmental condi-
tions. Mutation frequency can be enhanced for experimental
purposes by various treatments: UV, X- and wy-rays, chemical
mutagens and mitogens (indirectly), just to name a few. Mutants
arise for instance because transposons can move around and
‘jump’ into genes. Similar results can be obtained by natural
transposons or T-DNA/engineered transposons [51-54]. Genes
have been inactivated through mutation (broadly defined as base
changes, insertion or deletion) all the time. A mutation can
involve just a single base or entire chromosomes. The importance
of this process is particularly evident during domestication
whereby the expression of certain genes was altered. For instance,
loss of shattering, a trait of great importance in agriculture, is
attributed to a disruption in the development of the abscission
zone between grains and pedicles [55,56]; for more examples, see
[57,58]. Many mutations involved in domestication are recessive,
consistent with a loss of function and are deleterious in the wild
(see contribution by P. Raven in this issue). Whether a similar
phenomenon applies to the reduction in toxin content that
happened during domestication, it is too early to tell for the lack
of molecular data, but it seems quite a plausible mechanism.
Mutations resulting in inactivation of a protein can be classified
into two broad categories (Fig. 1): mutations in the targeted gene
and mutations involving another gene, but which affect the tar-
geted gene via an RNA intermediate. The first class of mutations
strike at the gene itself (box in Fig. 1a) thereby compromising the
ability to produce a functional/stable mRNA or affecting the func-
tionality or stability of the corresponding protein. The other class
(RNA-mediated, Fig. 1b) interferes with the expression of the target
gene by means of a double-stranded RNA (dsRNA), but leaves the
gene sequence unchanged. This second class is collectively referred
to as post-transcriptional gene silencing (PTGS), different variants of
which are possible (antisense, RNAi, miRNA, hpRNA, etc.) and often
involve epigenetic changes [59-61]. To be precise, the direct inacti-
vation of a gene coding for a regulator (e.g. transcription factor) of a
metabolic pathway is a protein-mediated strategy and therefore
should be classified as an ‘indirect gene inactivation’, but for the
sake of simplicity it will be treated as a direct gene inactivation
strategy, because the targeted gene is directly inactivated.
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FIGURE 1

Classification of gene inactivation strategies. Strategies can be broadly assigned to either to (a) direct or (b) indirect category. The former indicates all those
situations where the gene itself (within dashed box) is inactivated by the mutation, which is depicted as an asterisk at the DNA level and representing any change
in the DNA sequence; large x represent all the potential levels where the inactivation may reveal itself: transcription (1), mRNA processing or stability (2),
translation (3), protein folding or stability (4) or function (5). Indirect strategies (b) leave the original gene intact, but introduce another gene (dashed box) which
produces an RNA molecule complementary to the mRNA of the gene that is going to be silenced. For this reason the introduced gene is depicted in the antisense
orientation and the RNA produced is called antisenseRNA, often abbreviated in asRNA. The mRNA (sense) and the antisenseRNA pair together forming a duplex
(dsRNA) which inhibits translation directly (1) or prevents transcription (2, indirectly, at the chromatin level, via the production of small RNAs).

The different methods to obtain a mutant are listed in Table 2,
together with advantages/disadvantages of each method. It is
noteworthy to stress that different methods might end up exactly
in the same result — lack of a (functional) protein — and could be
mediated by the same or a similar change at the DNA level,
irrespective of the agent performing the modification (be it a

TABLE 2

human being or a bacterium or the plant itself) or the method
by which the mutation is produced. It is therefore hard or impos-
sible to distinguish natural/non-natural mutations (see contribu-
tions by W. Arber and by W. Parrott in this issue). Moreover what is
relevant is the phenotype, the effect of the modification, and not
the method used for achieving it. It is plausible that different direct

Kinds of mutation and their advantages/disadvantages

Origin Advantages?®

Disadvantages®

Spontaneous mutation No/little regulation

Low frequency/restricted choice

Induced mutation No/little regulation

Low frequency/restricted choice

Mutagenic oligonucl.

Specific, quick, little/no regulation

Restricted choice

Transposon May be specific

May be reversible, single target, low frequency

T-DNA insertion Specific/irreversible

Single target, low frequency

Antisense RNA

Specific, dominant, sequence-based, many targets

Silenced gene intact (reversible), may be leaky

RNAi (hpRNA)

Specific, dominant, sequence-based, many targets

Silenced gene intact (reversible), may be leaky

miRNA

Specific, dominant, sequence-based, many targets

Silenced gene intact (reversible), may be leaky

2 Advantages: specificity of inactivation might have different degrees of intensity and might concern different tissues. Both depend on the construct and the transformation event.
Irreversibility depends also on the technique and on the event. ‘Sequence-based’ means that only the sequence is required to obtain the desired mutant (and the frequency of the mutant

is usually high.

® Disadvantages: by frequency it is meant the number of mutants with the desired phenotype compared to the number of mutants generated. Leaky means that small amount of toxin
might still be produced (e.g. [63]) in the tissue.
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mutations (e.g. a deletion spanning the whole gene, the insertion
of a T-DNA or of a transposon or a point mutation) produce the
same effect by affecting a similar target, like, for instance (1) the
promoter region (eliminating transcription) or (2) the coding
region (introducing an early stop codon or a missense mutation,
affecting protein stability, folding or activity) or (3) a splice site
(abolishing the splicing) or (4) determinants of mRNA stability
(causing rapid mRNA degradation). The extent (length of the DNA
involved), nature (insertion, deletion or change) and site of action
(transcription, splicing, mRNA stability, translation, protein fold-
ing or stability or catalysis) of the mutation can be very different.
Similarly for indirect mutations, the origin of the asRNA, its
length, position and extent of pairing with the mRNA can vary
greatly between different indirect strategies. Also the ultimate
level of action for the asRNA can be different: in some cases the
duplex formation targets the mRNA for destruction and inhibits
translation, in other cases the small RNA fragments can lead to an
alteration in the methylation pattern of the gene and ultimately in
the silencing of transcription.

No one method suites all situations (of pros and cons)
Gene inactivation is an excellent means to study gene function
and it has been applied to basically all processes in living organ-
isms since the discovery of mutations and their hereditability.
More recently, systematic insertional mutagenesis was applied to
Arabidopsis (e.g. [53,54,62] and other plants to study gene function
in all aspects of their biology. This paper deals only with strategies
aiming at inactivating toxin and allergens.

In the case of direct gene inactivation, some methods like X-rays
or T-DNA insertion very often cause irreversible mutations which
are stably inherited. Both characteristics are obviously advanta-
geous for breeding. Other mutations, caused by chemical muta-
gens, spontaneous to base change or transposon insertion, might
be more prone to reversion and less desirable compared to stable
ones. Certain methods (insertional mutagenesis with T-DNA or
transposons) are ineffective or slow when multiple gene codings
for similar proteins need to be inactivated at the same time. In
these cases, approaches like RNAi or antisense are more effective.
Another big advantage of this approach is that knowledge of the
sequence is the only requirement. Once the target gene is known,
the construction of a transgenic organism affected in the expres-
sion of the gene is relatively easy. However, in the case of indirect
gene inactivation, the target gene remains intact and therefore the
phenotype might revert completely when the ‘interfering’ gene is
inactivated or removed. Very interestingly, RNA-based inactiva-
tion methods allow for gene inactivation in specific tissues or
developmental stages, as well as multiple targets, goals much more
difficult (but not impossible in principle) to achieve with other
methods.

In short, the best method depends on the specific combination
of trait/crop one wants to achieve. The strong regulation required
for mutants produced by some method is of course a self-imposed
disadvantage that has no scientific basis (see contribution by H.
Miller in this issue).

Examples of inactivation of toxins in transgenic plants
The seed-specific inactivation of the biosynthetic pathway for
gossypol is the most striking example of the potential of biotech-

nology for toxin inactivation. Sunilkumar et al. [63] cloned a
fragment of 8-cadinene synthase, the first step in gossypol bio-
synthesis, into a hpRNA vector and obtained tissue-specific silen-
cing of the corresponding gene by restricting the expression with
the seed-specific a-globulin B gene promoter. All transgenic seeds
show a strong reduction in the level of gossypol, within the limits
approved by the World Health Organization (WHO). The trait
strictly co-segregates with the transgene and is stably maintained
in the RNAi lines. The levels of gossypol and other protective
terpenoids (hemigossypolone and heliocides) in leaves are not
altered. Earlier attempts to reduce gossypol via antisense RNA
did not yield a strong reduction or were unconvincing (see
[63,64] for other references).

The authors demonstrated that it is possible to disrupt gossypol
biosynthesis in seeds (and in seeds only) by interfering with the
expression of a biosynthetic gene during seed development. Tar-
geted gene silencing can thus be used to modulate biosynthetic
pathways in a specific tissue to obtain a desired phenotype. Tradi-
tional breeding was unable to achieve this goal. Most remarkably,
the authors hope to get reduced-gossypol cotton through regula-
tory approval process in the U.S., but, due to the very high costs
(estimated in the range of 50 M$, see contribution by I. Potrykus in
this issue) they ‘do not know where the money is going to come
from’ (K. Rathore, pers. commun.). The foregone benefits of a
delay in delivering this variety to farmers are evident with around a
billion hungry people on the planet.

Another example is the reduction of glucosinolates in Arabi-
dopsis. Several groups have recently identified regulators of the
biosynthetic pathway [65-71]. Overexpression and gene inactiva-
tion/silencing studies have revealed that Myb28, 29 and 76 control
the aliphatic pathway. Myb28 is responsible for the basal tran-
scription of the biosynthetic genes together with Myb29. Inactiva-
tion of the former effectively eliminates long-chain aliphatic
glucosinolates, while inactivation of the latter reduces the amount
of short-chain glucosinolates. Elimination of both gene functions
results in the complete loss of aliphatic glucosinolates. Myb76
seems to be relevant in the induction of the pathway following
wounding, but does not play a major role in the basal transcrip-
tional regulation. By contrast, Myb34, 51 and 122 control the
aromatic (indolic) branch. There appears to be a complex cross
regulation between the two branches because a reduction in flux in
one branch stimulates the flux in the other one. Even though
Arabidopsis is not a crop, research findings with this species are
easily transferred to other brassicas (e.g. [72]). A precise manipula-
tion of glucosinolate content in seeds needs a better understand-
ing of the full regulatory circuitry and transport. As for cotton,
seed-specific silencing might be a desirable approach to avoid an
overall increase in pest sensitivity.

As a third example there is again cassava. Different transgenic
strategies have been attempted to reduce cyanogenic glucosides
[73-77]. Antisense inhibition or RNA interference in leaves of the
first step of cyanogen biosynthesis reduces linamarin levels by 60—
94% in leaves and by 99% in roots. These plants however are
impaired in growth or tuber formation in the absence of a reduced
nitrogen source, presumably due to the role of cyanogen hydro-
lysis in aminoacid biosynthesis [73,77]. A more promising strategy
is expressing the leaf-specific enzyme hydroxynitrile lyase (HNL)
in roots to accelerate cyanogenesis and cyanide volatilization
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during processing [74]. Several other examples of reductions of
toxin have been published, but they have little relevance to food
(nicotine in tobacco [78], morphine in Poppy [79,80]). Of interest
is the reduction of antinutritional factors like phytic acid in maize
[81] for environmental benefits, even if it decreases germination.

Room for improvement of orphan crops

Lathyrus sativus is a hardy tropical/subtropical legume also known
as grass or Indian pea. Beans from this so-called ‘famine crop’ are
an important source of nutrition for poor people in Asia and Africa,
but contain a neurotoxin: oxalyldiamino-propionic acid (ODAP).
This compound causes lathyrism, a lower limbs paralytic disease
prevalent among adults in Central India who consume large
quantities of seeds for several months [82]. Safe content for ODAP
is <0.2%, while content in germplasm ranges between 0.3 and 3.3
[83]. Soaking and boiling of seeds reduce ODAP levels but effective
detoxification often results in a decrease of nutritional quality.
Classical breeding and tissue culture approaches have already
produced varieties with greatly reduced ODAP levels (see refer-
ences in [84], but the substantial outcrossing rate for this crop
means that low ODAP lines must be multiplied in isolation and
provided to farmers every year [85]. A biosynthetic pathway has
been proposed for ODAP [86] and it is thus feasible to attempt its
silencing only in the seed using a transgenic approach, as done for
gossypol biosynthesis in cotton. Antisense or RNAi construct, due
to their dominance, would reduce the need for segregation in seed
production.

Other examples are two millet species, fonio and pearl millet,
which are cultivated for food in sub-Saharan Africa and India with
an annual production of 22 Mt (80% of the world total). High
consumption of these two species is known to cause goiter (see
references in [87]) with its burden of suffering [44] due to the
flavonoids apigenin and vitexin, respectively in fonio and pearl
millet, which are strong inhibitors of thyroid peroxidase. Available
knowledge allows one to attempt the targeted inactivation of the
biosynthetic pathway in seeds and suggest that genetic engineer-
ing approaches are more reasonable than conventional ones [87].

Trade-offs for toxin reduction

Reduction in toxin content usually comes with a price: plants
become more susceptible to pests [70,71,27,88] sometimes to the
point of making them unsuitable for cultivation [49,50]. Several
natural pesticides are quite general in their mode of action [89] and
natural pesticides account for 99.99% of our dietary pesticide
intake [90]. For example, benzoxazinones, secondary metabolites
from cereals, are important in the defense against insects, fungi
and bacteria [91,92] and the same is true for the glucosinolates/
myrosinase system in brassicas [93]. Similarly cyanogenic gluco-
sides seem generally toxic against insects and animals [11,94,95]
and protect plants from herbivores [27,28], even though several
insects might have evolved specific resistance. On the contrary,
accumulating new pesticides into a plant increases pest resistance
(e.g. cyanogenic glucosides [96]). This strategy is indeed the key to
the success of insect resistance based on Bt toxins engineered into
cotton and maize [97], as well as many other species (e.g. [98,99]).
The environmental and safety price bargained through the more
precise tools of genetic engineering is expected to be substantially
lower than those obtained with classical genetic approaches,

because of the use of pesticides (e.g. Bt or avidin, see [100])
targeting only specific classes of pests, and a much wiser alter-
native to the application of synthetic chemicals.

Plant-derived allergens

Allergens are of widespread occurrence and one might not be
aware of their presence until experiencing their effects. It is not
only a nuisance and/or a cost, but it could be a deadly threat.
Minute amounts of allergens might cause a life-threatening event
called an anaphylactic reaction. This might occur after ingestion,
skin contact, injection or inhalation of an allergen. In the UK
alone, allergens in food are reported to have caused 48 deaths over
a 7-year period between 1999 and 2006 [101]. Half of the eight
foods accounting for 90% of all food-allergic reactions (milk, egg,
fish, shellfish, peanut, tree nut, soy, and wheat) are of plant origin
[102]. Products containing them are quite widespread and difficult
to avoid in a standard diet. Beyond them, pollen is the major cause
of respiratory allergy, with at least 40% of type 1 allergic patients
who are sensitized against grass pollen allergens.

Contrary to common perception, transgenic plants never
caused allergic reactions to consumers. In one case a gene for a
2S albumin from the Brazil nut (a known allergenic food) was
expressed in soybean [103]. The resulting transgenic soybean was
tested for allergenicity and it was ascertained that the 2S albumin is
indeed a major Brazil-nut allergen. The development of this pro-
duct was abandoned, no product was ever commercialized or
released and no consumer suffered any allergic reactions. This
was not a serendipitous finding, because if a gene used for trans-
genesis comes from a plant containing allergens, the transgene has
to be checked for allergenicity. A similar situation was found for
transgenic peas expressing the bean a-amylase inhibitor [104]. The
transgenic peas elicited an immune response in mice upon feed-
ing, but the reaction could be ascribed to changes induced in the
plant by the transformation and regeneration procedure or by the
changes detected in the a-amylase inhibitor between bean and pea
[105] regarding the glycosylation pattern and the removal of
amino acid residues of the protein. The guidance rules adopted
in the EU require a risk analysis for potential allergenicity for any
gene that is being used for transformation [106,107].

Examples of inactivation of allergens in transgenic
plants

There are several examples of manipulations for the reduction of
plant allergens content (apple, peanut, wheat, soybean, ryegrass
and birch). In this paper I discuss one example each from soybean
and apple. Several papers describing or reviewing other cases are
available [108-112] (M. Schenk, Birch pollen allergy: molecular
characterization and hypoallergenic products, Ph.D. thesis,
Wageningen University, 2008 (http://www.library.wur.nl/wda/
dissertations/dis4391.pdf)).

In the US/Europe: 5-8% of babies and 2% of adults are reported
to be allergic to soybeans. The dominant soybean allergen is a
protein named P34 or Gly m Bd 30 K, with more than 65% of soy-
sensitive patients reacting only to it. Mutagenesis and breeding
allowed the removal of some soybean allergens [113,114], but not
the dominant allergen P34. Transgenic soybeans without P34 were
readily obtained by gene silencing [115,116]. Apart P34, the
authors found no difference in composition, development, struc-
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ture, polypeptide pattern or ultrastructure when comparing the
silenced line with control plants. However, using the very same
words of the authors, ‘regulatory difficulties and the lack of
acceptance of GM soybeans by the baby food and formula industry
makes using such an allergen-suppressed soybean difficult at the
present time’, a euphemism to mean nearly impossible. Therefore
an alternative approach was used to achieve the same goal: iden-
tify soybeans lacking the allergen. The entire USDA national
soybean germplasm collection was screened and out of more than
16,000 accessions screened, they found 12 lines (2 of which are
cultivated soybean) with no P34 allergen [117]. Based on the
sequence analysis, it is possible to guess the reason why these
soybean plants lack the allergen. It is however possible that the
expression of many other genes is altered with concomitant
unintended effects (e.g. expression of new allergens). By contrast,
the suppressed soybean line was thoroughly investigated by 2D gel
electrophoresis and the only change detected concerns the tar-
geted polypeptide out of the 1400 examined. Beyond any logic,
the approval for the transgenic event will be far more complicated
and costly than for the conventional mutant lines (E. Herman,
pers. commun.).

Apple allergy is dominated by protein Mal d 1, which is also
found in birch pollen. Allergenicity depends on the amount of
specific Mal d 1 isoforms, whose quantity varies among apple
cultivars. Because of this, classical breeding might be used to create
new hypo-allergenic cultivars, but this is complicated by the fact
that Mal d 1 is encoded by a gene family comprising at least 18
members (loci) arranged in several gene clusters. The expression of
Mal d 1 in apple was inhibited by RNAi [118] and this translated
into a reduced in vivo allergenicity. In another study [119], the
allelic diversity of the seven Mal d 1 genes was investigated in
several apple cultivars. It is clear that few alleles associate strongly
with differences in allergenicity, suggesting that the production of
new varieties by breeding is a feasible target. However, it takes over
15 years to produce a marketable cultivar out of a cross and
therefore the direct production of clones with reduced amount
of an allergen by transformation of existing cultivars seems a
reasonable shortcut, except for the exorbitantly high hurdles
associated with present regulatory regime.

It is often feared in non-scholarly sources that plant biotech-
nology would inadvertently introduce new allergens in foods. The
examples presented here, as well as the available literature, make it
clear that biotechnology is part of the solution to allergies rather
than a cause of increased concern.

An example of insanity in regulation: percent similarity
is not everything

Biosafety regulations require that if a protein shares at least 35%
identity over 80 amino acids to an allergen, then any transgenic
plant or product expressing it must be labeled as ‘potential aller-
gen’, even if there is no evidence for any allergenicity [107], unless
it can be proved that the protein is not an allergen. Phaseolin is a
protein from bean which is not recognized as an allergen or listed
in the official allergenonline.com website, even if it shares a
substantial similarity (53% identity) to B-conglycinin, a minor
soybean allergen. Moreover phaseolin is safely eaten by around
one billion people everyday. The 27 kDa y-zein is a storage protein
from maize which is also not recognized as allergenic and con-

sumed by hundreds of millions of people everyday. Zeolin, a
chimera between phaseolin and 89 amino acids of y-zein has been
produced [120] and expressed in transgenic cassava (C. Fauquet,
pers. commun.). However, zeolin-expressing cassava should be
labeled as a ‘potential allergen’ because the similarity of phaseolin
to B-conglycinin is well above the limit and it would be impossible
to demonstrate that zeolin cannot be an allergen. Actually it would
only be possible, as well as difficult and expensive, to demonstrate
that the risk is below a certain level. This cassava shows a 350%
improvement in protein content and a 55% reduction in cyano-
genic glucoside, an unintended but welcome effect. It would be
made freely available in developing countries if regulations would
allow it. The labeling requirement, an obviously impossible (as
well as ridiculous) task in places like Africa, makes this transgenic
cassava another victim of present day regulation and a rather
enlightening example of its insanity.

To stress the point, let us take an example of poetry (the first
verses of Dante’s Paradise, Canto I, v. 1-3): ‘The glory of Him who
moveth everything/Doth penetrate the universe, and shine/In one
part more and in another less.” If we now substitute 40% of the
letters in the words (changes underlined), we could get the follow-
ing as one of the many examples: The story of him who believeth
everything/Does infiltrate diverse lies and causes/one part of farm-
ers or another to die. Obviously the result is not poetry any longer
and the meaning is substantially different. A similar thing happens
with protein sequences. Two proteins could have 80% identity and
yet perform different functions or have different structures. Con-
versely, proteins with little or no sequence identity could have
similar structures or perform similar functions. The % of sequence
identity is often a poor indicator of the protein properties and it is
unreasonable to rely on it for predictions, if other evidence is at
hand.

Conclusions

Plant-derived allergens and toxins are ubiquitous, abundant and
essentially unavoidable components of our diet and environment.
Tools are available to reduce them at the genetic level, either by
conventional or transgenic approaches. However, strategies must
be reasonable, that is accept some level of risk, and effective, that is
the benefits have to be balanced against cost. For instance, it is
unreasonable to require demonstration that zeolin is not an
allergen when both phaseolin and zein are not. Similarly, it is
unfair to demand multigenerational feeding tests on insect resis-
tance Bt maize but not on maize varieties more resistant to several
insects because accumulate more benzoxazinones [121]. Overcau-
tious regulation goes in the opposite directions on both issues: a
zero risk tolerance requires endless testing (and infinite costs) to
obtain approval for innovative products as substitutes of older
technologies. Moreover, reducing the content of natural toxins is
often a threshold issue (the dose makes the poison). Accepting low
levels of toxins seems a sensible option [89,90] and even a ben-
eficial choice [122].

The insanity of present regulation is more evident with so-called
‘loss of function’ mutations, that is mutations inactivating gene
function, such as many of those mentioned in this review, but
similar arguments can be put forward for other kinds of genetic
changes. The fact that genetic engineering easily achieved some-
thing that conventional breeding was unable to do - for example
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maintain gossypol in leaves, where it is useful, and eliminate it in
seeds [63], see also [123,124] - is the demonstration of the higher
precision of this technology, not a proof of its unnaturalness,
because it is conceivable that screening a larger number of con-
ventional mutants might eventually deliver the same phenotype.
An overcautious attitude might kill the technology altogether and
its associated benefits. Comparing the techniques adopted for
reducing toxins and allergens, usually transgenesis shows superior
characteristics: it is not only more efficient in obtaining the
desired phenotype (both in time and trial numbers) but also more
precise. Natural null mutants for the P34 soybean allergen [117]
have a frequency of 2/14,000 in cultivated soybean, thatis 0.014%,
and the exact reason for the lack of P34 is uncertain. Conversely,
the frequency of soybeans coming out of a transformation show-
ing P34 cosuppression is in the 10-20% range (E. Herman, pers.
commun.). The possibility of ‘unintended effects’ is obviously
smaller for the transgenic mutant, because a detailed analysis
revealed only one change in composition (one protein missing
out of around 1400 examined), the reason of which is the trans-
gene. In other words safety testing of transgenic varieties must be
compared against testing of varieties developed by conventional
means.

Breeding approaches allowed in the past the creation of new
varieties with lower toxin levels: erucic acid and glucosinolates in
brassicas [39], cyanogenic glucosides in clover, cassava, almonds
and cotton just to name a few [27,46,49,125,126]. Transgenesis is
another tool which can be employed for the same purpose (e.g.
[63,73]) and seems particularly suited for reducing the allergenic
content of foods and plants in general, especially in fruit trees,
where the use of conventional means, like mutagens or crosses
among natural variants, is discouraged for practical reasons (e.g.
the method takes too long a time or would alter the peculiar
characteristics of the cultivar).

Other specific problems still await a solution or optimization.
Several legumes must be heat treated before consumption espe-
cially for monogastric animals because they contain one or more
toxic compounds: trypsin inhibitors, amylase inhibitors and
lectins (in legumes [127]), saponins, vicine and convicine (pyr-
imidine glucosides from broad beans) responsible for favism in
humans [128], just to name a few. The possibility of reducing
single or multiple toxins in food and feed could improve food
safety, food security and conversion efficiency. Other compounds
like phytate are not toxic, but reduce availability of phosphate
and iron in legumes and, to a lesser extent, in cereals [81]. The
evident consequence of this further domestication is the need to
substitute general pesticides for new, more specific pesticides like
Bt to counter plant pests. Several new plant toxic proteins with
insecticidal properties have potential in this respect [129-131]
some of which are commonly found in foods we already eat (e.g.
[132]) and we know how to inactivate them. A particular appeal-
ing strategy is the use of RNAi in plants to silence pest genes
[133,134].

Sometimes it could be desirable to modulate the content of
specific compounds. Glucosinolate hydrolysis products seem also
to be responsible for the anticarcinogenic activity of brassica
vegetables in humans [135], but the beneficial dose window of
glucosinolate hydrolysis products can be rather narrow. It is
amazing how fully acceptable is a new ‘superbroccoli’ variety

obtained by conventional breeding through a cross with a wild
variety [136] with a 10-fold increase in a specific glucosinolate
content and a 100-fold inducing potency of a marker of phase II
detoxification enzymes in mammalian systems. This is obviously
considered to be a good thing by the popular press [137]. Another
variety, named ‘Booster Broccoli™’, with a smaller but substantial
increase in sulforafane, has just been launched on the market and
its purported non-GM status is highlighted together with the
benefits of a high sulforafane diet [138]. One wonders what would
the reaction be if a transgenic canola (engineered for instance for
herbicide tolerance) with minor alteration in glucosinolate profile
was to be introduced in the market.

It is conceivable that new almond or peach varieties might
accumulate much more cyanogenic glucosides and new potato
varieties might accumulate more or new glycoalkaloids. From a
few cases in the past [31-35] we know classical breeding can cause
problems and yet, in the EU, new varieties with a real toxic
potential (e.g. potato) require no regulatory scrutiny (no com-
pulsory measurement of toxic compounds and no safety tests)
before release, cultivation or commercialization if they are pro-
duced by conventional means. And we also know that conven-
tionally bred crops might present far more changes at the
genomic level than transgenic ones [139-144] or might contain
new allergens [145]. Therefore there is a strong case for demand-
ing a more science-based regulation (see also contribution by H.
Miller in this issue).

Gene technology could further improve food safety, food secur-
ity and wellbeing as well as reduce environmental impact of
agriculture and other human activities. Regulation is a major
obstacle because (rewording an Italian common way of saying)
‘where logic ends, biotech regulation begins’. Technology is of
course a constant source of new problems and challenges as it has
been since the beginning of human society. As examples, think of
the dangers of moving at high speed or, more recently, the
hypothesis that the rise in allergies is linked to a reduced microbial
exposure [146]. But rather than reverting to older and less safe
technologies, we need to think of more technology as the solution.
To state it more humorously in the words of F. Salamini: ‘Every-
body wants to return to nature, but not by foot’.

Note added in proof
An interesting approach to insect ‘resistance’ is reported in Ref.
[150].
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The first generation of biotechnology products commercialized were crops focusing largely on input
agronomic traits whose value was often opaque to consumers. The coming generations of crop plants can
be grouped into four broad areas each presenting what, on the surface, may appear as unique challenges
and opportunities. The present and future focus is on continuing improvement of agronomic traits such as
yield and abiotic stress resistance in addition to the biotic stress tolerance of the present generation; crop
plants as biomass feedstocks for biofuels and ‘““bio-synthetics’’; value-added output traits such as improved
nutrition and food functionality; and plants as production factories for therapeutics and industrial
products. From a consumer perspective, the focus on value-added traits, especially improved nutrition, is
undoubtedly one of the areas of greatest interest. From a basic nutrition perspective, there is a clear
dichotomy in demonstrated need between different regions and socioeconomic groups, the starkest being
inappropriate consumption in the developed world and under-nourishment in Less Developed Countries
(LDCs). Dramatic increases in the occurrence of obesity and related ailments in affluent regions are in sharp
contrast to chronic malnutrition in many LDCs. Both problems require a modified food supply, and the
tools of biotechnology have a part to play. Developing plants with improved traits involves overcoming a
variety of technical, regulatory and indeed perception hurdles inherent in perceived and real challenges of
complex traits modifications. Continuing improvements in molecular and genomic technologies are
contributing to the acceleration of product development to produce plants with the appropriate quality
traits for the different regions and needs. Crops with improved traits in the pipeline, the evolving
technologies and the opportunities and challenges that lie ahead are covered.
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The 2008 World Bank Development Report emphasized that
““Agriculture is a vital development tool for achieving the Millen-
nium Development Goals that call for halving by 2015 the share of
people suffering from extreme poverty and hunger” [1]. The
Report notes that three out of every four people in developing
countries live in rural areas and most of them depend directly or
indirectly on agriculture for their livelihoods. It recognizes that
overcoming abject poverty cannot be achieved in Sub-Saharan
Africa without a revolution in agricultural productivity for
resource-poor farmers in Africa, many of whom are women.
New and innovative techniques will be required to improve the
efficiency of the global agriculture sector to ensure an ample
supply of healthy food. To confound this situation the inequity
between the affluent and developing countries will continue to
grow and only a handful of technologies are sufficiently scale
neutral to help with redressing this imbalance.

The first generation of the products commercialized from one of
those technologies, namely biotechnology, were crops focusing
largely on input agronomic traits primarily in response to biotic
stress. The coming generations of crop plants can be generally
grouped into four broad areas. The present and future focus is on
continuing improvement of agronomic traits such as yield and
abiotic stress resistance in addition to the biotic stress tolerance of
the present generation; crop plants as biomass feedstocks for
biofuels and ‘bio-synthetics’; value-added output traits such as
improved nutrition and food functionality; and plants as produc-
tion factories for therapeutics and industrial products. Developing
and commercializing plants with these improved traits involves
overcoming a variety of technical, regulatory and perception
challenges inherent in perceived and real challenges of complex
modifications. Both the panoply of traditional plant breeding
tools and modern biotechnology-based techniques will be
required to produce plants with the desired quality traits. Table
1 presents examples of crops that have already been genetically
modified with macro- and micronutrient traits that may provide
nutritional benefits.

Nutrition versus functionality

At a fundamental level, food is viewed as a source of nutrition to
meet daily requirements at a minimal to survive, but with an
ever greater focus on the desire for health optimization. From
the basic nutrition perspective, there is a clear dichotomy in
demonstrated need between different regions and socioeco-
nomic groups, the starkest being injudicious consumption in
the developed world and under-nourishment in Less Developed
Countries (LDCs). Both extremes suffer from forms of malnour-
ishment, one through inadequate supply, the other, in many
but not all instances, through inappropriate choices, the latter
often influenced by economic considerations. Dramatic
increases in the occurrence of obesity, cardiovascular disease,
diabetes, cancer and related ailments in developed countries are
in sharp contrast to chronic under- and genuine malnutrition in
many LDCs. Both problems require a modified food supply, and
the tools of biotechnology, while not the sole solution, do have
a significant part to play. Worldwide plant-based products com-
prise the vast majority of human food intake, irrespective of
location or financial status [2]. In some cultures, either by
design or default, plant-based nutrition comprises almost

100% of the diet. Given this, one can deduce that significant
nutritional improvement can be achieved via modifications of
staple crops.

While the correlative link between food and health, beyond
meeting basic nutrition requirements, has only been unequivo-
cally proven in several cases, a growing body of evidence indicates
that food components can influence physiological processes at all
stages of life. Nutrition intervention from a functionality perspec-
tive has a personal dimension. Parsing individual response is at
least as complex a challenge as the task of increasing or decreasing
the amount of a specific protein, fatty acid, or other component of
the plant itself [3]. There is also evidence that early food regimes
can effect later life health, for example, some children that sur-
vived famine conditions in certain regions of Africa grew into
adults battling obesity and related problems, presumably due to
the selective advantage of the thrifty gene in their early food-
stressed environment becoming a hazard during more abundant
times especially if later diets are calorie dense. Functional food
components are of increasing interest in the prevention and/or
treatment of several leading causes of death: cancer, diabetes,
cardiovascular disease, and hypertension. Many food components
are known to influence the expression of both structural genes and
transcription factors in humans [4,5]. Examples of these phyto-
chemicals are listed in Table 2. The large diversity of phytochem-
icals suggests that the potential impact of phytochemicals and
functional foods on human and animal health is worth examining
as targets of biotechnology efforts.

From a health perspective, plant components of dietary interest
can be broadly divided into four main categories, which can be
further broken down into positive and negative attributions for
human nutrition.

* macronutrients (proteins, carbohydrates, lipids [oils], and
fiber),

* micronutrients (vitamins, minerals, and phytochemicals),

* antinutrients (substances such as phytate that limit bioavail-
ability of nutrients),

¢ allergens, intolerances, and toxins.

The technology

There are approximately 25,000 metabolites (phytochemicals), of
the 200,000 or so produced by plants, with known value in the
human diet [4]. Analysis of these metabolites (most specifically
metabolomic analysis) is a valuable tool in better understanding
what has occurred during crop domestication (lost and silenced
traits) and in designing new paradigms for more targeted crop
improvement that is better tailored to current needs [6]. In addi-
tion, with modern techniques, we have the potential to seek out,
analyse and introgress traits of value that were limited in previous
breeding strategies. Research to improve the nutritional quality of
plants has historically been limited by a lack of basic knowledge of
plant metabolism and the challenge of resolving complex inter-
actions of thousands of metabolic pathways. A complementarity
of techniques both traditional and novel is needed to metaboli-
cally engineer plants to produce desired quality traits. Metabolic
engineering is generally defined as the redirection of one or more
reactions (enzymatic and otherwise) to improve the production of
existing compounds, produce new compounds or mediate the
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TABLE 1

Examples of crops in research and/or development with nutritionally improved traits intended to provide health benefits for consumers

and animals®.

M3INDY

Trait Crop (trait detail) Reference
Protein and amino acids
Protein quality and level Bahiagrass (proteint) [63]
Canola (amino acid composition) [64]
Maize (amino acid composition; proteinT) [29,34,65,66]
Potato (amino acid composition; proteinT) [67-70]
Rice (protein?; amino acid) [71]
Soybean (amino acid balance) [32,72]
Sweet potato (proteinT) [31]
Wheat (protein?) [33]
Essential amino acids Canola (lysine?) [30]
Lupin (methioninet) [73]
Maize (lysineT; methionine?) [74,75]
Potato (methioninet) [76]
Sorghum (lysine?) [77]
Soybean (lysineT; tryptophanT) [30,78]

Oils and fatty acids

Canola (lauric acidT; y-linolenic acid]; +w-3 fatty acids; 8:0 and 10:0 fatty acids{;
lauric + myristic acid{; oleic acid?)

Cotton (oleic acid?; oleic acid + stearic acidl) [25,83]
Linseed (+w-3 and —6 fatty acids) [84]
Maize (oil) [34]
Oil Palm (oleic acid] or stearic acid{; oleic acid] + palmitic acid|) [85,86]
Rice (a-linolenic acid?) [87]
Soybean (oleic acidT; y-linolenic acid) [18,88]
Safflower (y-linoleic acid GLAT) [89]
Carbohydrates

Fructans Chicory, (fructanT; fructan modification) [90-92]
Maize (fructant) [93]
Potato (fructan?) [94]
Sugar beet (fructan?) [91]

Frustose, raffinose,  Stachyose Soybean [95]

Inulin Potato (inulinT) [36]

Starch Rice (amylase 1) [96,97]

Micronutrients and functional metabolites

Vitamins and carotenoids Canola (vitamin ET) 98]
Maize (vitamin ET; vitamin CT) 99-101]
Mustard (+B-carotene) 102]
Potato (B-carotene and lutein?) 103]
Rice (+B-carotene) 104]
Strawberry (vitamin C1) 105]

Functional secondary metabolites

Mineral availabilities

Tomato (folate?; phytoene and B-carotene?; lycopene?; provitamin A7)
Apple (+stilbenes)

Alfalfa (+resveratrol)

Kiwi (+resveratrol)

Maize (flavonoids?)

Potato (anthocyanin and alkaloid glycoside|; solanin|)

Rice (flavonoidsT; +resveratrol)

Soybean (flavonoidsT)

Tomato (+resveratrol; chlorogenic acid{; flavonoids{; stilbenetanthocynanins?)
Wheat (caffeic and ferulic acids?; +resveratrol)

Alfalfa (phytase?)

Lettuce (iron7)

Rice (iron7)

Maize (phytaseT, ferritin{)

Soybean (phytaseT)

Wheat (phytase)

17,109,117-119]
120,121]

@ Excludes protein/starch functionality, shelf life, taste/aesthetics, fiber quality and allergen reduction traits. Modified from Refs. [15,126].

degradation of undesirable compounds. It involves the redirection
of cellular activities by the modification of the enzymatic, trans-
port, and/or regulatory functions of the cell. Significant progress
has been made in recent years in the molecular dissection of many

metabolism.

plant pathways and in the use of cloned genes to engineer plant

Although progress in dissecting metabolic pathways and our
ability to manipulate gene expression in genetically modified
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TABLE 2
Examples of plant components with suggested functionality®.
Class/components Source® Potential health benefit
Carotenoids
Alpha-carotene Carrots Neutralizes free radicals that may cause damage to cells.

Beta carotene
Lutein
Lycopene

Zeaxanthin

Various fruits, vegetables
Green vegetables
Tomatoes and tomato
products (ketchup, sauces)
Eggs, citrus, maize

Neutralizes free radicals.
Contributes to maintenance of healthy vision.
May reduce risk of prostate cancer.

Contributes to maintenance of healthy vision.

Dietary fiber
Insoluble fiber
Beta glucan®
Soluble fiber®
Whole Grains®
Collagen Hydrolysate

Wheat bran
Oats

Psyllium
Cereal grains
Gelatin

May reduce risk of breast and/or colon cancer.

May reduce risk of cardiovascular disease (CVD).

May reduce risk of CVD.

May reduce risk of CVD.

May help improve some symptoms associated with osteoarthritis.

Fatty acids
Omega-3 fatty acids - DHA/EPA
Conjugated linoleic acid (CLA)
Gamma linolenic acid

Tuna; fish and marine oils
Cheese, meat products
Borage, evening primrose

May reduce risk of CVD and improve mental, visual functions.

May improve body composition, may decrease risk of certain cancers.
May reduce inflammation risk of cancer, CVD disease and improve
body composition.

Flavonoids
Anthocyanidins: cyanidin
Hydroxycinnamates
Flavanols: catechins, tannins

Flavanones
Flavones: quercetin

Berries

Wheat

Tea (green, catechins),
(black, tannins)

Citrus
Fruits/vegetables

Neutralize free radicals, may reduce risk of cancer.
Antioxidant-like activities may reduce risk of degenerative diseases.
Neutralize free radicals, may reduce risk of cancer.

Neutralize free radicals, may reduce risk of cancer.
Neutralize free radicals, may reduce risk of cancer.

Glucosinolates, indoles, isothiocyanates

Sulphoraphane

Cruciferous vegetables
(broccoli, kale), horseradish

Neutralizes free radicals, may reduce risk of cancer.

Phenolics
Stilbenes - resveratrol

Caffeic acid, ferulic acid

Epicatechin

Grapes
Fruits, vegetables, citrus

Cacao

May reduce risk of degenerative diseases; heart disease; cancer.
May have longevity effect.

Antioxidant-like activities; may reduce risk of degenerative diseases;
heart disease, eye disease.

Antioxidant-like activities; may reduce risk of degenerative diseases;
heart disease

Plant stanols/sterols
Stanol/sterol ester

Maize, soy, wheat, wood oils

May reduce risk of coronary heart disease (CHD) by lowering
blood cholesterol levels.

Prebiotic/probiotics
Fructans, inulins,
fructo-oligosaccharides (FOS)
Lactobacillus
Saponins

Soybean protein

Jerusalem artichokes, shallots,
onion powder

Yogurt, other dairy

Soybeans, soy foods, soy
protein-containing foods
Soybeans and soy-based foods

May improve gastrointestinal health.

May improve gastrointestinal health.
May lower LDL cholesterol; contains anticancer enzymes.

25 g/day may reduce risk of heat disease.

Phytoestrogens
Isoflavones — daidzein, genistein

Soybeans and soy-based foods

May reduce menopause symptoms, such as hot flashes, reduce
osteoporosis, CVD.

Lignans Flax, rye, vegetables May protect against heart disease and some cancers; may lower
LDL cholesterol, total cholesterol, and triglycerides.
Sulfides/thiols
Diallyl sulfide Onions, garlic, olives, leeks, scallions May lower LDL cholesterol, helps to maintain healthy immune system.

Allyl methyl trisulfide, dithiolthiones

Cruciferous vegetables

May lower LDL cholesterol, helps to maintain healthy immune system.

Tannins
Proanthocyanidins

Cranberries, cranberry
products, cocoa, chocolate,
black tea

May improve urinary tract health.

May reduce risk of CVD, and high blood pressure

Modified from Ref. [127].
@ Examples are not an all-inclusive list.

PU.S. Food and Drug Administration approved health claim established for component.
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(GM) plants has progressed apace, attempts to use these tools to
engineer plant metabolism have not quite kept pace. Since the
success of this approach hinges on the ability to change host
metabolism, its continued development will depend critically
on a far more sophisticated knowledge of plant metabolism,
especially the nuances of interconnected cellular networks, than
currently exists. This complex interconnectivity is regularly
demonstrated. Relatively minor genomic changes (point muta-
tions and single-gene insertions) are regularly observed following
metabolomic analysis, to lead to significant changes in biochem-
ical composition [7-10] used a genetic modification approach to
study the mechanism of light influence on antioxidant content
(anthocyanin and lycopene) in the tomato cultivar Moneymaker.
However, other, what on the surface would appear to be more
significant genetic changes, unexpectedly yield little phenotypical
effect [11].

Likewise, unexpected outcomes are often observed, for example
significant modifications made to primary Calvin cycle enzymes
(fructose-1, 6-bisphosphatase and phosphoribulokinase) have lit-
tle effect while modifications to minor enzymes (e.g., aldase which
catalyzes a reversible reaction) seemingly irrelevant to pathway
flux, have major effects [12,13]. These observations demonstrate
that caution must be exercised when extrapolating individual
enzyme Kkinetics to the control of flux in complex metabolic
pathways. With evolving ““omics” tools, a better understanding
of global effects of metabolic engineering on metabolites, enzyme
activities, and fluxes is beginning to be developed. Attempts to
modify storage proteins or secondary metabolic pathways have
also been more successful than have alterations of primary and
intermediary metabolism [14]. While offering many opportu-
nities, this plasticity in metabolism complicates potential routes
to the design of new, improved crop varieties. Regulatory oversight
of engineered products has been designed to detect such unex-
pected outcomes in biotech crops and, as demonstrated by Chassy
et al. [15] existing analytical and regulatory systems are adequate
to address novel metabolic modifications in nutritionally
improved crops.

Several new approaches are being developed to counter some of
the complex problems in metabolic engineering of pathways. Such
approaches include use of RNA interference to modulate endo-
genous gene expression or the manipulation of transcription
factors (TFs) that control networks of metabolism [16-18]. For
example expression in tomato of two selected transcription factors
(TFs) involved in anthocyanin production in snapdragon (Anti-
rrhinum majus L.) led to high levels of these flavonoids throughout
the fruit tissues, which, as a consequence, were purple. They also
stimulated genes involved in the side-chain modification of the
anthocyanin pigments and genes possibly related to the final
transport of these molecules into the vacuole processes that are
both necessary for the accumulation of anthocyanin [17]. Such
expression experiments hold promise as an effective tool for the
determination of transcriptional regulatory networks for impor-
tant biochemical pathways. Gene expression can be modulated by
numerous transcriptional and post-transcriptional processes. Cor-
rectly choreographing the many variables is the factor that makes
metabolic engineering in plants so challenging.

In addition there are several new technologies that can over-
come the limitation of single-gene transfers and facilitate the

concomitant transfer of multiple components of metabolic path-
ways. One example is multiple-transgene direct DNA transfer,
which simultaneously introduces all the components required
for the expression of complex recombinant macromolecules into
the plant genome as demonstrated by a number including [19]
who successfully delivered four transgenes that represent the
components of a secretory antibody into rice [20], constructed a
minichromosome vector that remains autonomous from the
plant’s chromosomes and stably replicates when introduced into
maize cells. This work makes it possible to design minichromo-
somes that carry cassettes of genes, enhancing the ability to
engineer plant processes such as the production of complex bio-
chemicals. It was demonstrated [21] that gene transfer using
minimal cassettes is an efficient and rapid method for the produc-
tion of transgenic plants stably expressing several different trans-
genes. Since no vector backbones are required, this prevents the
integration of potentially recombinogenic sequences insuring
stability across generations. They used combinatorial direct
DNA transformation to introduce multi-complex metabolic path-
ways coding for beta carotene, vitamin C and folate. They achieved
this by transferring five constructs controlled by different endo-
sperm-specific promoters into white maize. Different enzyme
combinations show distinct metabolic phenotypes resulting in
169-fold beta carotene increase, six times the amount of vitamin
C, and doubling folate production effectively creating a multi-
vitamin maize cultivar [22]. This system has an added advantage
from a commercial perspective in that these methods circumvent
problems with traditional approaches which not only limit the
amount of sequences transferred, but may disrupt native genes or
lead to poor expression of the transgene, thus reducing both the
numbers of transgenic plants which must be screened and the
subsequent breeding and introgression steps required to select a
suitable commercial candidate.

As demonstrated ““‘omics”’-based strategies for gene and meta-
bolite discovery, coupled with high-throughput transformation
processes and automated analytical and functionality assays, have
accelerated the identification of product candidates. Identifying
rate-limiting steps in synthesis could provide targets for modifying
pathways for novel or customized traits. Targeted expression will
be used to channel metabolic flow into new pathways, while gene-
silencing tools will reduce or eliminate undesirable compounds or
traits, or switch off genes to increase desirable products [23-25]. In
addition, molecular marker-based breeding strategies have already
been used to accelerate the process of introgressing trait genes into
high-yielding germplasm for commercialization. Table 1 summa-
ries the work done to date on specific applications in the categories
listed above. The following sections briefly review some examples
under those categories.

Macronutrients: protein

The FAO estimates that 850 million people worldwide suffer from
undernutrition, of which insufficient protein in the diet is a
significant contributing factor [26]. Protein-energy malnutrition
(PEM) is the most lethal form of malnutrition and affects every
fourth child worldwide [27]. Most plants have a poor balance of
essential amino acids relative to the needs of animals and humans.
The cereals (maize, wheat, rice etc.) tend to be low in lysine,
whereas legumes (soybean, peas) are often deficient in the
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sulfur-rich amino acids, methionine and cysteine. Successful
examples of improving amino acid balance to date include
high-lysine maize [28,29] canola and soybeans [30]. Free lysine
is significantly increased in high-lysine maize by the introduction
of the dapA gene (cordapA) from Corynebacterium glutamicum that
encodes a form of dihydrodipicolinate synthase (cDHDPS) that is
insensitive to lysine feedback inhibition. Consumption of foods
made from these crops potentially can help to prevent malnutri-
tion in developing countries, especially among children.

Another method of modifying storage protein composition is to
introduce heterologous or homologous genes that code for pro-
teins containing elevated levels of the desired amino acid such as
sulfur containing (methionine and cysteine) or lysine. An inter-
esting solution to this to create a completely artificial protein
containing the optimum number of the essential amino acids
methionine, threonine, lysine, and leucine in a stable, helical
conformation designed to resist proteases to prevent degradation.
This was achieved by several investigators, including sweet potato
modified with an artificial storage protein (ASP-1) gene [31]. These
transgenic plants exhibited a two- and fivefold increase in the total
protein content in leaves and roots, respectively, over that of
control plants. A significant increase in the level of essential amino
acids such as methionine, threonine, tryptophan, isoleucine, and
lysine was also observed [15,31]. A key issue is to ensure that the
total amount and composition of storage proteins is not altered to
the detriment of the development of the crop plant when attempt-
ing to improve amino acid ratios [32].

Some novel indirect approaches have also been taken to
improve protein content. An ancestral wheat allele that encodes
a transcription factor (NAM-B1) was ‘“‘rescued” [33], that acceler-
ates senescence and increases nutrient remobilization from leaves
to developing grains (modern wheat varieties carry a nonfunc-
tional allele). Reduction in RNA levels of the multiple NAM
homologs by RNA interference delayed senescence by more than
three weeks and reduced wheat grain protein, zinc, and iron
content by more than 30%. Yet another approach to indirectly
increase protein and oil content has been used [34]. They used a
bacterial cytokinin-synthesizing isopentenyl transferase (IPT)
enzyme, under the control of a self-limiting senescence-inducible
promoter, to block the loss of the lower floret resulting in the
production of just one kernel composed of a fused endosperm with
two viable embryos. The presence of two embryos in a normal-
sized kernel leads to displacement of endosperm growth, resulting
in kernels with an increased ratio of embryo to endosperm con-
tent. The end result is maize with more protein and oil and less
carbohydrate [15].

Macronutrients: fiber and carbohydrates
Fiber is a group of substances chemically similar to carbohydrates
that nonruminant animals including humans poorly metabolize
for energy or other nutritional uses. Fiber provides bulk in the diet
such that foods rich in fiber offer satiety without contributing
significant calories. Current controversies aside, there is ample
scientific evidence to show that prolonged intake of dietary fiber
has various positive health benefits, especially the potential for
reduced risk of colon and other types of cancer.

When colonic bacteria (especially Bifidobacteria) ferment dietary
fiber or other unabsorbed carbohydrates, the products are short-

chain saturated fatty acids. These may enhance absorption of
minerals such as iron, calcium, and zinc, induce apoptosis pre-
venting colon cancer and inhibit 3-hydroxy-3-methylglutaryl
coenzyme-A reductase (HMG-CoAR) thus lowering low density
lipoprotein (LDL) production [35]. Plants are effective at making
both polymeric carbohydrates (e.g., starches and fructans), and
individual sugars (e.g., sucrose and fructose). The biosynthesis of
these compounds is sufficiently understood to allow the bioengi-
neering of their properties and to engineer crops to produce
polysaccharides not normally present. Polymeric carbohydrates
such as fructans have been produced in sugar beet and inulins and
amylase (resistant starch) in potato [36] without adverse affects on
growth or phenotype. A similar approach is being used to derive
soybean varieties that contain some oligofructan components that
selectively increase the population of beneficial species of bacteria
in the intestines of humans and certain animals and inhibit
growth of harmful ones [37].

Macronutrients: novel lipids
Genomics, specifically marker assisted plant breeding combined
with recombinant DNA technology, provides powerful means for
modifying the composition of oilseeds to improve their nutritional
value and provide the functional properties required for various
food oil applications. Genetic modification of oilseed crops can
provide an abundant, relatively inexpensive source of dietary fatty
acids with wide ranging health benefits. Production of such lipids in
vegetable oil provides a convenient mechanism to deliver healthier
products to consumers without the requirement for significant
dietary changes. Major alterations in the proportions of individual
fatty acids have been achieved in a range of oilseeds using conven-
tional selection, induced mutation and, more recently, post-tran-
scriptional gene silencing. Examples of such modified oils include:
low- and zero-saturated fat soybean and canola oils, canola oil
containing medium chain fatty acids (MCFA) whose ergogenic
potential may have application in LDCs, high stearic acid canola
oil (for trans fatty acid-free products), high-oleic acid (monounsa-
turated) soybean oil, and canola oil containing the polyunsaturated
fatty acids (PUFA), A-linolenic (GLA; 18:3 n-6) stearidonic acids
(SDA; C18:4 n-3) very-long-chain fatty acids [38] and omega-three
fatty acids [39]. These modified oils are being marketed and many
countries have a regulatory system in place for the premarket safety
review of novel foods produced through conventional technology.
Edible oils rich in monounsaturated fatty acids provide
improved oil stability, flavor, and nutrition for human and animal
consumption. High-oleic soybean oil is naturally more resistant to
degradation by heat and oxidation, and so requires little or no
postrefining processing (hydrogenation), depending on the
intended vegetable oil application. Oleic acid (18:1), a monoun-
saturate, can provide more stability than the polyunsaturates,
linoleic (18:2) and linolenic (18:3). Antisense inhibition of oleate
desaturase expression in soybean resulted in oil that contained
>80% oleic acid (23% is normal) and had a significant decrease in
PUFA [18]. Dupont have introduced soybean oil composed of at
least 80% oleic acid, and linolenic acid of about 3%, and over 20%
less saturated fatty acids than commodity soybean oil. Monsanto’s
Vistive contains less than 3% linolenic acid, compared to 8% for
traditional soybeans. These result in more stable soybean oil, and
less need for hydrogenation.

www.elsevier.com/locate/nbt 499




REVIEW

New Biotechnology * Volume 27, Number 5 < November 2010

A key function of a-linolenic acid (ALA) is as a substrate for the
synthesis of longer-chain w-3 fatty acid found in fish, eicosapen-
taenoic acid (EPA; C20:5 n-3) and docosahexaenoic acid (DHA;
C22:6 n-3) which play an important role in the regulation of
inflammatory immune reactions and blood pressure, brain devel-
opment in utero, and, in early postnatal life, the development of
cognitive function. Stearidonic acid (SDA, C18:4 n-3), EPA, and
DHA also possess anticancer properties [40-42]. Research indicates
that the ratio of n-3 to n-6 fatty acids may be as important to health
and nutrition as the absolute amounts present in the diet or in
body tissues. Current Western diets tend to be relatively high in n-
6 fatty acids and relatively low in n-3 fatty acids. Production of a
readily available source of long-chain-PUFA, specifically -3 fatty
acids, delivered in widely consumed prepared foods could deliver
much needed w-3 fatty acids to large sectors of the population with
skewed n-6:n-3 ratios. In plants, the microsomal w-6 desaturase-
catalyzed pathway is the primary route of production of polyun-
saturated lipids. Ursin et al. [129,130] have introduced the 8-6
desaturase gene from a fungus (Mortierella) succeeding in produ-
cing »-3 in canola. In a clinical study James [128] observed that
SDA was superior to ALA as a precursor by a factor of 3.6 in
producing EPA, DHA and docosapentaenoic acid (DPA, C22:5 n-
3). Transgenic canola oil was obtained that contains >23% SDA,
with an overall n-6:n-3 ratio of 0.5.

Structural lipids also have positive health benefits for example
in addition to their effect in lowering cholesterol, membrane lipid
phytosterols have been found to inhibit the proliferation of cancer
cells by inducing apoptosis and G1/S cell cycle arrest through the
HMG-CoAR as noted above [43]. In addition to this and the above-
specialty oils may also be developed with further pharmaceutical
and chemical feedstock applications in mind.

Micronutrients: vitamins and minerals

Micronutrient malnutrition, the so-called hidden hunger, affects
more than one-half of the world’s population, especially women
and preschool children in developing countries [44]. Even mild
levels of micronutrient malnutrition may damage cognitive devel-
opment and lower disease resistance in children, and increase
incidences of childbirth mortality. The costs of these deficiencies,
in terms of diminished quality of life and lives lost, are large [45].
The clinical and epidemiological evidence is clear that select
minerals (iron, calcium, selenium, and iodine) and a limited
number of vitamins (folate, vitamins E, B6, and A) play a signifi-
cant role in maintenance of optimal health and are limiting in
diets.

As with macronutrients, one way to ensure an adequate dietary
intake of nutritionally beneficial phytochemicals is to adjust their
levels in plant foods. Using various approaches including geno-
mics, Vitamin E levels are being increased in several crops, includ-
ing soybean, maize and canola, while rice varieties are being
developed with the enhanced vitamin A precursor, B-carotene,
to address vitamin A deficiency that leads to macular degeneration
and impacts development. A similar method was used by Mon-
santo to produce B-carotene in canola and by Fauquet et al. [46,47]
in cassava. The latter is being field tested in Nigeria. Ameliorating
another major deficiency in LDCs, namely minerals such as iron
and zinc, has also been addressed. Iron is the most commonly
deficient micronutrient in the human diet, and iron deficiency

affects an estimated 1-2 billion people. Anemia, characterized by
low hemoglobin, is the most widely recognized symptom of iron
deficiency, but there are other serious problems such as impaired
learning ability in children, increased susceptibility to infection,
and reduced work capacity. Endosperm-specific co-expression of
recombinant soybean ferritin and Aspergillus phytase in maize has
been demonstrated [48] which resulted in significant increases in
the levels of bioavailable iron. A similar end was achieved with
lettuce [49].

A rather interesting approach was taken by [50] to increase the
levels of calcium in crop plants, by using a modified calcium/
proton antiporter (known as short cation exchanger 1 (sCAX1) to
increase Ca transport into vacuoles. They also demonstrated that
consumption of such Ca-fortified carrots results in enhanced Ca
absorption. This demonstrates the potential of increasing plant
nutrient content through expression of a high-capacity transpor-
ter and illustrates the importance of demonstrating that the for-
tified nutrient is bioavailable. Other targets include folate-
enriched tomatoes and isoflavonoids [14,51].

Micronutrients: phytochemicals

Unlike for vitamins and minerals, the primary evidence for the
health-promoting roles of phytochemicals comes from epidemio-
logical studies, and the exact chemical identity of many active
compounds has yet to be determined. However, for select groups
of phytochemicals, such as nonprovitamin A carotenoids, gluco-
sinolates, and phytoestrogens, the active compound or com-
pounds have been identified and rigorously studied.
Epidemiologic studies have suggested a potential benefit of the
carotenoid lycopene in reducing the risk of prostate cancer, parti-
cularly the more lethal forms of this cancer. Five studies support a
30-40% reduction in risk associated with high tomato or lycopene
consumption in the processed form in conjunction with lipid
consumption, although other studies with raw tomatoes were
not conclusive [52]. In a study by [53] to modify polyamines to
retard tomato ripening, an unanticipated enrichment in lycopene
was found, with levels up by 2- to 3.5-fold compared to conven-
tional tomatoes. This is a substantial enrichment, exceeding that
so far achieved by conventional means. This approach may work
in other fruits and vegetables. Likewise, as noted, [17] used snap-
dragon transcription factors to achieve high levels of the reactive
oxygen scavengers, anthocyanins expression in tomatoes.

Other phytochemicals of interest include related polyphenolics
such as resveratrol which has been demonstrated to inhibit plate-
let aggregation and eicosanoid synthesis in addition to protecting
the sirtuins, genes implicated in DNA modification and life exten-
sion; flavonoids, such as tomatoes expressing chalcone isomerase
that show increased contents of the flavanols rutin and kaempferol
glycoside; glucosinolates and their related products such as indole-
3 carbinol (I3C); catechin and catechol; isoflavones, such as gen-
istein and daidzein; anthocyanins; and some phytoalexins (Table
1). A comprehensive list of phytochemicals is outlined in Table 2.
To reiterate, although there is a growing knowledge base indicat-
ing that elevated intake of specific phytochemicals may reduce the
risk of diseases, such as certain cancers, cardiovascular diseases,
and chronic degenerative diseases associated with aging, further
research and epidemiological studies are still required to prove
definitive relationships.
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Antinutrients, allergens, and toxins

Plants produce many defense strategies to protect themselves from
predators. Many, such as resveratrol and glucosinate, which are
primarily pathogen protective chemicals, also have demonstrated
beneficial effects for human and animal health. Many, however,
have the opposite effect. For example, phytate, a plant phosphate
storage compound, is considered an antinutrient as it strongly
chelates iron, calcium, zinc and other divalent mineral ions,
making them unavailable for uptake. Nonruminant animals gen-
erally lack the phytase enzyme needed for digestion of phytate.
Poultry and swine producers add processed phosphate to their feed
rations to counter this. Excess phosphate is excreted into the
environment resulting in water pollution. When low-phytate
soybean meal is utilized along with low-phytate maize for animal
feeds the phosphate excretion in swine and poultry manure is
halved. Several groups have added heat- and acid-stable phytase
from Aspergillus fumigatus inter alia to make the phosphate and
liberated ions bioavailable in several crops [54]. To promote the
reabsorption of iron, a gene for a metallothionein-like protein has
also been engineered. Low-phytate maize was commercialized in
the USA in 1999 [55]. In November 2009, the Chinese company
Origin Agritech announced the final approval of the world’s first
genetically modified phytase expressing maize [56]. Research indi-
cates that the protein in low-phytate soybeans is also slightly more
digestible than the protein in traditional soybeans. In a poultry
feeding trial, better results were obtained using transgenic plant
material than with the commercially produced phytase supple-
ment [57]. Poultry grew well on the engineered alfalfa diet without
any inorganic phosphorus supplement, which shows that plants
can be tailored to increase the bioavailability of this essential
mineral.

Other antinutrients that are being examined as possible targets
for reduction are trypsin inhibitors, lectins, and several heat-stable
components found in soybeans and other crops. Likewise strate-
gies are being implied to reduce or limit food allergens (albumins,
globulins, etc.), malabsorption and food intolerances (gluten) and
toxins (glycoalkaloids, cyanogenic glucosides, and phytohemag-
glutinins) in crop plants and aesthetics undesirables such as caf-
feine [58]. Examples include changing the levels of expression of
the thioredoxin gene to reduce the intolerance effects of wheat
and other cereals [59]. Using RNAI to silence the major allergen in
soybeans (P34 a member of the papain superfamily of cysteine
proteases) and rice (14-16 kDa allergenic proteins). Blood serum
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Knowledge and technologies for
sustainable intensification of food
production

Richard Flavell

Ceres, Thousand Oaks, CA 91320, USA

Knowledge and technologies will always continue to be developed, as they have always, to bring new
efficiencies to plant breeding and crop production, which suffer from many constraints and
inefficiencies. These constraints need to be overcome throughout the world to help increase the rate of
improvements in food production and intensify production on less land. The recent discoveries and
technical innovations that are revealing the full complement of genes in crops, the ability to define
genetic variation and use DNA markers to follow chromosome segments with known functions through
breeding programmes are leading to new efficiencies in breeding. The ability to isolate and redesign
genes and transfer them into different plants also offers the breeder solutions to several key limitations.
These benefits are described together with some of the current issues associated with the use of
transgenes. Generation after generation can look forward to new knowledge and technologies, many of
which we cannot know at present, and thus there is no reason to be despondent about meeting future
goals, if the right decisions and investments are made globally and locally. These decisions include
putting optimal use of land at the top of the world agenda to sustain both the planet and an adequate
quality of life for mankind. As always has been the case, more investments are urgently required into the
dissemination of successful technologies in crop breeding and production, into teaching and training as
well as into innovative research. Failure to invest adequately in innovative technologies will leave future
decision-makers and citizens with fewer options and greatly enhance the risks for mankind and a
healthy planet.
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Introduction Europe and USA in the early years of the 20th century would have

It is understandable that citizens who have not had the chance to
gain knowledge and insight into the frontiers of genetic technol-
ogies should be wary of the innovative technologies being built to
improve food production. But we must learn from history, the
ancestral farmers and entrepreneurs who have brought us the food
we enjoy. Without their genetic innovations we would not have
corn, wheat or almost any of the foods we enjoy and that keep alive
a global population. The world would be in a hopeless position.
Mankind would still be in the dark ages. To bring about a better
world where people have enough healthy food to eat and our
planet is sustainable, we need wise decision-making and new
technologies to make food production more efficient. We also
need to transfer the best of existing technologies to food produc-
tion worldwide.

Progress often depends on new technologies and it has always
been so in the breeding of crops and in their production by
farmers. It takes some 10 years to breed, test and commercialise
a new variety starting with two parent plants. Ten years ago plant
genetics and genomics were in their infancy compared with now.
Also we had no Google, no Facebook, no You Tube, no blogs nor
twitters. Farmers in poorest Africa were not in touch with the
outside world. Today we are in a new enlightenment in plant
genetics and breeding and have all these personalised commu-
nication systems that empower the individual, decentralise socie-
ties and bring people together with knowledge, systems and
choices as never before. In consequence, the African farmer is
in touch with the outside world via the cellphone and small
villages in India have a computer and the World Wide Web. Where
will societies be in 10, 20, 30, 40 and 60 years in the poorer parts of
the world? What will the farmers and citizens be achieving and
demanding, having become connected to global communication
systems, knowledge and new markets. What will be the standards
in plant breeding and farming? Not as today, that is certain. Many
of today’s technologies will be seen as old fashioned, hopelessly
short of what is possible and required. Plant breeding and farming
need to change radically in many parts of the world and will do so,
driven by new knowledge and innovations in technology.

The idea that technology will stand still over the coming decades
is obviously nonsense. Many thoughts today may seem fanciful,
including some mentioned in this paper, but then so to people in

been civil aviation, space exploration, organ transplants, nuclear
power, computers, the Internet, nanotechnology and mobile
phones. While plant breeding and solving the food and energy crop
production issues may seem daunting to the average citizen, science
will evolve beyond ways we understand today, to provide new
options. Placing today’s needs in the context of what has been
overcome in the past, the opportunities of technology development
and where we seek to be in the future can legitimately generate
optimism, providing wise decision-making and appropriate invest-
ments are sustained. When wise decisions are not made, then
technical developments have to be even more successful to meet
the needs. Planners and opinion formers need to have all this at the
heart of their decision-making. This paper seeks to draw attention to
the new knowledge and technologies that are available and will
become available to increase food production sustainably and more
intensively so that all are fed and land is available for sustaining the
planet and quality of life. It is recognised that hunger is most often a
consequence of poverty, absence of markets, inadequate land
reform and poor education systems. However, sound agriculture
is a source of wealth for many rural people and societies in general.
This justifies the focus of this paper on the knowledge and tech-
nologies associated with agriculture as one of the sources of relief
from hunger. The paper is not designed tobe in any sense a technical
handbook for practitioners. Other treatises fulfil this need [1-3].

The issues we all face

There are many examples of successful increases in food produc-
tion over the past 40 years, especially in Asia [4]. Figure 1 illustrates
the large increases in total food production in different continents
[5]. This means that breeders have produced suitable varieties,
farmers have heard about them, invested in them and thereby
increased food production. Much of Asia’s food production
increases have involved the use of modern varieties [6]. Even in
Africa yields have increased. This would be a very satisfying posi-
tion, except that food increases have not kept pace with popula-
tion increases and so the increases per capita shown in Figure 1B are
less positive. Africa is now only just beginning to restore the per
capita food position that it had 40 years ago. Thus in spite of all
these increases and successes there are still 1 billion people suffer-
ing from poverty and lack of food [4].
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FIGURE 1

(A) Changes in net agricultural production in continents. (B) Changes in per
capita net agricultural production. From Jules Pretty and Royal Society, 2009.

Can we sustain the good increases illustrated in Figure 1A
throughout the world in all environments? If plant breeding were
easy and we could simply make higher yielding crops more quickly
by scaling up existing methods then the outlook would be more
hopeful. However the results for world cereal production show
that the per capita gains produced have fallen since 1985 and the
rate of annual increase is declining (Figure 2). Thus plant breeders
and farmers are not making gains. This is a serious position, given
that we need to increase global food production by 40% in the next
20 years [4,7]. Figure 1 shows this to be an enormous challenge.
Also these trends do not reveal the levels and the diversity of food
needed to bring a healthy and satisfying life for all. Furthermore
they do not draw attention to the amounts of land required to keep
the planet and its populations sustainably healthy by the growing
of biomass for biofuels, managing greenhouse gas levels, sustain-
ing adequate biodiversity and providing essential amenities. In
summary, we need to increase the rate of gain in food production
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FIGURE 2

Changes in world cereal production and annual rate of improvement
(FAOSTAT, 2008).

and reverse the positions in Figure 2, intensify food production on
less land and free up land for other needs. To do this, plant
breeding and food production need to be supplied with a constant
stream of new knowledge, tools and systems that will lead to more
sustainable intensification of agriculture, just as what occurred
with US corn production and Asian wheat and rice breeding during
the Green Revolution [8]. The needs are urgent and the options for
success are visible. It is recognised that many other factors are
necessary, in addition to new varieties, for successful adoption of
innovations [4,7]. They include numerous financial and policy
factors, but discussion of these is outside the scope of the paper.

What is the technical basis of plant breeding?
Plant breeding involves the bringing together of new versions of
genes to create plants with new properties. During the formation
of eggs and pollen in plants, new gene assortments are created by
existing chromosomes becoming recombined and then, as a con-
sequence of the fertilisation of eggs by pollen, new combinations
of genes from the two parents are brought together to form
embryos and the new generation. There are from 30 000 to over
60 000 different genes in a plant species. Fortunately, there are also
many different versions of each gene in a species, created by
natural mutations, and it is the reassortment of these variants
that is achieved in plant breeding. Following the creation of new
combinations of gene variants the breeder grows large numbers of
offspring and seeks plants that perform better than the parents and
existing varieties. Because there are so many genes and variants of
each, there is almost an infinite number of possible combinations
that could be made. In addition, there are so many environments
in which the plants need to be successful, the process of improving
plants by plant breeding and demonstrating the improvements in
farmers’ fields is statistically very inefficient, time-consuming and
relatively expensive [9].

When seeking progeny that are better than those already avail-
able, breeders have to optimise a large number of traits. Some of
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TABLE 1

Traits that are commonly assessed directly or indirectly by breeders

e Architecture-height, number of leaves, tillers, branches, leaf angle, number of flowers and seeds, seed size, root structure, surface area.

e Optimum planting density.

e Flowering time and photoperiod responses.

e Growth rate regulation.

e Growth responses to light quality and quantity.

e Photosynthesis-rates and overall carbon fixed during the growing season.

e Heterosis.

e Fertility and seed production.

e Nitrogen use efficiency-uptake, translocation, storage, reduction and portioning between plant parts.

e Water use efficiency-uptake, storage, transpiration rates, loss, tolerance to chronic drought and bursts of drought.

e Disease, pest and virus resistances.

e Tolerance to heat shock and sustained heat.

e Tolerance to cold shock and sustained cold.

e Seed germination in cold.

e Tolerance to freezing.

e Tolerance to flooding.

e Tolerance to oxidative stress.

e Amounts of key nutrients in seeds, roots, leaves, fruits and stems.

these are listed in Table 1. Each of these traits is specified by many
genes interacting in very complex circuits. Thus the reassorting of
genes and gene variants in each breeding cycle affects almost every
trait in every generation. This complexity also makes plant breed-
ing inefficient. Where there are no genes for a particular desired
trait in the species, the improvements dependent on such genes
cannot be achieved, no matter how large the investment. Most
traits in most crops are still suboptimal, especially resistance to
pests and diseases. Shortcomings in managing all these traits in
breeding programmes lead to inadequate products. What can be
learnt from successful breeding programmes, past and present,
that can be applied more widely? One of the most successful
breeding programmes has been corn breeding in the USA [10-
12]. I will use this example to make many key points in relation to
knowledge and technology development for crop improvement.
Other examples from rice [13] and wheat [14] could also have been
chosen but even these examples do not display some of the key
innovations in US corn improvement.

The sustainable intensification of US corn production

The extensive gains in yield per acre made over the past 60 years by
corn breeders and farmers in the USA are well known [10-12] and are
illustrated in Figure 3. What have been the innovations behind this
progress? One of the most extraordinary series of innovations took
place centuries earlier by the Indian enterpreneurs of Central Amer-
ica. They transformed an ancestral perennial species into what we
now know as corn. The plants look very different and the genetic
changes selected by the Indians are becoming understood from
comparisons of all the genes in the ancestor and modern corn. In the
US, yields stayed the same until after the 1940s (Figure 3), when
innovative crosses and genetic understanding had been developed.
It was discovered that if certain plants were crossed, the F1 hybrids
were much more vigorous than the parents. This so-called heterosis
has been the basis of many yield gains since [15]. While the plant

breeders were making better and better heterotic hybrids, the use of
fertilisers and herbicides helped the farmers get higher yields. The
makers of farm machinery also helped by making a succession of
improved machines to increase the efficiency and scale of agricul-
tural production. In the late 1990s knowledge of how to measure
genetic variation in DNA sequences at scale (see below) became
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FIGURE 3

Increases in corn yields in US. The periods when open pollination and when
the use of double and single cross hybrids were introduced are shown. The
introduction of transgenic hybrids occurred towards the end of the 1990s
when biotechnology started to make its impact.
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available and this led to the commercial adoption of marker-assisted
breeding. Genetic engineering emerged during the 1980s and genes
were selected, purified, redesigned and then introduced into corn
plants (see later) that conferred tolerance to herbicide (Roundup)
and resistance to feeding insect larvae (corn stem borers). Elite
transgenic lines were commercialised to be among the first trans-
genic row crops [16]. More recently, genes conferring resistance to
root worm have been added. Today’s corn lines have up to nine
transgenes in them [16]. The herbicide tolerance and insect toler-
ance genes brought environmental benefits, because Roundup is
more benign to the environment than herbicides used previously
and because of the reduced use of insecticide sprays. It has also been
found that protecting corn from root damage brings some drought
tolerance too.

The increases in yields in Figure 3 are the results of sustained
investment by government and the private sector combined with
government subsidies and incentives. All these working in combi-
nation enabled and stimulated the stream of technical improve-
ments behind breeding and the growth in production intensity. Yet
over the past 15 years the farmers have applied less nitrogen,
phosphate, herbicide and insecticide per bushel and adopted no-
till practices to conserve water, soil structure and reduce erosion
[17]. Thus, the farmers have addressed the issues of sustainability
during the latter years of intensification, even while output gains
have continued.

This example of the intensification of corn in the USA points the
way ahead for all other crops and breeding programmes because it
has both driven innovations and adopted new tools from nature,
breeders and farmers as they have been developed. It has not been
without its difficulties. For example, hybrids made using cytoplas-
mic male sterility in the late 1960s and early 1970s were susceptible
to a fungus [18], but difficulties and setbacks must be expected en
route to success. If all this knowledge and new technologies were
incorporated into all the other breeding programmes worldwide
then yield gains would be very substantial. This is emphasised by the
comparative yield figures for corn in different countries shown in
Figure 4. While many local features including soil and climate
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FIGURE 4

Comparisons of average corn yields between countries since
1990.(Monsanto/Doane Forecast).

prevent the best yield figures being achieved everywhere, the large
discrepancies revealed in Figure 4 are due to lack of sustained
investments equivalent to those made in the US.

Comparisons of the toolkits of nature, the breeders of
the past and the breeders of today and tomorrow
Progress in evolution by natural selection depends on genetic
variation. This variation has its origins in genetic mistakes that
survive in individuals and are inherited. They are then either
selected during evolution, carried along as neutral mutations
and spread in populations by accident or spread because of being
linked to other favourable mutations under selection. The natu-
rally occurring mistakes include chromosome duplications, gene
loss, gene duplication, mutations in genes that change the protein
or RNA products or change gene activity during plant develop-
ment, and the movement of specialised gene elements, so-called
transposable elements, that occur in large numbers in plant gen-
omes and move around the genome. Such mutations become
mixed in populations by sexual recombination. Occasionally,
but importantly, evolution involves the rare hybridisation
between different but related species to form a new hybrid. Thus
the toolkit of nature is confined to the natural variation accumu-
lated in populations during evolution and the rare hybridisation
between distant individuals.

Plant breeders use this variation and recombine it as noted
above, also using the processes of sexual recombination. Thus
breeders use nature’s toolkits, albeit augmented by other technol-
ogies. Occasionally breeders are able to force interspecies recom-
binations that do not occur or are inviable in nature and then
select stable progeny that carry genes from both species. Breeders
try this approach to introduce or improve a trait that is needed. A
problem for breeders is that when seeking to add better versions of
genes by making crosses between dissimilar parents that carry
useful genes, they also have to import large numbers of deleterious
genes. This makes improving plants in specific ways difficult, time-
consuming and inefficient.

These toolkits can be contrasted with those devised by the
molecular biologist. The innovations from molecular biology
provide the means of isolating and defining any gene from
any organism, creating any kind of mutation in any gene and
designing and making new genes. The novel genes can then be
inserted into any plant. Thus, with these tools and techniques,
the modern breeder can overcome the serious limitations of (1)
only having the mutations found in nature to solve food produc-
tion and quality problems, (2) not being able to move defined
genes between species to add specific traits and avoid the intro-
duction of other deleterious traits, (3) not being able to modify
varieties one step at a time and (4) not being able to track
favourable and deleterious genes through breeding programmes.
All of these innovations have emerged over the past 30 years. The
first transgenic plants were created and bred around 1982 [19].
The technologies developed by molecular biologists when inte-
grated into plant breeding programmes change dramatically our
abilities to improve plants for agriculture. This fact should not be
underestimated, but rather be the reason to make new invest-
ments and train new breeders to meet the needs of societies,
especially those with poverty and hunger. The technologies bring
new optimism.
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Advances in gene and genome discoveries and their
applications to breeding

Genome and gene sequencing

In 2000, the complete genome sequence of Arabidopsis, the first
plant genome to be sequenced, was announced following a large
international effort [20]. The rice genome sequence was also
announced in 2002 [21,22]. Since then several plant genomes
have been essentially completely sequenced, including those of
corn, soybean and sorghum [23-25]. While thousands of genes
were identified from the first genome sequence, their function was
not understood. Also many important genes were missed in the
initial interpretation of the genome sequences. Thus in 2003, there
were about 5000 genes defined (by sequence and a function) in
plants. In 2008, the number had grown to 200000 and was
increasing exponentially. Similarly the number of gene products
(proteins) recognised was a few thousand in 1998 but is now over
1 000 000. This rapid growth in knowledge happened because of
technical innovations in DNA sequencing methods and cost
reductions, as a number of radically new sequencing technologies
have come into commerce [26,27]. These created dramatic
increases in output of DNA sequence per machine and slashed
costs by miniaturising the processes and performing millions of
reactions in parallel. In the year 2000, about 10 bases could be
identified per dollar. In 2005, it grew to about 40 bases per dollar
and in 2015 it might be 1 000 000. There is a race to deliver ‘a
complete (human) genome sequence for $1000’. Six or seven
companies appear today to be firmly in the race. Competition
in this race to capture the global market of being able to read the
DNA sequence of a person at prices that individuals and healthcare
systems can afford is likely to become increasingly intense. So,
within the next few years, the $1000 human genome sequence will
become a reality. For a plant breeder to be able to sequence the
genome of a large number of potential parents and selected plants,
to know the variation within them and to check his product is an
extraordinary concept but is clearly almost with us [27]. It is worth
noting that this innovation, perhaps the one with the largest
impact for increasing commercial crop production, has come from
the private sector entrepreneurs and investors in the medical and
IT industries, that are not concerned with agriculture and plant
science.

Cataloguing and mapping genetic variation in chromosomes
using DNA markers
Plant improvement is based on, and necessarily exploits, genetic
variation. Thus, being able to characterise the variation in every
gene in the plants of a breeding nursery can bring powerful
knowledge to the breeder, as noted above. Recombination in
gamete formation in egg and pollen cells occurs only a few times
per chromosome in any one generation. This results in blocks of
genes being inherited together. Thus to follow which chromosome
segments, and therefore constituent genes, are in a progeny plant
requires only a marker for each of the chromosome regions that are
inherited intact and not divided by recombination. Plant breeding
is therefore greatly aided by having DNA markers for each version
of the chromosome segment (haplotype) introduced via the dif-
ferent parents [28-30].

Finding markers today is easily achieved using the genome
sequencing described above. Using these methods, the variant

DNA sequences that allow the chromosomal segments to be dis-
tinguished are discovered. High throughput assays are then
designed for this subset of markers. The commercial technologies
for doing all this are advancing rapidly—millions of data points
can be gathered in a day [28]. They are evolving in synchrony with
the DNA sequencing technologies. Technical advances will arise
year-on-year over the next 10 years. Therefore the goal to provide
breeders with haplotype maps of essentially all the germplasm of a
crop, easily accessible in databases, with full details of all the plant
accessions possessing each of these haplotypes, is within reach.
This too will revolutionise breeding.

As with DNA sequencing described above, the generation of
large datasets of marked chromosomes needs to go hand-in-hand
with IT and software innovations and development of user-
friendly databases to enable the benefits of all new information
to be useful to the breeders. This is a major activity by world
experts and is also advancing rapidly [31].

Establishing gene-trait associations

Geneticists have long sought to define the genes that influence
traits on genetic maps. The genes are embedded in quantitative
trait loci or QTLs. The use of polymorphic genetic markers cover-
ing all the chromosome sets allows linkage between a chromo-
some segment (QTL) and a trait in populations to be sought easily
when the trait is segregating [32,33]. The establishment of huge
datasets of mapped sequence polymorphisms means that DNA
markers need no longer be limiting. What is rate-limiting is
measuring the traits. The plant breeder often needs to do this in
hundreds or thousands of progeny from a large number of crosses
for each species to reveal tight associations. It is also desirable to do
this with plants grown in multiple environments. To measure
certain traits such as those affecting disease, stresses and so on,
there is the need to expose the plants to the stresses. All this adds
up to an enormous task that needs considerable investment.

An alternative is to achieve gene-trait associations by compar-
ing markers and traits in a large number of accessions of a crop that
are as unrelated as possible [34-37]. If sufficient recombination
events have taken place during the separate evolution of the
accessions then it may be possible to infer that deviations from
random linkage signify a close physical relationship between
marker/gene and the trait. This newer approach of ‘association
mapping’ is being studied in corn in detail. Nevertheless, it still
leaves the necessity to measure a large range of traits (Table 1) in a
large number of accessions. While it is an immense volume of work
to determine gene-trait associations, they will be known for all
time and this will be an enduring platform for underpinning plant
breeding for ever. A different version of this approach is to find
markers that correlate with selection of a given trait in breeding
programmes where the genetic location of the genes is ignored
[38-40]. When models built upon markers that give a high selec-
tion coefficient for the traits in question are obtained, then the
markers can be deployed to drive a breeding programme, for the
relevant combinations of traits. These approaches, only possible
by the discovery and large-scale measuring of DNA markers, are
likely to have a high impact on plant breeding in the future.

Gene-trait associations have been established extensively in
Arabidopsis, corn, rice and many other crop species by mutant
analysis [41] and also inferred by linking gene expression patterns
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with a trait. They have also been established by QTL analysis
[32,33]. All this information from multiple species can be brought
together to establish hypotheses for one crop species using the
results from other plant species. The future value for comparative
genetics is likely to be substantial, especially where the species are
closely related, for example, corn and sorghum.

Many gene-trait associations have also been established by
observing the effects on traits of adding known transgenes to a
plant [42,43]. Complete linkage between the added, known trans-
gene and the new trait provides direct evidence for a gene-trait
association. It remains to be seen to what extent these gene-trait
associations coincide with the associations derived from genetic
variation in natural populations.

Gene transformation into plants

There are two principal ways genes are introduced into plants
[44,45]. The first exploits the natural process of gene transfer
evolved in the soil bacterium, Agrobacterium tumefaciens. The
second is by bombardment of plant cells capable of division with
particles coated with genes. In the first, genes designed and
reconstructed in vitro and propagated in Escherichia coli are trans-
ferred into agrobacteria on specifically designed plasmids that
contain the DNA signals that are recognised by the bacterial
transfer process. When the agrobacteria are mixed with plant cells,
the gene transfer process is activated and pieces of DNA containing
the genes to be transferred are passed into the plant cells and
become integrated into plant chromosomes. The plant cells are
stimulated to divide and those containing the new genes are
selected owing to the presence of genes transferred from the
bacteria that provide resistance to some chemical, such as a
herbicide. When many cell divisions have taken place, then the
plant cells are stimulated to differentiate into shoot and roots and
so new plants are formed. In such plants, each cell should carry one
or a few copies of the new genes. In the second method the genes

TABLE 2

propagated in E. coli are forced into plant cells and internal
processes lead to the incorporation of the pieces of DNA into
the plant chromosomes. Thereafter the processes adopted are
similar to those in the first method.

Today any plant species can be transformed with new genes in
these ways but the efficiency of regeneration of a whole plant from
the initially transformed cells can vary greatly, including between
lines of the same species. Where the efficiencies are low, research
to increase the efficiencies is usually effective. Furthermore some
transgenes have been found that increase transformation/regen-
eration frequencies, and these are in use commercially [46].

The ability to add new genes to a species fulfils, in principle, the
dreams of most plant breeders who constantly seek to add new
traits more efficiently and effectively. But, much more is emerging
as the technology grows from its infancy.

Advances in plant breeding emanating from the
deployment of transgenes

The combinations of genetic analyses using genomics and markers
will improve plant breeding immensely, but there is substantial
recognition that the deployment of transgenic technologies can
achieve more far-reaching and beneficial products in agriculture.
Some of these advances are listed in Table 2. They are outlined here
firstly to provide some details of the technologies, but secondly to
illustrate steps along a path towards a radically different kind of
plant improvement that we should work towards to rid the world
of the food, feed and fibre shortages and ensure the availability of
land to provide other services to mankind and to manage the
planet optimally.

Addition of novel traits not already in the crop species or in need
of improvement

The addition of new traits, such as herbicide tolerance, insect
resistance, novel omega 3 fatty acids, provitamin A and hundreds

Opportunities for improvements in crop plants and breeding by the use of transgenes

e Development of a new strategy for breeding and selection of improved traits using a few, known, dominant transgenes instead of many recessive QTLs

for each trait.

e The ability to substitute any allele by another using homologous recombination to optimise varieties.

e The ability to change the expression pattern of any gene by changing promoters and upstream regulatory sequences using homologous recombination.

e The ability to control the rates and places of recombination in crop chromosomes to enable new gene combinations to be produced and at much
greater rates and so reduce the number of progeny that need to be produced to achieve specific kinds of products; and alternatively to reduce

recombination to fix desired genotypes.

e The ability to delete unwanted transgenes by specific recombination using cre-lox or flip recombinase systems.

e The ability to control major diseases by creating novel genetic systems based on, for example, non-host resistance, pathogen recognition systems and

production of downstream resistance mechanisms.

e Development of sentinels and rapid assays to reveal the health of the production crop.

e The ability to add and sustain banks of specific transgenes in one locus via a novel chromosome or chromosome segment.

e The ability to fix hybrids showing heterosis using the principles of apomixis.

e The ability to switch traits using simple reagents based on particular weather patterns and needs, such as the need for a protein rich crop as opposed
to a carbohydrate crop. Switching technologies based on novel promoters that can be activated by specific chemicals are already available.

e The ability to make transformation and regeneration trivial for all crops by improvements in, for example, agrobacterium vectors and strains that
include genes that stimulate regeneration, but which can be silenced or deleted when regeneration has been achieved.

e The ability to target genes to dividing cells to make regeneration more efficient.

e Optimisation of crops for their nutritional content such as provitamin A as in ‘Golden Rice’ and the equivalent in other crops.
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FIGURE 5

The cumulative adoption of transgenic crops into agriculture since
1996.(James, 2009).

of other valuable traits, including those listed in Table 1, will bring
enormous benefits to consumers and growers of tomorrow’s food
[16,47]. These are already exemplified by Roundup ready and Bt
soybean, corn and cotton crops. These transgenic crops are man-
ifestations of the fastest take-up of any agricultural product
(Figure 5) and over 14 million farmers are growing such crops
today [16]. There are already many traits in various crops and
model plants that have been ‘improved’ in the laboratory by the
addition of transgenes. Improvements in tolerance to stresses have
been a particular focus. It is likely that drought tolerance will be
the first commercial product in this category [48,49]. Much
research is also focused on tolerance to acid soils, better nitrogen
utilisation efficiency (Figure 6) and, of course, seed yield.

FIGURE 6

Comparison of field-grown rice plants illustrating effect of adding an
Arabidopsis gene, under the control of a broadly active promoter, that
stimulates height and biomass accumulation without significantly affecting
flowering time (Ceres, unpublished).

Silencing and inactivation of genes in the crop

While many traits are more readily ‘improved’ by the addition of
new functions, some improvements are made by the inactivation
of existing genes and processes. This can be sometimes achieved by
random mutagenesis and then seeking plants that have a parti-
cular gene inactivated. The process of ‘Tilling’ achieves this [S0].
Large populations of mutated plants are created and then the
sequence of the gene to be mutated is used to devise a polymerase
chain-based assay that enables rare mutant versions of the gene to
be discovered. This is a non-transgenic approach but suffers from
two sorts of deficiencies. Firstly, the gene activity is lost in all cells
and this can be lethal. Secondly, many genes are duplicated in
plant genomes and the redundancy results in the mutation not
having any effect on a trait. Often it is more desirable to down-
regulate the levels of expression in particular tissues and from all
copies of a gene. Here a transgene possessing sequences that match
those of the gene to be down-regulated can be inserted and the
RNA products of the transgene activate the RNAi pathways that
result in degradation of the mRNA of the natural gene(s) [51,52].
Where gene activity is required to be down-regulated in a parti-
cular tissue, then placing the transgene under a promoter active
only in that tissue should achieve the desired effect. Selection of
particular transgenic events should enable the right levels of
reduction to be achieved although instabilities of gene expression
are difficult to manage and may change from one generation to the
next. Particular genes can also be silenced by the insertion of a
transgene into it as described below.

Substitution of any allele, including its promoter, by another
using homologous recombination

Breeders consider the ability to replace one or a few alleles in a
successful variety with another one of the most powerful additions
to plant breeding. The technology would enable specific traits to
be improved in the most precise way possible, using essentially the
plant’s own genes, without the need to either tolerate or eliminate
large numbers of deleterious genes from another parent. Recent
experiments and the development of novel systems to achieve
homologous recombination imply that this goal is within reach
and is being investigated in several crops [53,54]. The ability to
replace one allele with another also provides the geneticist with
the ability to compare the function of specific genes and thus
prove their role. Another potentially powerful utility of this sort of
technology is to change promoters and so alter the activities of
resident genes in a precise way. Given that variation in gene
expression is an important source of variation in breeding popula-
tions the ability to change promoters precisely is likely to have a
very significant future.

Efficient homologous recombination relies on the existence of a
double strand break in the chromosome. Such a break can increase
the efficiency of homologous recombination several thousand-
fold at that site. Thus, the challenge has been to learn how to create
double strand breaks at the desired site of insertion in the defined
gene. Zinc finger nucleases (ZFNs) and meganucleases are tools
that have been designed to achieve this [55-57]. Zinc finger
nucleases consist of a DNA-binding zinc finger domain covalently
linked to the non-specific DNA cleavage domain of a restriction
endonuclease. ZFNs bind as dimers to the specific DNA site and the
nuclease catalyses the double strand break.
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Targeting of transgenes to pre-determined sites by specific
recombination systems

The sites of insertion of transgenes are not generally under the
geneticist’s control at present. However, transgenes can be inte-
grated into chromosomes at particular sites using site-specific inte-
gration systems. These rely on proteins that specialise in
recombining two identical, specific sequences. This enables, for
example, multiple novel genes to be inserted at a target site. The
so-called cre-lox recombination system from bacteriophage lambda
has been used for site-specific integration of DNA into tobacco and
rice [58]. Here the lox target site is inserted into the chromosome (at
random) and the desired transgene is then integrated into this
genomic target via recombinase-mediated site-specific integration.
The cre/lox site-specific recombination system has also been used
successfully in wheat and rice to target single copy insertions into
lox sites placed in the genome [59]. Another system, flp-frt, involves
the flippase recombinase derived from yeast. Flp recognises a pair of
frt target sequences that flank a genomic region of interest. The flp
recombinase system has been used in corn [60,61] for site-specific
gene replacement, while the lambda and phiC31 integrases have
alsobeen used [62]. These approaches facilitate the potential to stack
new traits at valuable transgenic loci in a modular fashion and can
integrate new genes at a site in the genome already found to support
strong constitutive expression, avoiding the disruption of existing
genes and negative agronomic impacts.

Control of the rates and places of recombination in
chromosomes

Progress in plant breeding depends on the recombination of
different genes. How often particular genes become recombined
depends on the frequency of recombination and the positions of
the genes in the chromosomes in relation to the position of
recombination. Given the difficulties in changing the positions
of genes with respect to one another there is great appeal in being
able to control the position and frequency of recombination
during meiosis. This will surely become possible [63]. The ideal
is that recombination can be greatly increased to generate more
variation efficiently and then reduced back to current levels to
maintain genetic stability and integrity. Such an advance will be
brought about by the use of specific transgenes under the control
of promoters that can be activated by the breeder using, for
example, an externally supplied chemical.

Construction of chromosomes for stacking many transgenes in a
defined order

A vision of improving plants with a large catalogue of transgenes
necessarily raises the question should all the transgenes reside
together to aid their regular expression and to make it easy for the
breeder to select them altogether? Also should they be arranged so
that individual genes can be deleted and new versions added
easily? While these issues are addressed partly by development
of the homologous integration systems (C and D above) other
technologies may be preferable. These are being explored and
evaluated in agricultural crops. A novel mini chromosome has
been built for maize by combining the genes of interest with a
larger piece of maize DNA that encodes satellites, retro-elements
and other repeats commonly found in maize centromeres and that
confer the ability of a chromosome to be divided regularly between

daughter cells at mitosis and meiosis [64]. The mini chromosome,
when introduced into maize cells by particle bombardment and
plants regenerated containing the new chromosome, shows reg-
ular inheritance most of the time. The availability of many valu-
able genes for crop improvement is starting to accelerate and so
there is the need to address questions of where and how to organise
many genes for optimum long term utility.

Simplification of the genetic basis of traits

While the application of DNA sequencing and molecular marker
technologies to plant breeding will bring about huge gains in
efficiency and increases in the rate of improvement, the breeder
still has to wrestle with the genetic complexities underlying the
traits. It turns out frequently that variation in traits is determined
by many genes and variation in each gene usually makes only a
relatively small difference in the trait. Such differences are hard to
measure without large-scale replication. The bringing together of
many such genes by recombination and their subsequent main-
tenance during other breeding cycles can be very difficult. Such
complexities are very hard to overcome because they are inherent
in the genetic wiring of the species. If the trait could be reduced to
one or a few variant genes of large effect, then such traits would be
much easier to detect and manage in breeding programmes.

These issues have been a major driver for the discovery and use of
single transgenes for important traits. Ceres, as well as many other
laboratories, has inserted thousand of genes with high levels of
expression into Arabidopsis and rice to discover single genes that
make a major change in an important trait (Figure 6). When such
genes are found the large trait change is inherited along with the
transgene. It is then easy to track both the gene and the trait in
subsequent breeding programmes. If it becomes possible to specify
each of the traits listed in Table 1 by a few transgenes, then this
simplification in complexity would be a huge advantage to plant
breeding. Furthermore, it may be that the same or very similar genes
would be able to make similar improvements in multiple crops. This
would avoid the necessity to repeat the primary genetic analyses in
each and every species separately, as is the case at present.

Any one of these uses of transgenes could provide extraordinary
improvements in plantbreeding and the quality of products, butitis
the combination of these that will provide the dramatic opportu-
nities in crop production and a rapid rise in the pace of development
of new, improved varieties. Some of the technologies can be devel-
oped for application in the near term while others are high risk and it
will take brilliant, inspired science to bring these about, even for the
longer term. Nevertheless, since plant improvement with these
crops will be needed for all time the progress envisaged here will
have relevance for all time. Knowing how to improve crops and
production more efficiently will never be irrelevant information.

Significant issues associated with the use of transgenes
The successful deployment of transgenes is not without its diffi-
culties: financial, technical and social. Some of these are listed in
Table 3. It is expensive to develop all the knowledge to find the
relevant genes. When transgenic plants are created, they usually
show variation in the expression of the trait. This is undoubtedly
due to the ways in which the gene becomes modified by methyla-
tion in the cell, the chromatin configuration adopted in the
chromosomes and/or the activation of RNAi protection mechan-
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TABLE 3
Current issues with the deployment of transgenes

e Variable expression and instability over generations.

e Silencing of their expression.

e Desirability of removing the selectable markers.

e Inefficient transformation processes in certain genotypes.

e Consumer and political acceptance, even when improvements
are valuable.

e Cost of regulation and additional time taken for these processes.

e Outcrossing to non-transgenic relatives.

e Intellectual Property and Freedom To Operate issues.

e Costs if crops have to be kept separate from non-transgenics in
commercial agriculture.

isms that lead to degradation of transgene RNA or silencing of
transcription [52,65,66]. Transgene expression is not always stable
during generations probably for the same reasons. Any transgene
for a trait will interact with the existing genes and metabolic
networks in the cell. This may lead to differences in expression
of the trait in different genetic backgrounds and present chal-
lenges for the breeder. Indeed all these issues are problems for the
breeders but are they any more challenging that all the existing
problems with improving plants? I suspect not and in any case
they will be managed and overcome as more knowledge accrues.
Different sorts of problems are created by consumers and leg-
islators who are wary of using new technologies, especially where
breeding and food are concerned. While understandable in some
ways, we should recognise that many of such views are the result of
pressure groups against the technology who have advertised and
misled societies profusely. It is the case that some of the transgenic
options do have potentially far-reaching effects—that is the mes-
sage of this paper. Societies are poorly equipped to evaluate them
because they have insufficient knowledge of the substantial
genetic changes behind selection of our current crops. The views
that should prevail will surely emerge in the end from the 14
million, and increasing, farmers around the world who grow
transgenic plants and the people who are eating transgenic food
today. Much is said about this topic elsewhere in this volume.
Other concerns are based on the transfer of transgenes into other
non-transgenic varieties by pollination. This is a complex subject
with biological and legal aspects. While definitions of organic
products do not allow the presence of transgenes, there will always
be concerns about chance pollinations from neighbouring trans-
genic crops. Collection of transgenic pollen by bees and its accu-
mulation into honey is an issue that has been fought in the courts by
organic honey vendors. There are concerns about the accumulation
of transgenes into wild species by pollinations from related crop
plants and the consequential loss of ‘clean’ wild species. The con-
cerns are often amplified where the transgenes are conferring a
beneficial trait, such as drought tolerance, that could be strongly
selected for in the wild species and thus increase its fitness and
weediness [67]. The statistics and probabilities of pollinations, seed
set and subsequent selection of new transgenic wild forms are
complex and rarely addressed properly. The hazards and risks are
even more rarely weighed against the benefits of boosting agricul-
tural production levels and releasing land that can serve as a habitat
for the wild species. Such issues are beyond the scope of this paper.

Many have become disturbed by the patenting of genes and
generating difficulties for others to use the technologies commer-
cially without licenses. This is addressed elsewhere in this volume.

The Future—a series of breakthroughs and radical
improvements

This paper emphasises that technical advances on the frontiers
that change the opportunities and processes of plant breeding are
occurring rapidly. Such innovations will continue, and history
tells us that numerous innovations will come along that we cannot
predict at present. Would the Wright brothers, as they celebrated
their success of the first flight in 1903, been able to predict that in
66 years there would be a man on the moon? Many innovations for
plant breeding will come from other fields, not plant breeding, as
has been mentioned several times above. Thus it is legitimate to
speculate and predict that there will be additional stunning break-
throughs in the future. This is implied in Figure 7. There will be
waves of discoveries involving single or small number of genes,
more complex combinations of genes and entirely novel gene
systems that specify extraordinary improvements in crops and
production. Maybe the improvements will be novel forms of
photosynthesis that harness solar energy much more efficiently
[68]. Maybe they will be roots that optimise growth with less
fertiliser and water, or bring nitrogen fixation into cereal crops.
They will surely include understanding and exploitation of het-
erosis in the major crops [69,70]. They probably will enable plants
to be resistant to diseases and pests. Ultimately there will surely be
the creation of new crops, via synthesis of entirely new genomes,
that do not suffer from the deficiencies of the species evolved in
nature. Crops did not evolve to serve man. It is to be expected that
many crops are not well designed for agriculture. Man must
continue to seek to make the crops he needs. Such advances will
enable mankind to avoid relying on natural biodiversity for food.
While such advances are many, many decades away, we should
believe in their potential and the contribution they will make to
providing high quality food for all in sustainable ways, leaving as
much land as possible for other purposes and especially for mana-
ging the survival of the planet. This scenario means we should look
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FIGURE 7

Hypothetical adoption of new technologies that provide solutions to major
agricultural constraints.
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at the current technologies and addition of the first few transgenes
to crops as the ‘tip of the iceberg’. They are the first few baby steps
along a road of discovery and application. It is very important
therefore not to judge the current technical achievements and
difficulties in ways that undermine the future use of the technol-
ogies. This would deny mankind the benefits of huge innovations.

Can we do without the use of transgenes?

Of course we can, because we did not have commercial applications
of gene transfer before the 1990s. (However, it is important to note
that evolution and the development of our crops as we know them
could not have taken place with transfer of genes between species
over evolutionary time.) As noted earlier, if all the knowledge and
kinds of non-transgenic technologies that have been deployed in US
corn production, for example, were applied to cereal grain crops in
the different environments around the world, then food production
would be very much higher. Indeed this paper draws attention to the
fact that much is starting to be achieved in increasing food produc-
tion by adopting all the analytical, non-transgenic tools from
molecular biology, such as molecular markers. This will undoubt-
edly continue, at some pace, dependent on investments and human
capital. But, also as noted above, transgenic crops have already been
adopted by some 14 million farmers [16] and it is naive to believe
that it will be possible to turn back the clock and withdraw these
crops with their advantages. The insect resistance traits supplied by
the transgenes in corn and cotton cannot be supplied by other
means. To deny such traits would make many farmers poorer—in
any case the farmers would surely prevent withdrawal of the crops. If
societies choose not to deploy solutions involving transgenes then
advances will come more slowly and some societies will lose sig-
nificantly, especially where alternative solutions are not readily
possible, for example, provitamin A production in rice. The losses
include loss of life, sustained poverty, misery and stress and all the
things that accompany poor health and reduced education. The
over-riding importance of such tragedies in societies and the moral
and ethical issues associated with their continuing existence prompt
the necessity to change the question from ‘can we do without the
use of transgenes?’ to ‘should we do without the use of transgenes?’.

Should we do without transgenes?

The answer to this question depends on where mankind is seeking
to take human existence and the planet. To me there is only one
way forward and that is towards sustaining the highest quality of
life for mankind consistent with sustaining the planet for all time.
This means working rapidly and purposefully towards intensifying
agriculture sustainably to produce the amounts and diversity of
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food needed using as little land as possible. This is to leave plenty
of land to sustain the planet, manage greenhouse gases, provide
renewable energy from biofuels, maintain adequate biological
diversity and land and water for recreation and other amenities.
To achieve this requires, firstly, wise decision-making from gov-
ernments working together down to the smallest villages and
individuals and, secondly, the deployment of safe technologies
to improve food production as rapidly as possible. Nothing less is
acceptable. We should not condemn future generations to more
poverty and hunger or make more difficult the survival of life on
the planet by not developing and using all relevant technology
streams. Risks will always be with us, but the risk of not developing
and deploying technologies to give better options for the future is
the biggest risk. This means accelerating investments in training,
education and the dissemination of valuable proven technologies
in societies.

Concluding comments

From all that is written above, it should be clear that our respon-
sibilities are much more obvious now, because we know what
previous generations did not know. We now know every gene in
the major crop plants and have the ability to learn them for any
new plant. We know how genes have evolved in nature and what
gene systems breeders have selected to adapt our crops to our uses
and fields across the world. We know how to speed up rates of
improvement, create improvements where none were possible
before and produce more on less land. We can describe this
information in great detail and are beginning to design improve-
ments. With all this knowledge our responsibilities have become
sharpened. Of course there are risks in deploying any technology
but to employ the precautionary principle routinely in agriculture
where so many are hungry and enveloped in poverty is condemn-
ing societies to even greater misery and possibly compromising the
ability to manage the planet in beneficial ways for ever. Fortu-
nately agriculture is practised by many millions of farmers all over
the world and so experiments involving new technologies are
being adjudicated year-on-year millions of time. This puts a huge
quality control into the system. All should recognise this. The fast
growing global wireless communication systems will increasingly
enable farmers and consumers, rich and poor, to know what works
well and what does not, what is available elsewhere and what
should be adopted. May the farmers, knowledge generators and
entrepreneurs of the world teach us all, and especially discon-
nected decision-makers and citizens, how to overcome our current
challenges, decade by decade and create the sustainable promised
land for 9 billion people.
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By comparing strategies of genetic alterations introduced in genetic engineering with spontaneously
occurring genetic variation, we have come to conclude that both processes depend on several distinct
and specific molecular mechanisms. These mechanisms can be attributed, with regard to their
evolutionary impact, to three different strategies of genetic variation. These are local nucleotide
sequence changes, intragenomic rearrangement of DNA segments and the acquisition of a foreign DNA
segment by horizontal gene transfer. Both the strategies followed in genetic engineering and the
amounts of DNA sequences thereby involved are identical to, or at least very comparable with, those
involved in natural genetic variation. Therefore, conjectural risks of genetic engineering must be of the
same order as those for natural biological evolution and for conventional breeding methods. These risks
are known to be quite low. There is no scientific reason to assume special long-term risks for GM crops.
For future agricultural developments, a road map is designed that can be expected to lead, by a
combination of genetic engineering and conventional plant breeding, to crops that can insure food
security and eliminate malnutrition and hunger for the entire human population on our planet. Public-
private partnerships should be formed with the mission to reach the set goals in the coming decades.
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Introduction The genetic script

Genetic engineering was introduced around 1970 as a highly
potent strategy for genetic research at the level of DNA molecules,
the carriers of genetic information. This strategy consists princi-
pally of introducing nucleotide sequence alterations into DNA
molecules, such as by site-directed mutagenesis and by splicing
DNA segments from different locations in the genome or from
different kinds of organisms (recombinant DNA molecules).
Genetic engineering has rapidly become an efficient strategy for
structural and functional studies in genomics.

Already at an early time, scientists raised the question of con-
jectural risks of their experimental approach. This led in February
1975 to an international conference held in Asilomar, California.
There, conjectural risks were seen at two levels. On the one hand,
short-term, rapidly manifested risks were proposed to be investi-
gated, case-by-case, under laboratory conditions in analogy to the
medically relevant diagnosis of pathogens and to investigations on
the effects of toxic substances, avoiding any impact on the health
of the investigators. On the other hand, long-term risks could be
expected to become of evolutionary relevance after deliberate
release of organisms carrying genetically modified (GM) DNA.
For the assessment of such conjectural risks, monitoring was
envisaged, as well as a comparison between the deliberate altera-
tion of genetic information by genetic engineering and the natu-
rally occurring spontaneous generation of genetic variants, which
are the drivers of biological evolution. This comparison is the aim
of the present article. It is a follow-up of earlier publications ([1,2];
see also [3,4]).

Principles of the Neo-Darwinian theory of evolution
Any large population of living organisms contains individuals
having suffered a genetic variation. Such variants can be identi-
fied by specifically altered phenotypic traits. These spontaneous
mutants drive biological evolution. Together with their parental
forms, their traits are the substrate for natural selection. The
latter results from the environmental constraints that are exerted
on living organisms by the physico-chemical composition of the
environment and by the activities of other kinds of living beings
in the natural ecosystems. Natural selection, together with the
available genetic variants, guides the direction of biological
evolution. Reproductive and geographic isolations represent
the third pillar (besides genetic variation and natural selection)
of biological evolution and they modulate the process of
evolution.

Towards molecular Darwinism

It is thanks to experimental work on microbial genetics [5] and in
structural biology [6] that we have known for about 60 years that
long filamentous molecules of DNA are the carriers of genetic
information.

DNA molecules are composed of linearly arranged sequences of
four different nucleotides that form specific base pairs in the
double-stranded form of DNA. Genetic information is contained
in the linear sequences of these building blocks, comparable to the
linear sequences of letters in our writing. Remaining with this
metaphor, the genome (i.e. the entire genetic information) of a
bacterium corresponds to one book, whilst the genomes of higher
organisms correspond to many books, ranging up to encyclopedias
of several hundreds to a thousand books. A classical gene, the
determinant for a specific gene product, ranges between a few lines
to about one page. As we will see below, this metaphoric compar-
ison can help us in the comparison of genetic variations caused
either spontaneously or by genetic engineering.

Definition of the term mutation

Note that we use here the terms ‘mutation’ and ‘genetic variation’
synonymously. In classical genetics a mutation is identified by an
altered phenotype that becomes transmitted to the progeny. By
contrast, in molecular, reverse genetics a mutation is defined as an
altered nucleotide sequence. Thus, it is advisable to be aware of this
difference in the use of the term mutation.

Effects of mutations

It is generally known that altered nucleotide sequences turn out to
be only rarely favourable, useful for the organism that has suffered
the mutation. Often, a mutation provides selective disadvantage
by inhibiting to some degree the life processes. In extreme cases
this can be lethal. Also quite often a new alteration in the nucleo-
tide sequence has no immediate influence on the life processes.
These are neutral, silent mutations. Consequently, we cannot
identify evidence for a directedness of spontaneous mutations
and the rates of spontaneous mutagenesis must be kept quite
low under natural conditions not to eradicate life.

Molecular mechanisms of genetic variation
Textbooks often state that spontaneous mutations represent errors
or accidents which occur in the DNA, for example, upon DNA
replication. In view of the now available, more profound knowl-
edge on singled-out events of genetic variation, this concept of
errors does not correspond to the reality. Particularly from experi-
mental research with microorganisms, but increasingly also from
DNA sequence comparisons involving evolutionally more or less
closely related organisms, we know that many different specific
molecular mechanisms contribute to overall genetic variation.
Some mutations are due to intrinsic infidelities of DNA replica-
tion. Short living isomeric forms of biological molecules represent
a prominent source of replication infidelities. For example, a
tautomeric imino form of the nucleotide adenine can no longer
pair with thymine, but it can pair with cytosine. After returning
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into its standard form, adenine’s partnership with cytosine
becomes a mispairing [7]. It is thanks to specific activities of repair
enzymes that most such mispairings, sources for nucleotide sub-
stitutions, are rapidly eliminated after the passage of the DNA
replication fork. Other disturbing effects on local nucleotide
sequences, such as deletion or insertion of one or a few adjacent
nucleotides and the scrambling up of a few neighbouring nucleo-
tides, can also be attributed to intrinsic properties of the replica-
tion machinery.

Other genetic variations are attributed to intragenomic rearran-
gements of DNA segments. Such reshuffling of DNA segments is
generally mediated by recombination enzymes (see ‘Rearrange-
ment of intragenomic DNA segments’).

Still other genetic variations are due to the uptake of segments
of foreign DNA. As a rule, this is also mediated to a large part by
specific gene products (see ‘DNA acquisition by horizontal gene
transfer’).

Natural strategies of genetic variation

On the basis of our knowledge of specific molecular mechanisms
contributing to spontaneous genetic variation, one can concep-
tually attribute each particular mechanism to natural strategies for
generating genetic variants. As we will see, each of the three
strategies here described contributes with a different quality to
the occasional formation of genetic variants and thus to biological
evolution.

Local sequence changes

Replication infidelities, such as those described in ‘Molecular
mechanisms of genetic variation’, represent local sequence
changes affecting usually only one or a few adjacent nucleotides.
Chemical mutagens, either internal or environmental, often cause
local sequence changes as well. Such changes can affect open
reading frames, gene expression control signals or other sequences
that are directly or indirectly involved in cellular functions. One
can expect that only rather rarely will a local sequence change
represent a favourable alteration and provide a selective advan-
tage. But the rare, beneficial mutations represent, in general, a
stepwise improvement of an available biological function.

Rearrangement of intragenomic DNA segments

Contributions to this kind of natural strategy of genetic variation
are usually brought about by the action of recombination
enzymes, that is specific gene products that we call here variation
generators. Such enzyme systems with various specificities are
found in all living organisms.

In the general recombination, more or less extended homolo-
gous stretches of nucleotides (often involving one line to about
one page of the genomic library), become aligned, cut and
repasted, so that recombinants are formed.

Mobile genetic elements, often involving a few lines to one page
of the genomic library, are widespread in living organisms. These
elements can occasionally transpose to another chromosomal loca-
tion. Depending on the characteristics of the involved enzymes, this
process may or may not involve further DNA sequence alterations.
In the microbial world, one has already identified a large number of
specific mobile genetic elements, each following its own specific
mode of recombinant activities (e.g. see Ref. [8]).

Whilst site-specific recombination, in general, reproducibly
splices DNA segments together at relatively short specific or con-
sensus sequences, the underlying enzymes can very occasionally
also use one of a large number of different secondary crossover
sites. These latter, quite rare activities are a good source of evolu-
tionally relevant fusions of different functional domains in the
genetic information [8].

With regard to their contributions to the process of biological
evolution, all these enzymatic variation generators can bring
about an improvement or novel uses of available genetic capa-
cities. For example, fusion between two previously separated
functional domains (gene fusion) may lead to a novel ability,
and the fusion of an open reading frame with a previously sepa-
rated expression control signal can lead to a higher or a lower yield
of the gene product concerned.

DNA acquisition by horizontal gene transfer

Microbial genetics took its fulgurant start some 70 years ago. It
unravelled within one decade the basic principles by which pro-
karyotic microbial organisms can exchange genetic information.
In transformation, free extracellular DNA can be taken up by so-
called recipient bacteria [5]. In conjugation, a donor cell can pair
with a recipient cell and thereby transfer parts of its genetic
information into its partner cell [9]. In bacteriophage mediated
transduction, a bacterial virus can serve as a gene vector after
having incorporated donor DNA into infectious progeny viral
particles [10]. Studies of these processes were facilitated by the
availability of microbial mutants, so that recombinants could be
identified between the involved donor and recipient bacterial
strains. Whilst these processes proved to be efficient as long as
donor and recipient strains belong to the same kind of bacteria,
they also promote genetic exchange between more or less related
microbes, although with much lower rates. As a matter of fact,
several different natural barriers keep the rates of this so-called
horizontal gene transfer at very low levels. Important barriers are,
on the one hand, surface incompatibilities hindering the penetra-
tion of donor DNA into recipient bacteria, and on the other hand,
DNA restriction-modification systems enabled to identify foreign
DNA and to cut it into fragments. Only rarely can such a fragment
find its way to integrate into the recipient genome before its rapid
exonucleolytic digestion [11]. A last barrier acts at the level of
expression of acquired genetic information: the functional har-
mony of the resulting hybrid must not be disturbed, otherwise
natural selection will sooner or later eliminate hybrid forms from
the concerned microbial population. Qualitatively, horizontal
gene transfer can represent an extremely effective step in biolo-
gical evolution, but for the abovementioned reasons, in reality it is
allowed to occur only very rarely. Success of DNA acquisition is
best if it occurs in small steps, involving some lines up to about one
page of the book of bacterial genetic information.

The tree of evolution

With regard to the evolutionary contributions brought about by
the DNA acquisition strategy, we draw the classical evolutionary
tree with occasionally placed connectors between branches [12].
Hence, living organisms must have not only a common past, but
also a common future, at least to some degree. As a matter of fact,
there is increasing evidence that the strategy of DNA acquisition is

www.elsevier.com/locate/nbt 519




REVIEW

New Biotechnology * Volume 27, Number 5 < November 2010

not limited to the world of microorganisms, but it also contributes
to the biological evolution of higher organisms, sometimes span-
ning wide distances of evolutionary relatedness.

A new evolutionary synthesis

On the basis of specific knowledge on molecular mechanisms and
natural strategies for the generation of genetic variants, one can
envisage incorporating this knowledge into the Neo-Darwinian
theory, in analogy to the modern evolutionary synthesis which
around 1940 brought classical genetics together with the Darwi-
nian theory of evolution and which resulted in the Neo-Darwin-
ism [13]. The result of the new evolutionary synthesis can be called
molecular evolution or molecular Darwinism.

Natural reality actively takes care of biological
evolution
As we have seen, the overall genetic variation depends both on the
availability of specific enzymes (acting as variation generators and
as modulators of the rates of genetic variation) and on non-genetic
elements including structural and functional flexibility of nucleo-
tides, environmental mutagens and random encounter.
Enzymes are gene products. For the microbial world it has
become clear that many of these gene products are inessential
for the normal life of a cell from one generation to the next. Their
biological function is clearly to foster biological evolution. We
therefore call their genetic determinants evolution genes.

The duality of the genome

Unexpectedly we realise that not all of the genes carried in a
genome serve for the fulfilment of the life of an individual during
its lifetime. The products of evolution genes serve mainly for a
constant, but slow evolutionary development at the population
level. They serve for an expansion of life, for biodiversity. In other
words, thanks to a well-balanced synergy between products of
evolution genes on the one hand and non-genetic, intrinsic prop-
erties of matter and random encounter on the other, biological
evolution steadily proceeds and nevertheless ensures to indivi-
duals a certain genetic stability, without which life would not be
possible. We assume that in the long evolutionary history of life on
our planet, evolution genes have been fine-tuned for their activ-
ities by second-order selection [14]. Organisms which had become
genetically able to drive evolution by the three described, qualita-
tively different, natural strategies of genetic variation and to limit
genetic variation to tolerably low rates, had an advantage over
others, and this may have led to the functionally fine-tuned
activities that we now observe in today’s living organisms.

From classical to modern biotechnologies
Biotechnology takes advantage of biological functions and fre-
quently uses the available knowledge to facilitate human life.
Increasingly, care for sustainability of the development serves as
guidance for biotechnological applications.

In classical biotechnological approaches, organisms were nor-
mally used as found in nature. Improvements of their envisaged
activities could sometimes be reached by breeding techniques
between related organisms. In more recent times, mutagens served
to increase mutation rates and thus to procure a random improve-
ment of the functions concerned and their availability.

The impact of reverse genetics on modern biotechnology
Reverse genetics makes use of components from genetic engineer-
ing. The sorting out of a particular segment of a genome and the
carrying out of structural and functional studies with such a DNA
segment, can lead to an understanding of its biological functions.
This can be seen as fundamental research. In view of envisaged
innovative applications, scientists may try in translational
research to obtain improvements by site-directed mutagenesis,
affecting the open reading frame of the gene in question. This
can alter the gene product in a particular functional property.
Alternatively, such mutagenesis exerted on the expression control
signal may alter the yield of the envisaged product. In contrast to
the possibilities of classical biotechnology, one can try in modern
biotechnology to introduce the specific genetic information into
another organism that might be more appropriate for the biotech-
nological production and further use of the envisaged products.
These novel possibilities make modern biotechnological applica-
tions increasingly attractive.

Evaluation of conjectural long-term evolutionary risks of genetic
engineering

Let us now compare the kinds of genetic variations carried out in
genetic engineering with those acting in the natural, sponta-
neous generation of genetic variants. In both cases, the same
three strategies of genetic variation are involved: small local
sequence changes, intragenomic DNA reshuffling and acquisi-
tion of external, foreign DNA by horizontal gene transfer. Both in
genetic engineering and in natural biological evolution, similar
amounts of nucleotides are thereby generally involved, ranging
from one letter to one or at most a few pages of the genomic
encyclopaedia. In view of the implication of similar molecular
mechanisms and similar amounts of DNA sequences involved in
these genetic variations, one can expect that conjectural risks are
also comparable for the natural biological evolution (including
classical breeding techniques) and for genetic engineering. There
is no scientific reason to claim that genetic engineering, as an
efficient research strategy, would bear particular conjectural
evolutionary risks. From our long-term experience, we know
that neither natural evolution nor classical breeding activities
have caused major, noted disasters in the living world. It is thus
highly unlikely that such disasters could result from genetic
engineering.

In this context, it is, nevertheless, advisable to maintain care-
fulness in human contributions to the process of biological evolu-
tion. This responsibility should equally concern contributions by
genetic engineering and by classical breeding. Scientific know-
how is today available to test carefully in a case-by-case approach
the kinds of alterations introduced into DNA sequences, and thus
also into functional gene products, before their release into the
environment for the benefit of humankind and of our natural
environment. Available scientific knowledge and potent investi-
gation methodology represent an efficient and effective basis for a
priori responsibly carried out technology assessments before GM-
organisms, either as produced by genetic engineering or as selected
by classical breeding, become released into the environment. Any
decision taken on such releases should be based on the specific
biological functions involved, not on the ways by which the
selected organisms were produced.
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A road map for future agricultural biotechnologies
In the long past history of agriculture, selection of food plants did
largely follow the principle of trial and error. Random mutagenesis
in the absence of knowing the physico-chemical basis of genetic
information can nowadays be seen as blind genetics. As we have
discussed in ‘The impact of reverse genetics on modern biotech-
nology’ and ‘Evaluation of conjectural long-term evolutionary
risks of genetic engineering’, much more powerful research stra-
tegies are now available, both to stepwise alter genetic information
and to assess the effects that such alterations can cause. In addi-
tion, rapid advances in genomics, proteomics and metabolomics
provide us a wealth of knowledge on genetic functions and on
nutritional requirements for our daily diets. This situation enables
us to envisage programmes to specifically improve nutritional
values of our common food plants. A convincing example is the
so-called golden rice which provides us the required amounts of
vitamin A [15]. In following this example, one can expect that it
should be possible to enrich the nutritional values of our common
food plants with various capacities to ensure nutritional require-
ments for the entire human population of our planet. At the same
time, one should also envisage improving the health of the food
plants themselves, both during their growth and during storage.
With this idealistic goal in mind, a road map has been described
[16] that might serve as a guiding principle for the next few
decades of agricultural development. The proposed road map
respects environmental constraints such as the limited availability
of fertile soils and of fresh water, and it also respects the preserva-
tion of a rich biodiversity and of the climate. In other words, the
envisaged development is expected to be highly sustainable.
Under these conditions, priorities must be set for agricultural
biotechnologies. A high priority should be given to the production
of food for humankind. As we have already outlined, GM crops
should be envisaged to have good health themselves and to ensure
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Needs for and environmental risks from
transgenic crops in the developing world
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The developing world has many unique constraints to crop production and, lacking inputs, they are best
overcome if solutions are seed borne. Classical breeding cannot overcome many of these constraints
because the species have attained a ‘genetic glass ceiling’, the genes are not available within the species.
Transgenics can supply the genes, but typically not as ‘hand me down genes’ from the developed world
because of the unique problems: mainly parasitic weeds, and weedy rice, stem borers and post-harvest
insects, viral diseases, tropical mycotoxins, anti-feedants, toxic heavy metals and mineral deficiencies.
Public sector involvement is imperative for genetically engineering against these constraints, as the
private biotechnology sector does not see the developing world as a viable market in most instances. Rice,
sorghum, barley, wheat and millets have related weeds, and in certain cases, transgenic gene containment
and/or mitigation is necessary to prevent establishment of transgenes in the weedy relatives.
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regional predominance of single crops. The world as a whole is not
much less diverse with 80% of human and livestock calories
coming from but four crops. This lack of crop biodiversity is
frightening considering what a single new disease or other con-
straint might do to these four, wheat, rice, maize and soybeans.

The globalisation of a few crops is actually due to the greater
genetic diversity within these few crops allowing them to be
cultivated in many areas. Indigenous or other crops do not have
the same genetic potential to spread and overcome constraints; if
the necessary genes are lacking, no amount of traditional or
sophisticated breeding can cause them to come forth; each crop
has its own ‘genetic glass ceiling’ [1], which can only be breached
by bringing the needed genes from wherever they might occur by
genetic engineering. Even the four major crops have their own
genetic glass ceilings, as demonstrated by the phenomenal success
of engineering herbicide resistance or insect resistance into their
genomes, allowing cost/environmentally friendly control of weeds
and insects. The Irish potato famine could have been obviated and
present extensive fungicide use can be replaced by transgenes
conferring blight resistance that have been generated [2], but
not commercialised.

A number of constraints to developing world agriculture are
described below as examples of problems that have not been
solved by breeding owing to lack of endogenous genes, with
possible biotechnological solutions. One major constraint — the
lack of pro-vitamin A from grain crops, is discussed in a separate
paper in this issue. Many of these solutions will have to be
developed by the public sector, as there is not enough interest
by the large, major crop, developed world focused, multi-
nationals. They will then have to be commercialised by public—
local private sector cooperation. Only the agronomic constraints
are discussed below, not the infrastructural problems that must be
solved by politicians and cannot be solved by biologists and
genetic engineers.

While all transgenic crops released so far are clearly devoid of
environmental risks, and do bear environmental benefits [3], there
are instances where there can be agro-environmental risks. These
risks are limited to those cases where a crop has a weedy relative
that could become more competitive should the transgene intro-
gress (cross into) the weed. This is especially risky with herbicide
resistance in rice, sorghum, wheat, barley and sunflowers, which
do have such pernicious weedy, interbreeding relatives. Still, there
are genetic engineering solutions to limit the gene flow and to
mitigate it by preventing the weeds from being competitive.

Major weed problems requiring genetic engineering
solutions

While there are many weeds that require control, most can be
controlled by herbicides, whose use is becoming universal, except
in Africa where manual (usually ‘femanual’) control predominates.
Two such major weed problems not amenable to present herbi-
cides or manual control nor to breeding, are described below.

Weedly rice in rice

Rice culture is rapidly being transformed from back-breaking,
labour-intensive hand transplanting to direct seeding into the
paddy. Hand transplanting gave rice a month head start over
weeds. Most weeds in direct seeded rice can be controlled by

herbicides, except one, a weedy form of rice that has evolved in
farmers’ fields to a form that spills its seeds before crop harvest
(‘shatters’) and is taller than rice, and often the few seeds that
remain and contaminate the crops seeds have an undesirable tell-
tale red colour. The weedy rice problem is a major constraint where
direct seeding started first: the Americas, Europe and now Thai-
land, Vietnam, Malaysia and elsewhere [4,5].

Solutions to weedy rice: All herbicides that control weedy rice also
kill rice. They are botanically the same interbreeding species, and
thus have the same metabolism. Only countries that heavily
subsidise rice cultivation can use expensive machinery to trans-
plant rice seedlings, and workers are unwilling/unavailable to
return to transplanting, even in some of the poorest countries.

Developing herbicide resistant rice has been a proven solution.
A mutant rice was found that was resistant to the acetolactate
synthase (ALS-AHAS) inhibiting herbicides and has been widely
commercialised as a solution [6]. Additionally, genetic engineers
have developed rice resistant to the herbicides glyphosate [7] and
glufosinate [8], and both kill the weedy rice.

Even though rice is ‘cleistogamous’, pollinating itself before the
flowers open, there is some pollen transfer, and the ALS resistance
gene has spread rapidly into weedy rice, wherever used [4]. In some
places the herbicide resistant rice was withdrawn, and the trans-
genic herbicide resistant rice was not released, as it was demon-
strated in the laboratory that there would be gene flow [9].

This gene flow can be mitigated, as described in a later section.

Parasitic weeds

Root parasitic weeds (Orobanche spp.; Striga spp.) are widespread.
Orobanche spp. (broomrapes) attack grain legumes, vegetable crops
and sunflower especially around the Mediterranean basin into
Eastern Europe. The only solution to broomrapes was to fumigate
the infested soil with the now banned methyl bromide, and was
affordable only for expensive ‘truck’ crops. Striga (witchweed)
species attack maize, sorghum, millet and grain legumes through-
out much of sub-Sahara Africa, and are a major reason for the low
productivity in these areas, where they have a 20-100% yield
reduction in any given season [10,11].

These root parasites attach only to host crop roots, waiting for a
host root to pass nearby, stimulating germination and attachment.
They do most of their damage while still underground. When the
flower stalk emerges late in season, it is a sign to the farmer that the
crop has been devastated. Pulling up stalks by hand does not help
this year’s crop, and actually can damage the crop root system, but
does prevent each stalk from dropping tens of thousands of tiny
seeds back into the soil. Some herbicides can control the emerging
stalks but few farmers can afford to spray when they know that this
season’s crop is partially or fully lost.

Solutions to parasitic weeds: Some crop rotations, sanitation,
hand roguing to prevent spread can reduce the problem. One
intercrop, Desmodium can prevent Striga development in limited
geographical areas in Africa, and its foliage is excellent cattle/goat
fodder [12].

There has been considerable success with breeding sorghum for
Striga resistance, but it requires a complicated combination of
separate recessive genes each on different chromosomes, control-
ling partial prevention of secretion of germination stimulation,
partial inhibition of attachment structures and then attachment,
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and partial inhibition of penetration of the crop vascular system
[13]. This has been successful enough to rightly cause the super-
breeder Gebisa Ejeta to be awarded the 2009 World Food Prize for
this work. Sorghum co-evolved with Striga in Africa and thus
possessed these modicums of resistance that could be combined.
Maize was introduced to Africa and breeding for resistance was less
successful, although periodically there are publications claiming
some resistance, claims that later seem to vanish.

Biotechnology has been and can be helpful. Transgenic her-
bicide resistance is a simple workable solution, well demon-
strated in the laboratory for Orobanche [5,14-17]. It has not
made it to the field, except for transgenic glyphosate resistant
maize, released in South Africa, where there is no Striga. A tissue
culture derived, herbicide resistant maize mutation has been
crossed into African maize varieties and hybrids and has been
released [17-19]. It has a novel cost-saving technology advance;
instead of spraying the herbicide over the whole field, the her-
bicide is applied to the seeds before planting [18], requiring over
90% less herbicide than that required when sprayed. A similar
mutation was found in sorghum and is being readied for com-
mercialisation [20].

Once the needed sorghum genes are isolated and cloned, they
could be transformed in a single, dominantly inherited construct
containing a group of clustered genes, which would be a very
effective strategy. Such resistance could easily be backcrossed into
local varieties and land races preserving crop biodiversity, because
it is inherited as a single dominant gene and not four separate
recessive genes. Perhaps the resistance genes from sorghum, once
isolated, could be stacked with those responsible for Desmodium
allelochemical production, along with resistance genes being
found in cowpea [21] and rice [22], all into minichromosomes
[23] or into the genome at one locus. It would be very hard for the
parasitic weeds to overcome such resistance and many crop species
could be engineered with the same gene cluster.

Other approaches are also beginning to work [24] after initial
reports of failure [25]. RNAi constructs encoding genes that sup-
press parasite-only metabolic pathways have been engineered into
the crop. The present constructs only lower the number of emer-
ging Orobanche attachments on the transgenic tomatoes where
this was tested [24], but presumably with different gene config-
urations and promoters, it will soon be possible to use this tech-
nology effectively.

What risks might resistance to parasites have? The parasite-
affected crops with interbreeding weeds are rice, sorghum, sun-
flower and carrots. What parasite-resistance traits might confer a
fitness advantage on the weeds? Clearly herbicide resistance would
- but only where herbicides are widely used, and are sprayed. Little
herbicide is actually used in Africa, and only when herbicide is
used would there be an advantage. If the crop seed alone is treated
with herbicide, only resistant weeds within less than 15 cm of a
crop would be affected by the herbicide [26]. The rest would not,
and there would be no advantage to the resistance genes. Those
developing the non-transgenic herbicide resistant sorghum use
the above as excuses why they do not fear gene flow. Conversely,
one cannot prevent the mutant gene from moving, as a similar
mutant moved in rice. There are ways to preclude such movement
or mitigate its effects with transgenics, as discussed in a later
section.

Insect constraints to crop production requiring biotech
interventions

Stem borers

Lepidopterous insects are major problems on grain crops in the
developed and developing world [27]. Besides the damage to yield
by their feeding, winds easily knock over the larvae-hollowed
stems, causing breakage before harvest. These insects are also
vectors of disease causing fungi, including those Fusarium species
that secrete fumonisins, that cause oesophageal cancer in humans
and other syndromes in livestock.

These and other lepidopteran insects have been controlled by
spraying organophosphate or other insecticides in the developed
world, or as small pinches of granular insecticide by bare hands or
as drops of liquid formulations with a medicine dropper into the
leaf whotl of maize in Africa. Organic agriculture has used sprays of
dried Bacillus thuringiensis (Bt) bacteria to control these insects.
Genetic engineers isolated the gene encoding the active toxin in Bt
and inserted the gene directly into the crop, obviating the need for
the middleman. Such maize and cotton is widely grown in the
developed world (the Americas, Spain, China, India and South
Africa) [3], and maize varieties are being developed by the public
sector for other areas of sub-Saharan Africa. The problem here
though is one typical of how the developing world is given ‘hand
me down genes’ that do not always fit. The strains of Bt genes that
have been given to Africa are appropriate for the European corn
borer and not for the African corn borer. The strains thus far
developed have not been compared with the more limited
approach to stem borers (and Striga) of co-cultivation with Desmo-
dium [12]. Synthetic Bt strains that should be far more effective in
Africa are not being used [28], probably because they would require
undergoing new regulatory procedures. Various Bt genes are
needed in other crops as well.

It is not clear whether such Bt genes in sorghum (for example)
would confer a selective advantage to weedy sorghum should it
move.

Grain weevils and moths

Post-harvest insects are especially bad pests, especially in humid
tropical countries where grain cannot be properly dried and where
closed storage facilities are lacking, especially on the farm. Not
only do the insects wreak havoc on the grain, leaving it part-eaten
and full of larvae, but also they are vectors for the Aspergillus
species that produce aflatoxins [27]. These mycotoxins prevent
liver adsorption of food at low doses, increase the risk of hepatitis,
liver cancer at higher chronic doses and can cause rapid death at
acute doses.

There is little published effort on finding transgenes that can
prevent attack by these pests in cereal grains but there has been a
modicum of success with legumes [29].

There should be Bt genes that deal with these pests, but such
efforts to screen for them are unknown. When companies posses-
sing huge libraries of Bt strains were canvassed in the past, they
said they had no interest in making their libraries available for
post-harvest insect control in the developing world [27].

Diseases where the breeders have not found resistance
There has been little effort to find transgenes that confer resistance
to fungal diseases, even with the threat of new wheat rust strains
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appearing out of Africa. This is less the case with viral diseases
where one can use the viral genes either to produce coat protein in
the plant, precluding viral growth, or using anti-sensing or RNAi
constructs against viral genes transformed into the crop. There has
been some success with this approach with cassava [30] and maize
streak [31] viruses.

Mobilisation of minerals/prevention of mineral uptake
Many of the inputs that seem inexpensive in the developed world,
are expensive in the developing world; fertiliser costs 4-6 times
more in real terms and far more relative to farmers’ income. Many
soils contain considerable amounts of phosphate, which alas is
unavailable to plant roots. Various transgenes are being tested that
‘mobilise’ soil phosphorus rendering it available to plants [32].
Similar genes are needed to mobilise iron, especially for crops
cultivated in high pH soils. Conversely, some minerals are at toxic
levels in many soils and gene systems are needed that can exclude
them from the edible portions of plants. Minerals that need to be
excluded include aluminium, arsenate and cadmium. This is an
active research area [33].

Transgenes to deal with toxins/anti-feedants

Diets are often monotonous and bad in the developing world.
Some foods are fine if mixed into a diet, but are basically poisonous
if they are the sole or major source of nutrition. As discussed
earlier, poor control of insects not only lowers yield, but also
vectors pathogens that release mycotoxins. A few examples of
such problems are described below to provide a feeling of how
genetic engineering can overcome such problems. The reader
should note carefully that most of these problems do not have
a sufficient market value to justify involvement of private bio-
technology companies (except to sell seed) whereas the public
health aspect justifies public sector involvement.

Phosphorus fertiliser is expensive and resources are being
rapidly depleted. Much of the phosphate in the plant ends up
as a polymer, phytic acid, which cannot be degraded by mono-
gastric animals, necessitating addition of phosphorus to feed.
Phytic acid binds iron and zinc rendering them unavailable to
monogastric animals (including humans), engendering dietary
deficiencies despite the presence of these minerals. Genes prevent-
ing the biosynthesis of phytic acid in seeds can be transformed into
crops, and/or a gene encoding phytase, which degrades phytic acid
can be transformed into crops [34]. Either way one gets adequate
dietary phosphorus, iron and zinc without added cost.

Pearl millet, when a major component of the diet, causes goitre
because it contains vitexin, which inhibits thyroxin production
[35]. The genes encoding vitexin biosynthesis are known [36], and
using antisense technology can be suppressed, preventing this
problem [1]. Grasspeas contain a compound causing a syndrome
known as lathyrism [1]. Suppressing this transgenically will be
harder than dealing with vitexin, as the genes encoding the path-
way have yet to be isolated.

Soybeans contain allergens that cause severe diarrhoea in
infants ingesting soy based milk. This can be crucial for mothers
unable to afford more expensive cow’s milk in poor countries. The
genes that have been isolated can be used to suppress the produc-
tion of the major allergen [37]. Hopefully the day will arrive when
infant formula will bear the label ‘contains only soybeans geneti-

cally engineered to contain no allergens — does not contain aller-
genic native soybean products’. This reduced allergy soybean will
also allow the use of more soy meal in feed pellets for aquaculture,
reducing the need for fish meal.

Genes that encode enzymes degrading mycotoxins have been
isolated [38], but have not been deployed in crops for fear of public
reaction. It is sad that it is perceived that the public prefers liver
damage, cancer and so on over genetically engineered products.
Those who mould public perception by misinformation and dis-
information should have second thoughts about their ethics.

Wasted feed in biofuel crops proposed for the
developing world

Much is being made of the efforts to attain fuel sufficiency by
cultivating oilseed crops such as castor bean and Jatropha (common
name: vomit nut) [39]. These related species produce related toxins,
ricin and curcin, respectively, among the most potent toxins
known. The literature about them uses understatement in saying
that the residual material after oil extraction is ‘inedible’ (when it is
poisonous). The high protein meal is to be used as ‘manure’ without
any environmental impact studies to see what the long lasting
poisons do to soil biota. To throw away what could be excellent
animal feed seems scandalous in areas of the world where there is
little animal protein in the diet. The genes encoding both curcin and
ricin are known, which would allow facile genetic engineering
suppression of toxin production [39]. Should these undomesticated
species be cultivated without dealing with the toxins as well as other
issues such as seed shatter, non uniform ripening, need for hand
picking and other traits, which render these hard to cultivate?

Environmental biosafety considerations - gene flow
There has been a considerable amount of dissemination of disin-
formation on how transgenes might wander from crops and
introgress into unrelated species (horizontal gene flow) as well
as into related wild species [1]. These are specious claims; hori-
zontal gene flow among unrelated species is very common among
bacteria. While known in evolutionary time, it is virtually
unknown in human time in higher species. Because both the
number of pollen grains drops off exponentially with distance
and pollen vitality also drops off with time, it is likely that only
small amounts of pollen will go from a crop to a wild species in
nature. This rare pollen will compete with native pollen. As the
crop and wild species are different, the crop pollen would have to
overcome species recognition barriers and even if successful, the
hybrid would either be sterile or unfit to compete with the wild
type. Survival of the fittest is fierce in plants where hundreds of
seeds compete to replace a parent plant. Thus, transgenic crops
crossing with wild relatives is not much more of a problem than
non-transgenic crops crossing with wild relatives.

That does not mean that there can be no problems from gene
flow; as discussed above with non-transgenic herbicide resistant
rice there is indeed a problem. The problem is not of gene flow to a
distant relative in the wild habitat, but to a weedy form of the crop,
adjacent to it in the agro-ecosystem [40]. It is here where solutions
to gene flow are needed, as described with non-transgenic rice.
Fascinatingly, there are no regulatory restrictions to cultivating
non-transgenic herbicide resistant rice owing to gene flow issues,
but these issues are considered when, instead of a transgene, a
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mutant gene is used. With the transgene, there are ways to pre-
vent/delay gene flow; no such failsafe mechanisms exist with the
mutant genes.

There are two ways to deal with gene flow; before it occurs
(containment) and after it occurs (mitigation), as described below.

Containing gene flow

Many methods have been proposed but only some have been

tested [1]. These include:

- Engineering the transgene onto the chloroplast genome instead
of the nuclear genome. If there is maternal inheritance of
chloroplasts, pollen from the crop cannot transfer the trait. This
is incorrect about 0.4% of the time, as that amount of pollen
transfers the chloroplast genome. More importantly, the
proponents ignored that the related weed could pollinate the
crop giving an identical hybrid, but with the transgene. The
related weed can be the recurrent pollen parent transferring the
trait into the weed.

- Use GURTs. Genetic Use Restriction Technologies (more
expressively called ‘Terminator Genes’) are technologies that
allow a crop to be cultivated for a single season, and progeny
from outcrosses would also die. Still, the transgene could flow in
the fields used to produce seed (<1% of agricultural fields).
Whether GURTS are 100% suicidal is unclear, as they have not
been deployed.

- Single generation transformations. Various attenuated plant
viruses can be used as vectors to introduce transgenes into
crops. Some of these viruses are not transmitted by seed or
pollen, so the transgene DNA cannot be disseminated to weedy
relatives of the crop. The technology is presently cumbersome
and has not been commercially deployed.

Mitigation of transgene flow

Mitigation is based on co-inheritance of the transgene of choice,
which may provide a selective advantage to a weedy relative, with
a mitigating transgene that renders the weedy recipient unfit to
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compete with cohorts [40]. This mitigator gene can encode a trait
that is either neutral or beneficial to the crop. These two (or more)
transgenes are transformed into the crop in a tandem construct
(are covalently bound to each other) and thus will be inherited
together, and will very rarely segregate from each other. Wherever
the gene of choice goes, so goes the unfit mitigator [41].

Typical mitigating genes are:

Anti-shattering genes, which prevent seeds from falling to the
ground, resulting in their being harvested.

Dwarfing genes — increase yield of crops (e.g. the first green
revolution) but render weeds non-competitive.

Uniform germination genes — desired in a crop but prevent
weeds from having a ‘hedge’; if they all come up together they
can be exterminated together.

Susceptibility to a herbicide not used in the current season with
the transgenic crop, but used in the following season [4].
Other genes can be used for special purposes, such as non-

bolting (no premature flowering) with various root crops, or
sterility for vegetatively propagated crops such as potato.

Concluding remarks

There are often ample alternative inputs to transgenic crops, and a
great biodiversity of affordable food in the developed word. Such
luxuries are not as widespread in the developing world. Thus, it is
that transgenics have much more to offer the developing world
than the developed. In some developing world crops, it will be
necessary to insert failsafe mechanisms to mitigate gene flow from
crops to weeds. The public sector will have to perform the product
development needed in most instances, as the multi-national
private sector does not understand the market or its needs. In
the developed world, transgenics have not substantially increased
yields, but have reduced inputs and thus increased profitability. In
the developing world where the inputs were too costly, transgenic
crops can vastly increase yields by inexpensively providing the
input in the seed. It is not hard to double yields, when they are a
third of the world average.
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Does the use of transgenic plants
diminish or promote biodiversity?

Peter H. Raven
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The protection of biodiversity and of ecosystem services ought to be a top priority, taken into
consideration in the course of all human activities, because we depend on it fully now and for
the future. In this context, we note that the ecological problems related to the cultivation of GE
crops fail to differ in any fundamental way from the ecological problems associated with
agriculture in general, except that they usually involve the application of much lower quantities of
chemicals and thus tend to leave the environments in and adjacent to where they are grown in better
condition than do the conventional ones. Higher productivity on cultivated lands, which is one
outcome of growing GE crops, protects biodiversity by sparing lands not intensively cultivated,
whereas relatively non-productive agriculture practised is highly destructive to biodiversity, since it
consumes more land in an often destructive way, even though more biodiversity may be preserved
among the crops themselves than in industrialized, large fields, especially if hedgerows and
woodlands are not encouraged in near proximity. The major preservation of biodiversity, however,
does not take place among crops! If weeds are present that are closely related to the crops, they may
acquire immunity to the effects from which the crops were protected and be more difficult to control
among them. The production of superweeds as a result of hybridization between cultivated crops and
their wild relatives is essentially a myth. The definition of ‘organic’ production in the U.S. and
elsewhere unjustifiably rules out GE crops, often in such a way as to damage the environment more
than would be the case otherwise. Unless the definition of ‘organic’ is a problem, or close relatives to
the crops are weedy among them, there seems to be essentially no ecological risk involved in growing
GE crops.
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For reasons that remain somewhat obscure, several institutions
and well-intentioned individuals continue to oppose the use of
contemporary genetic techniques to enhance the properties of
crops. There is no scientific evidence that the process of transfer-
ring genes from one kind of organism to another poses intrinsic
problems. Further, not a single one of the hundreds of millions of
people who regularly consume foods produced by GE plants has
become ill as a result of eating such foods. As I will review now, the
ecological problems often supposed to be related to the cultivation
of such crops do not differ in any fundamental way from the
ecological problems associated with agriculture in general. Not-
withstanding the evidence, all of these points continue to be cited
as reasons that it supposedly problematical to grow crops with
features that have resulted in part from the application of these
particular methods.

Here we are concerned with direct and indirect effects of culti-
vating GM crops on biodiversity. The preservation of biodiversity
is of major importance to human beings and to our prospects for
the future. Our ancestors evolved as one of millions of species on
earth and we are entirely dependent on biodiversity for our
existence here. All of our food comes directly or indirectly from
plants. Plants provide all of the medicines used by a large majority
of the people on earth and a large fraction of prescription drugs
came originally or still come from organisms. In communities and
ecosystems, the relationships between organisms preserve topsoil,
regulate the run off of water, and often determine local climates.
The beauty of organisms supports us and uplifts our spirits,
inspires our art and fills our days with delight.

During the half century in which we have enlarged our under-
standing of the functioning of genes and molecules, it has become
evident, as Dick Flavell emphasized, that our hopes for the future
rest, in large part, on our ability to understand and to utilize the
properties of biodiversity wisely. Our level of understanding now is
very poor. Of the estimated 12 million or more species of organ-
isms other than bacteria or viruses, we have so far named 1.7
million and we know next to nothing about the great majority of
these. We are naming approximately 10,000 additional species a
year, so that it would take us more than a century to give names to
those we believe exist now. That will not be possible, however,
because of the rate at which species are disappearing. Comparing
rates of extinction that can be measured in the fossil record with
those estimated to be occurring now, we can state that the rate of
disappearance of species has risen over the past 10,000 years, and
especially recently, from about 1 species per million per year to at
least hundreds of species per million per year.

At that rate, and considering the progressive destruction of
habitat, the spread of invasive species in natural habitats and
the loss of habitat to global warming, as many as two-thirds of
all species in existence now could disappear within the course of
this century. That would be a loss comparable to the one that
occurred 65 million years ago, at the close of the Cretaceous
Period. At that time, the nature of life on earth changed funda-
mentally and the tempo of evolution was not recovered for an
estimated 10 million years. For us, it would mean an enormous loss
of our capacity to benefit from the properties of those organisms
and an impoverished, less sustainable, and less healthy earth. To
ignore the loss we are causing is truly unwise from any perspective.
The great American conservationist Aldo Leopold put it this way:

‘The first rule of intelligent tinkering is to save all the cogs and
wheels.’

What is the role of GE crops in driving the extinction of life at
such frightening rates? Plainly, the spread of agriculture itself over
the past 10,500 years has greatly lowered the survival rate for local
biodiversity and of the world’s biodiversity as a whole. A major
effort is made in cultivated fields to exclude all organisms except
for the one being grown. Exceptions are, of course, made for
pollinating insects and some other beneficial forms, but the prin-
ciple remains generally true. It is obvious that cultivating crops
over an estimated 11% of the earth’s land surface limits the extent
of biodiversity both locally and generally. Considerations of the
effects of GE crops on biodiversity must begin with an under-
standing of this relationship. Providing food for a rapidly increas-
ing human population, currently estimated at 6.8 billion, has led
to the elimination of a large fraction of the world’s biodiversity
over the past 10,500 years, as the human population increased and
agriculture spread and intensified. When crops were first domes-
ticated, the entire human population amounted to several million
people, a number that has grown over approximately 400 genera-
tions (10,500 years) to its present level. As this rapid growth has
taken place, the lowlands of tropical, subtropical and temperate
regions have been stripped of more than half of their original
vegetation, the remaining natural habitats often persisting only in
relatively small patches.

With the exception of the agroforestry systems developed in
recent decades, we may say that the more intensive the agriculture,
the fewer weeds persist in cultivated fields; this in turn results in
reductions in the populations of insects, birds and other animals
that feed on the weeds or on the cultivated plants themselves.
Traditional small fields may include more biodiversity than large,
industrial-scale ones, because they are likely to fit into the natural
landscape better and to be less intensively cultivated. The biodi-
versity that remains in a large field of hybrid maize or a rice paddy
is limited, even though the crops in these cases are not products of
genetic engineering. Agricultural fields have been increasing in
size and intensity of cultivation for centuries, with the inevitable
result that transgenic technologies are particularly useful there,
although their use is in fact size neutral with respect to the fields.
The effects of agriculture, often including the use of a high
proportion of the regionally available water or the application
of large amounts of pesticides or herbicides that drift regularly into
the surrounding ecosystems, are profound and can be devastating
[1]. When GE crops are grown, some of these negative effects can
be avoided or ameliorated because of the particular characteristics
of the GE crops (e.g. [2]). Are there also specific negative effects of
the cultivation of GE crops on the environment? In the following,
we shall review and evaluate the suggestions along these lines that
have been offered by various authors.

Modern agriculture is more efficient and much more highly
productive than earlier kinds of agriculture, which would not have
been adequate to support the numbers of people that now inhabit
the Earth. Milpas sprawling over the hillsides of southern Mexico
have low yields of maize, but they also incorporate many other
useful and medicinal plants. If human populations remain low,
such methods of cultivation serve them well; as the population
grows, the kind of production levels attained in the large fields of
northern Mexico are necessary to keep pace with the need to feed
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the higher numbers of people. Overall, the level of maize produc-
tion in Mexico is insufficient to supply the amounts necessary for
domestic consumption; the situation can be alleviated only by
achieving increased productivity, but the conservative agricultural
practices that are prevalent in various regions of the country have
made it difficult to achieve an adequate yield.

Historically, agricultural improvements have tended to spread
rapidly. When hybrid maize was planted on hundreds of thou-
sands of acres in the central U.S. starting in the 1930s, few under-
stood the principles of hybrid vigor or the double-cross method of
producing the maize; yet there was relatively little objection to the
large, high-yielding fields that resulted from this technical
advance and a great deal of pleasure with the results. Clearly,
the lower-yielding maize fields that existed up to that time had
held more weeds and hence more biodiversity, but that was seen as
an undesirable situation, holding back the implementation of a
new kind of highly productive agriculture. Times change, and the
degree of difficulty in achieving public acceptance of GE technol-
ogy could not have been imagined a few decades ago.

Central to lessening the impact of agriculture on biodiversity is
the way the bordering lands, roadsides, hedgerows, patches of
woods, relict prairies and other natural communities persisting
among the agricultural lands are managed. As mentioned above,
and for example, herbicides drifting from the fields sometimes
have very negative effects on the health of native vegetation, and
pesticides may Kkill very large numbers of other organisms in the
surroundings of the fields. There is ample evidence that maintain-
ing a sort of overall balance in the countryside helps to support
ecological services, such as those provided by healthy populations
of predators (birds, insects, other animals that help control crop
pests), as well as pollinators that visit the flowers of many crops
and help to insure good seed set. Weeds may spread from the fields
into neighboring habitats with results damaging to biodiversity, a
topic to which we shall return.

The overall genetic diversity of the maize crops grown in the
United States and eventually elsewhere was clearly decreased by
the widespread planting of hybrid corn, but the insertion of
transgenes to enhance the characteristics of particular crops is
scale-neutral. Thus more than 700 varieties of soybeans grown in
the United States have been made glyphosate resistant and the
overall number of different strains grown is no different than it was
before the more efficient methods of cultivation involving GE
strains were developed. Similarly, the deployment of individual
strains of hybrid corn, which does not involve the precise transfer
of individual genes, means that many original parents are used to
produce the strains that have the highest yields in particular,
relatively small, regions. In short, the application of GE technol-
ogy to the improvement of crops does not, in itself, limit the
overall diversity of the crops, whereas the development of modern
agriculture, in which certain genetically defined strains are grown
over wide areas and other strains that were cultivated locally earlier
may disappear, does. The preservation of genetic diversity in crops
is important and of general interest, but the appearance of GE
crops did not cause the problem or advance its spread.

A very limited amount of additional arable land is available for
the spread of crop agriculture. It is of the utmost importance that
the land cultivated now be utilized in the best possible way; doing
so will do a great deal to protect biodiversity by preventing further

incursions into formerly undisturbed habitats. To attempt a switch
to the less productive forms of organic agriculture worldwide
would, in this sense, be a tragic mistake, leading to the destruction
of large areas where species survival would suffer greatly as a result.
A special word about biofuels is in order at this point. If they can be
cultivated in marginal lands not now cultivated, biodiversity will
suffer greatly; if lands are taken out of conservation reserves to
cultivate biofuels, biodiversity will again suffer greatly. Producing
ethanol seems to require more energy than it generates, and while
biofuels of some kind will clearly be a part of our future energy
budgets, we must plan for it carefully and in view of the potential
for further destruction of life.

Aside from the environmental effects of chemicals used in
connection with growing GE crops, which we will treat subse-
quently, or the possible effects of toxins or other chemicals pro-
duced within crop species when the plants decay, also to be treated
subsequently, the possible effects of GE crops on biodiversity
include the following categories: (a) gene flow to weedy or wild
relatives; (b) the transfer of genes from the GE crop to non-GE
crops of the same species; (c) the possible production of new,
aggressive weeds as a result of hybridization between the GE crop
and wild or weedy relatives; (d) the effects of the chemicals
produced by certain GE plants on non-target species. Each of these
will be discussed in with respect to the probability of the events
and the effects that might follow their occurrence.

Gene flow to wild or weedy relatives of crops
Gene flow between crops and their wild or weedy relatives has
been a constant feature of agriculture ever since people began to
cultivate plants. As many authors, starting especially with Edgar
Anderson, have documented, hybridization of this kind has had a
major role in enhancing the genetic variability of both the crops,
facilitating the selection of suites of desired characteristics, and of
their weedy or wild relatives. In some cases, as for example in the
origin of hexaploid (2n = 42) bread wheat (Triticum aestivum), the
hybridization has been followed by polyploidization, stabilizing
the hybrid and its characteristics as an object for further selection
through selective planting in the mixed fields. In others, as in the
origin of maize (Zea mays), repeated backcrossing and selection of
plants with improved characteristics from wild relatives, teosintes,
has facilitated the assembly of the characteristics of modern maize
over a period of perhaps 7000 years in southern Mexico. There are
no naturally occurring plants that resemble either bread wheat or
maize, and of course bread wheat can form fertile hybrids only
with other hexaploids. Maize, by contrast, can hybridize with
teosintes that have the same chromosome number (2n = 20)
and the characteristics of the wild and cultivated plants can be
recombined in different ways both in the crops and in their wild
relatives. The diversity of local strains, land races, of maize in
Mexico and elsewhere has a great deal to do with the recombina-
tion of these features following hybridization of the sort discussed.
The two examples just reviewed have parallels in the origin and
subsequent improvement of virtually all cultivated crops; there-
fore, it should not be surprising that GE crops hybridize in the
same way and to the same degree as takes place in the evolution of
all other crops, reviews by Ellstrand and CAST [3,4]. When hybrid
maize and other improved varieties were introduced into Mexican
fields, their characteristics spread widely and were used by the
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indigenous people for developing improved local strains. The
diversity of races of maize that occurs across Mexico and elsewhere
is continually evolving in a way one could imagine as the patterns
in a kaleidoscope, with repeated inventories separated by decades
yielding strikingly different results as a result of the continued
selection and introduction of new forms into the specific areas.
What the introduction of GE corn plants into the region would
mean environmentally would depend on the particular character-
istics of the genes involved and the selective forces encountered in
different regions.

Considering maize or any other crop in context, and taking the
main genes that are widespread in certain crops — Bt protection
from pests; glyphosate-ready crops; and virus resistance — we may
first ask what the consequences of these genes reaching wild or
weedy relatives might be. If the weeds or wild plants gained Bt
protection from their pests, and if the pests generated significant
selective pressures in the particular environment, the genes might
persist in the wild or weedy populations. If they did persist, the
plants would be better protected from the pests that were attacking
their cultivated relatives than they would be otherwise. A concrete
example of the movement of a Bt transgene from cultivated to wild
sunflowers (Helianthus annuus) reducing herbivory and increasing
fecundity in wild populations of the same species is provided by
Snow et al. [S] and Poppy and Wilkinson [6]. It is difficult to
imagine why the acquisition of enhanced protection from herbi-
vores by wild or weeds plant populations would pose an environ-
mental problem and we are not aware of any demonstration that
that would be the case.

The question of herbicide resistance is more complex. When-
ever herbicides are used in agriculture, resistant strains of the
target species and other species that are regularly exposed to the
herbicides will eventually appear. For example, the widespread use
of glyphosate has resulted in the appearance of several resistant
strains of weeds in different areas. This is a general property of
herbicide (or pesticide) use and in principle has nothing specifi-
cally to do with whether GE crops are the ones treated or not.
Various strategies have been employed to deal with herbicide-
resistant weeds, similar to the strategies used for dealing with
antibiotic resistance in human beings or other animals; and they
will continue to be needed in agricultural situations whether or
not GE plants are involved.

In the case of bentgrass Agrostis stolonifera, glyphosate-resis-
tant strains appeared up to 21 km from the plots where the GE
plants were cultivated, although most of the gene flow took
place within 2 km [7]. This is considered a problem in the sense
that glyphosate is the principal means of controlling this intro-
duced European grass, grown as turf but weedy for example in
clearings in forests and parks. This example also demonstrates
the fact that the mode of pollen dispersal greatly affects the
effects of growing GE crops, or any cultivated crops, at certain
distances from their wild or weedy relatives. Clearly alternative
herbicides could be found for such infestations, but the advan-
tages and disadvantages of planting glyphosate-resistant turf
need to be considered on their own merits in the context of
the environmental situation overall.

These examples illustrate some of the diverse situations that can
arise with the transgenes that are currently in widespread use. As
additional genes are introduced in various crops, they should be

evaluated for their possible effects if they were transferred into
wild or weedy relatives. In general, though, there appears to be no
reason to fear gene flow from GE plants generally. In addition,
most crops are not grown in areas where their wild relatives occur,
so there is often no possibility for gene transfer. Only in Mexico
and Guatemala, for example, are there wild relatives of maize with
which the crop could hybridize; there is no possibility of gene flow
elsewhere. Within the borders of the U.S., the only cultivated crops
that have wild relatives with which they could hybridize are
blueberries, sunflowers, some squashes, and pecans; for all other
crops there is by definition no possibility of GE traits spreading to
wild relatives. For some cultivated species, such as A. stolonifera,
mustards (Brassica), radishes (Raphanus), and lettuce (Lactuca),
however, there are introduced weedy relatives in the U.S. If these
weeds grow with the related crops, they may acquire, for example,
herbicide resistance from them. In Europe, the acquisition of
herbicide resistance by weedy beets (Beta vulgaris) within fields
of sugar beets, a specialized strain of the wild species, is a matter of
concern because of the added difficulty in controlling the herbi-
cide-resistant weeds with the crop fields. Clearly, every situation
must be dealt with by appropriate agronomic practices, as would
be the case even if GE traits were not involved.

Transfer of genes between GE and non-GE crops of the
same species

A second area of concern has to do with the transfer of genes from
GE crops of a given species and other non-GE crops of that species.
The problem here arises to a large extent because of the classifica-
tion of GE crops as ‘non-organic’ by the U.S. Department of
Agriculture, which in turn drives a concern about their ‘purity’,
a strange notion given the ways in which plants actually evolve.
We see no logic in this designation, which basically puts an
additional obstacle in the way of attempts to achieve sustainable
agriculture, and I particularly would like to endorse the suggestion
made here by M.S. Swaminathan that these two approaches to
agriculture be brought together to accelerate the improvement of
desirable characteristics of crops. As I emphasized earlier, agricul-
ture itself is unnatural and all cultivated plants and domesticated
animals have characteristics that they have acquired over the years
as a result of genetic manipulation. In the context of a world that
so badly needs increased food production, it seems unwise in the
extreme to rule out modern, precise methods of crop improvement
on ideological grounds.

In general, there will be transfer between different kinds of crops
of any given species, provided that the plants are outcrossing. The
distance over which such transfers will occur depends on the way
that pollen is transferred in the individual crop species. For plants
in which the pollen is transported by the wind, such as walnuts,
poplars, pines or grasses, the distances the pollen may move may
be relatively great. In outcrossing grasses such as maize and sor-
ghum, for example, the wind may, as we have seen for A. stolo-
nifera, carry pollen over tens of kilometers to a receptive stigma
under certain circumstances and result in the appearance of GE or
other traits far from the place where crops with those traits are
grown. In some crop plants, such as rice, wheat, barley and
soybeans, self-pollination is the rule and only a very small propor-
tion of the pollen is shed and dispersed by the wind. For many
other crops, such as apples, potatoes, canola, squashes, alfalfa,
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lettuce, sunflower, fruit trees and berry crops, the pollen is trans-
ferred by insects and the distances the pollen regularly travels will
depend on the nature, abundance and habits of the individual
pollinating insects and the characteristics of the flowers they visit.

As in the previous discussion, and leaving aside the legal des-
ignation of GE crops as ‘non-organic’, the effects of such transfer
will depend on the nature of the genes involved, and the persis-
tence of these genes will in turn depend on the selective pressures
to which the plants with the new genes are subjected. Given the
genes that are now used on a wide scale in producing GE crops, the
recipient crops may be resistant to particular herbicides, less
vulnerable to attack by pests, or resistant to plant diseases. One
can easily see the ways in which the genes associated with these
characteristics would increase or decrease under various selective
regimes. In general, it is not obvious why any of the possible
outcomes should be a matter of concern regardless of the degree of
gene transfer that may occur in particular situations.

Production of new weeds

Some 20,000 plants are regarded as weeds, spreading in natural or
artificial situations somewhere in the world. Those that grow
among crops negatively affect their yields. The great majority of
weed species were originally introduced by people from one place
to another, often deliberately, and in connection with agriculture
or horticulture. Other weeds have moved accidentally, contam-
inating or adhering to some product or object that is itself trans-
ported. One of the arguments used against planting GE crops is
that in some way they might give rise to new, particularly aggres-
sive weeds that would otherwise not occur. There are in fact a few
examples of the origin of important new weeds involving crops,
notably Johnson grass (Sorghum halepense) and weedy red rice,
which originated as a hybrid between cultivated rice, Oryza sativa,
and its progenitor species, O. rufipogon. Both of these weeds pose
serious agronomic problems because they have characteristics
similar to those of the crops from which they were derived and
thus are particularly difficult to control. Neither of these cases,
however, involves GE technology.

By contrast, the movement of genes for resistance to pests or
herbicides from the crops into particular weeds, which I discussed
earlier, certainly adds to the difficulty of controlling these weeds in
the cultivated fields. Thus, wild beets (Beta vulgaris) that have
acquired herbicide resistance are important weeds in the fields
where a domesticated strain of the same species, the sugar beet, is
grown; a modest number of similar examples are known. One
should, however, view this problem in the context of the thou-
sands of known aggressive weeds and deal with it on a case-by-case
basis. As many have pointed out, the characteristics of weeds are
very different from those of most cultivated plants, and many
crops — maize and soybeans being good examples — never establish
themselves in nature and rarely even re-seed in cultivation, so that
their possible contribution to the formation of new weeds is
particularly difficult to imagine.

Effects on non-target species

Particularly with respect to those GE plants that manufacture Bt
toxin, it has at times been claimed that non-target species could be
endangered. The case of the monarch butterfly (Danais plexippus)
in North America provides an illustrative example. It was claimed,

on the basis of laboratory experiments, that Bt toxin engineered
into maize was expressed in such large quantities in the maize
pollen that it could, when shed, coat milkweed plants (Asclepia-
daceae), the food plants of monarch caterpillars, so thickly that it
would poison them. In fact, such a thick coating of pollen vir-
tually never occurs in nature and all maize strains used currently
have been engineered so that Bt toxin is not produced in the
pollen; so that there is actually no problem. In another case, it was
claimed, on the basis of faulty laboratory data, that Bt toxin from
residual plant material was poisoning caddis fly larvae (Trichop-
tera) in streams near the maize fields; such effects simply do not
hold for the concentrations of the toxin that could occur in such
streams.

All such effects need to be weighed against the effects on the
environment of alternative agricultural practices not involving GE
plants. In Europe, for example, where applications of pesticides
and herbicides are much higher than those used in the U.S.,
human and environmental health are clearly compromised to a
degree that would not be true if GE crops were grown widely,
avoiding the use of such large amounts of chemicals in the
environment. When Bt toxin is produced by bacteria grown in
vats, killed and ground up, it can by the rules of ‘organic’ agri-
culture be spread in vast quantities over fields and forests, with the
resulting death of a large proportion of all species of moths,
butterflies and caddis flies in the environment. In contrast, when
Bt toxin is produced internally by GE plants, only those herbivores
that actually feed on these plants are affected. The former situation
would be ruled ‘organic’, the latter ‘non-organic’, which we con-
sider to be a strange application of logic. It must however be added
that for herbivores feeding on GE plants producing Bt toxin, their
exposure to the toxin and therefore their chances of developing
resistance to it are presumed higher than in those species periodi-
cally subjected to ‘blasts’ of the pesticide.

In many tests, invertebrates have been found to be much more
abundant and diverse in agricultural fields where GE crops were
being grown than in those subjected to the continual application
of pesticides, not a surprising outcome. On cotton fields in the
Southeastern U.S., for example, more than 20 applications of
pesticides per crop have conventionally been applied, with
obvious and directly traceable environmental effects. Other crops
are even more highly doused in poisons, especially in Europe,
where the chemical industry sells much higher amounts of pes-
ticides and herbicides than in the U.S. In view of these considera-
tions, it is understandable why such a high proportion of the
cotton cultivated throughout the world has been engineered to
produce Bt toxin, with higher yields and improved human health
a characteristic outcome. Why many Europeans should have
chosen to live in unhealthy, highly polluted environments rather
than use the new, much cleaner technologies remains a mystery to
me.

Legalities

Having been involved personally in the formation of the Conven-
tion on Biological Diversity in the 1980s, I am truly saddened by
the fact that it has become so preoccupied with GE crops. The so-
called principle of ‘biosafety’ is not based on any valid scientific
principles, and working it up through the Cartagena Protocol and
by other means has given license to those who for personal
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reasons, presumably of a political nature, wish to vent their spleen.
This unwise and wasteful procedure has consumed thousands of
hours of time by hundreds of diplomats and idealists, and not
produced any result of the slightest use for the preservation of the
world'’s biodiversity, which we all hoped would be the outcome of
activities under the mantle of CBD. As I have explained in these
remarks, there is no valid scientific basis to assume that ‘biosafety’
principles concerning GE organisms would have any effect what-
ever on the survival of biodiversity, which is so threatened
throughout the world. In that sense, it seems to me to be a good
thing that the CBD is now moving on to issues connected with the
purpose for which it was formed, namely, the preservation of
biodiversity.
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The major food safety risks are not eating a healthy diet, and failure to avoid foodborne illness. Over one
billion people in the world suffer from food insecurity and malnutrition. Nutritionally enhanced
transgenic crops such as Golden Rice are one potential strategy for reducing malnutrition in the world.
Transgenic crops are subjected to a rigorous pre-market safety assessment. The safety of novel proteins
and other products is established, and through compositional analysis and animal studies, the safety of
any observed changes is evaluated. These studies provide evidence that the new product is as safe as, or
safer than, comparable varieties. It must be asked, however, if this rigorous analysis is necessary, because
unregulated crops produced by other breeding methods also undergo genetic changes and contain
unintended effects. Golden Rice poses infinitesimally small, if any, risk to consumers whilst it has the
potential to spare millions of lives each year. However, because it is a transgenic crop, it cannot be
deployed without years of expensive pre-market safety review. Paradoxically, if Golden Rice had been
produced by less precise conventional methods of breeding, it would already be in the hands of poor
farmers. It is concluded that the hyper-precautionary regulatory process applied to transgenic crops
works to the extreme disadvantage of the hungry and the poor.
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Introduction

The need for an adequate and safe supply of food has been a
driving force for innovation in agriculture and the food industry
[1]. In developed countries, consumers have come to expect that
supermarkets will be amply stocked with safe and nutritious food.
Affluent consumers hear food safety scares through the media
almost daily and are bombarded with messages that question if
government and industry are taking all possible measures to
ensure food safety. Food safety regulatory agencies such as FDA
in the US and EFSA in the EU, and similar agencies in other
countries, have been charged with ensuring the safety of the food
supply [2].

The situation is far different in developing countries where a
significant portion of the population can suffer from under-nutri-
tion or malnutrition, and micronutrient deficiencies are common
([3,4]; see also: http://www.gainhealth.org/about-malnutrition/
nutrition-facts). Consumers in developing countries may be more
concerned with obtaining adequate food supplies and ensuring
food security than they are with food safety, although - para-
doxically - their food is frequently contaminated with biological
and chemical agents that have adverse effects on health (see:
http://www.who.int/mediacentre/factsheets/fs237/en/ [5]).

The development of the modern molecular plant breeding
methods that employ rDNA technology and DNA-mediated trans-
formation provided breeders with a powerful tool for crop
improvement. Over the past dozen years, transgenic crops that
are resistant to insects, viruses and herbicides have increased yields
and profitability of agriculture, and reduced the environmental
impact of agriculture, in both developed and developing countries
[6,7]. These crops have proven especially beneficial to more than
12 million small-holder farmers in developing countries [8]. Plant
breeders have also used the technology to improve the nutritional
value of crops designed to reduce malnutrition and improve
health [9,10]. Progress towards the introduction of nutritionally
enhanced crops has been slower than for crops with improved
agronomic traits. To date, transgenic high lysine maize and oil-
seeds with modified oil content are being planted; many nutri-
tionally enhanced crops are undergoing development and testing
([9,10]; see also The Safety Assessment of Golden Rice (GR) below).

Transgenic crops are required to pass a pre-market safety review
by food safety regulatory agencies before they can be distributed
freely [2,11,12]. Paradoxically, crops produced by ‘conventional’
breeding technologies are not required to undergo pre-market
testing. As will be discussed in this paper, from a purely scientific
perspective, transgenic crops pose no new or different safety risks
when compared to conventionally bred crops [13-15]. The reasons
why nations chose to single out transgenic crops for regulation as
novel foods are beyond the scope of the present paper [16];
however, one of the motivations for regulation are consumer
concerns — inflamed by activist groups that oppose what they call

‘genetically modified’ or GM foods - that foods produced using
transgenic technology might be unsafe.

This paper will briefly describe: (1) a scientific risk assessment of
the most important food safety risks that confront consumers, (2)
the process used for a food safety assessment of novel foods, (3)
questions about the safety of GR and (4) the damaging conse-
quences of over-regulation of transgenic crops. Throughout the
text, differences between the conclusions of scientific risk assessors
and consumer perceptions about food-related risks will be high-
lighted.

Diet and global health

Malnutrition results from under-consumption, over-consumption
or consumption of food that provides an inappropriate distribu-
tion of nutrients. Malnutrition, poor diet choices and over-nutri-
tion have, or will have, an adverse impact on more than one half of
the world’s population over the course of each individual’s life-
time. This paper will focus briefly on malnutrition and the poor.
Suffice it to say here that affluent consumers are more concerned
with consuming the right nutrients and avoiding overindulgence
than they are with food insecurity.

Food insecurity affects about 1 billion people across the globe
(Fig. 1). It is estimated that at least 10 million children die each
year from malnutrition, that 150 million children are underweight
and that 178 million are stunted ([3,4]; http://www.gainhealth.
org/about-malnutrition/nutrition-facts). Morbidity and mortality
owing to under- and over-nutrition are but the tip of the iceberg of
a global diet that is inadequate to meet the world’s health needs.
Associated losses include failure to reach full mental and physical
development by 100s of millions of children, loss of economic
productivity by workers, reduction in national GDPs and a larger
and ever-increasing global bill for medical care. Scarcity of food
energy and micronutrients takes a staggering toll of the poor,
particularly in underdeveloped countries ([3,4]; http://www.
gainhealth.org/about-malnutrition/nutrition-facts).

Iron deficiency, iodine deficiency, zinc deficiency, folic acid
deficiency and vitamin A deficiency (VAD) are amongst the lead-
ing micronutrient deficiencies; one or more of these effects almost
half of the world’s population ([17], http://www.gainhealth.org/
about-malnutrition/nutrition-facts). VAD causes 250,000-500,000
cases of child blindness each year; half of the blinded children will
die within 12 months. In 1992, WHO estimated that between 1.5
and 2.3 million deaths per annum can be attributed to VAD ([18];
Fig. 2); however, the exact numbers of deaths caused by VAD are
difficult to assess because diarrhoeal disease and/or infection are
often the direct causes of death in malnourished individuals with
weakened immune systems; VAD also often occurs simultaneously
with protein, energy and other micronutrient deficiencies that
confound an exact diagnosis [17]. International programmes
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FIGURE 1

The percentage undernourishment of the world population by country (as reported by Lobezon in 2007 (http://en.wikipedia.org/wiki/File:Percentage_

population_undernourished_world_map.PNG).

designed to reduce VAD using modalities such as supplementation
with capsules or injections have no doubt reduced VAD; however,
these programmes are expensive, require recurrent treatment and
do not reach the majority of the affected population. Because

Vitamin A and mortality, 1992

A World Health Organization study
concluded that improved vitamin A
nutriture could prevent 1.3 to 2.5 million
deaths each year among children aged
six months to five years in the
developing world.
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FIGURE 2
VAD mortality in 1992 [18].

approximately 70% of the VAD in the world is found in popula-
tions that consume rice as a major dietary staple, GR was devel-
oped as an adjunct or supplement to other VAD amelioration
programmes ([9]; http://www.goldenrice.org/Content3-Why/
whyl _vad.html). GR is a transgenic plant variety for which a
pre-market safety review will be required before it can be distrib-
uted to farmers in countries where VAD is prevalent (see The Safety
Assessment of Golden Rice).

Foodborne illness

Bacterial and viral pathogens that are present in consumed food
and beverages can infect humans and cause foodborne illnesses.
Food is also sometimes contaminated with preformed toxins
produced by bacteria before food consumption. Ensuring that
the risks of foodborne disease are minimised for the consumer
is a major concern for food manufacturers, processors and retailers
[19]. Achieving microbial food safety is problematic if proper
hygiene and sanitation cannot be maintained. This is often the
situation that confronts the very poor and, as a consequence,
WHO estimates that 1.8 million people died in the world in
2005 from the effects of foodborne illness (http://www.who.int/
mediacentre/factsheets/fs237/en/). WHO also notes that whilst
most cases of foodborne disease are isolated and affect only one
or a few individuals, widespread outbreaks that affect hundreds of
thousands of people have been reported.

As noted previously, although affluent consumers in devel-
oped countries expect their food to be completely safe, the total
elimination of viruses and bacterial pathogens is virtually impos-
sible. Globally, billions of meals are consumed each day in an
environment where potential pathogens are ubiquitous - not
only are foods handled by humans, but also the ingredients
themselves may be contaminated [19]. It has been estimated
that foodborne diseases cause approximately 76 million ill-
nesses, 325,000 hospitalisations and 5000 deaths in the United
States each year [20].
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Some affluent consumers have turned to organic foods in the
belief that they are safer, more nutritious and better for the
environment. It is ironic that organic foods may fall short on
all the aspirations of consumers. There is no evidence that organic
products are more nutritious [21], nor do they appear to be
uniformly superior for the environment [22,23]. From a food
safety standpoint, organic foods have been observed to have
higher bacterial counts than their conventional counterparts
and have been associated with foodborne disease outbreaks. The
exclusive use of organic fertilisers such as composted manure in
their cultivation may be responsible for the higher number of
outbreaks and pathogens associated with organic products [21-
23]. The objective here is not to attack organic foods per se, but
simply emphasise the point that ensuring the best possible food
safety depends on a science-based understanding of the food
system rather than on value preferences and lifestyle choices such
as consuming conventional versus organic foods.

Mycotoxins

Mycotoxins are toxic secondary metabolites that are produced by
fungi and are found primarily in grains, tree nuts and groundnuts,
but which also can be passed through animals into products such
as milk [24]. The toxic components of poisonous mushrooms can
also be considered mycotoxins because mushrooms are classified
as fungi. About a dozen families of mycotoxins cause diseases as
varied as liver cancer, kidney cancer, oesophageal cancer, neural
tube defects (NTDs), liver and kidney toxicity, gangrene, convul-
sions, CNS malfunctions and suppression of the immune system
[5,24]. Consumption of mycotoxin-contaminated feeds by pro-
duction animals is estimated to cause billions of dollars in losses to
farmers around the world through adverse effects on animal
growth and reproduction.

Somewhat surprisingly, the impact of mycotoxins on human
health is not well understood because it has not been the subject of
extensive investigation. Some countries set safe upper limits for
various mycotoxins in foods, raw materials and ingredients, whilst
others have no system of assay or control, in spite of the fact that
mycotoxins are amongst the most toxic and carcinogenic chemi-
cals known to science [5,24]. For example, hundreds of Kenyans
are reported to have died of acute aflatoxin poisoning in 2004 [25].
It has recently been suggested that the adverse health effects of two
classes of mycotoxins, fumonisins and aflatoxins, have been ser-
iously underestimated, particularly in many developing countries
where products that are prone to mycotoxin contamination make
up a large portion of the diet [5]. Often these same countries have
no means to test or control for the presence of lethal mycotoxins.
The major impacts of these mycotoxins are liver and oesophageal
cancers, hepatitis, NTDs and productivity losses in animal agri-
culture. Fumonisin contamination is typically a pre-harvest event,
whilst poor storage conditions often lead to post-harvest aflatoxin
contamination. Strategies for prevention and remediation exist
but are not widely employed prompting Wild and Gong [5] to
conclude:

“Notwithstanding the need for a better evidence-base on
mycotoxins and human health, supported by better bio-
markers of exposure and effect in epidemiological studies,
the existing data are sufficient to prioritize exposure

reduction in vulnerable populations. For both toxins there
are a number of practical primary and secondary preven-
tion strategies which could be beneficial if the political will
and financial investment can be applied to what remains
a largely and rather shamefully ignored global health
issue.”

Biotechnology provides an excellent strategy for the prevention
of fumonisin contamination of maize [5,26]. There is clear evi-
dence from the SW US, Guatemala and South Africa that women
who eat a diet that is high in fumonisin-contaminated maize
content give birth to a higher percentage of NTD-birth defect
babies than otherwise matched populations that eat less contami-
nated maize products. It is known that fumonisin interferes with
folic acid uptake by cells and thus mimics folic acid deficiency that
is known to give rise to NTDs. It has also been demonstrated that
the amount of insect damage to maize kernels has a positive
correlation with levels of fumonisin and that Bt-maize (insect-
protected transgenic maize) which suffers far less insect damage
typically has markedly lower levels of fumonisins [5,26]. The
planting of transgenic Bt-maize is therefore an efficacious means
to lower exposure to fumonisins and thereby reduce the incidence
of birth defects as well as oesophageal and kidney cancers.

As noted previously, affluent consumers in developed countries
are enamoured with organic foods that they perceive to be safer
than food prepared with ingredients isolated from conventional
and transgenic crops. A consequence of the requirement in organic
agriculture that no synthetic chemicals be used in cultivation is
that control of fungi on organic crops is challenging for the
organic farmer and organic crops can at times contain higher
levels of mycotoxins than their conventional counterparts [23].
In 2003 the UK Food Standards Agency randomly sampled 30 corn
meal (maize meal) products found on the shelves of UK super-
markets [27] and found that 6 out of 6 samples of organic corn
meal contained fumonisin levels more than tenfold higher than
the maximum safe level set by the FSA (Table 1). By contrast, 20 of
24 samples of corn meal prepared from conventionally cultivated
maize were found to have fumonisin levels below the recom-
mended safe maximum; 4 samples of conventional corn meal
exceeded the recommended safe level (Table 1). Other studies
have shown that Bt-maize protected against stem-boring insects

TABLE 1

Total Fumonisin content of cornmeal brands from UK super-
markets [27]

A. Low fumonisin

Type # Below?® Mean Range

500 .g/kg (ng/kg) (ng/kg)
Conventional 20 130 10-330
Organic 0 - -
B. High fumonisin
Type # Above Mean Range

500 pg/kg (ng/kg) (ng/kg)

Conventional 4 3127 1798-4737
Organic 6 8353 3800-16,430

@Recommended upper limit of fumonisins is 500 pg/kg.

www.elsevier.com/locate/nbt 537




REVIEW

New Biotechnology * Volume 27, Number 5 < November 2010

generally contains far lower levels of fumonisins than conven-
tional maize [5,26]. Thus, whilst many consumers perceive that
there may be food safety risks associated with ‘GM’ maize, there is
clear evidence that switching to transgenic maize could lower the
incidence of certain cancers and birth defects.

Natural toxicants

Plants produce a variety of toxic molecules as part of their defences
against predators and competitors [28]. During the process of crop
domestication, the concentration of such toxicants is often
reduced. Food processing and preparation methods, as well as
consumption patterns, help control any potential adverse effects
to humans and animals associated with plant-derived foods.
Commonly eaten foods can, however, be toxic to humans
[29,30]. Most consumers would be surprised to know that deaths
resulting from ingestion of green tomatoes or potatoes containing
high levels of glycoalkaloids (e.g. solanine, tomatine and chaco-
nine) have been documented [30-33].

Many consumers buy organic foods because they are concerned
about the presence of trace amounts of synthetic pesticide residues
in their food. A careful analysis of pesticide intake in 1990 concluded
that 99.99% (by weight) of the pesticides in the American diet are
chemicals that plants produce to defend themselves [32]. Evidence
also indicated that natural pesticides were as likely as synthetic
pesticides to be carcinogenic, and that the risk from exposure to
dietary synthetic pesticides is insignificant, whilst so-called ‘natural
pesticides’ thatare used in organic agriculture, such as pyrethrin, are
as likely to be carcinogens as synthetic pesticides [33,34]. Consu-
mers are largely unaware that pesticides are even used in organic
agriculture believing them to be ‘pesticide free’; they are also una-
ware that plants manufacture their own natural pesticides. Although
synthetic pesticide residues pose insignificant risks to consumers,
the risks posed by natural toxicants in foods remain largely unstu-
died. Doll and Peto [35], estimated that approximately 35% of
cancer deaths are attributable to variation in diet. It may be that
over-nutrition and its consequences are the cause of most of these
deaths; however, a role for endogenous naturally occurring carcino-
gens on the incidence of cancer cannot be excluded.

In spite of the fact that the safety of approved food ingredients
and food additives must be established before their use in foods, and
it must be demonstrated that they will pose no risk when used as
intended, in recent years consumers have expressed fears that
chemicals added to foods will do harm unless they are natural
chemicals. This completely misses the underlying scientific under-
standing that any chemical can be toxic and it is only the dose and
exposure that determine if a chemical will do harm in a specific
situation [36]. To learn that a compound is natural does not in any
way inform a toxicological food safety assessment. Somewhat para-
doxically, the public eagerly consume large quantities of antiox-
idants and other chemicals whose safety and efficacy have not been
tested, in the belief that such compounds will prevent ageing and
ensure good health.

There is ample reason to believe that small amounts of some
chemicals that are toxic at high doses may in fact stimulate health
when consumed in sub-toxic quantities through a phenomenon
known as ‘hormesis’; a compound that exerts a hormetic effect
may have a positive beneficial effect at low levels of intake, whilst
at high levels of intake it produces adverse effects and harm [37]. It

may be that low levels of exposure to various potential toxicants
actually stimulate or induce our natural immunological defences
and detoxification systems, rendering the body more resistant to
subsequent chemical threats. It cannot simply be assumed that
because a chemical is toxic or causes cancer at high doses, that it
will not be innocuous, or even beneficial, at lower doses. Toxicol-
ogists emphasise that the dose makes the poison.

One example of an unexpected outcome of hormesis was
observed by researchers studying the impact of antioxidants on
ageing in Caenorhabditis elegans, a small worm used as a model
system in biology [38]. In C. elegans, as in many other species in
which the phenomenon has been studied, mild to moderate caloric
diet restriction increases life span. Paradoxically, it also produces a
syndrome called ‘oxidative stress’ that has been proposed as one of
the factors that leads to ageing. To evaluate the impact of this
oxidative stress on the organism, the researchers treated one group
with antioxidants that were known to eliminate oxidative stress.
The result observed was that the prolongation of life produced by
caloric deprivation was eliminated by antioxidants. The researchers
speculated that the oxidative stress had a hormetic effect that
allowed the organisms to fend off ageing reactions and that by
cancelling out the oxidative stress, antioxidants shortened rather
than lengthened life. It is noteworthy in this regard that millions of
consumers spend billions of US$ annually on antioxidants that
could be shortening rather than extending life spans. The important
point here is that sound diet choices are based on sound science, not
wishful hopes, and scientific understanding of the complexities of
slowing the ageing process has not been unravelled.

A food safety perspective on novel foods

As had been previously noted, transgenic crops are subjected to
rigorous pre-market safety assessment, in spite of the fact that they
can be less genetically modified than crops produced by other
modalities of breeding. They pose no new or different risks to
humans or animals. Precautionary regulation was triggered because
these crops were considered to be novel foods — foods that humans
had not previously consumed. This definition is itself debatable
because it is fair to ask if an organism into which one or two genes
have been added to 20 or 30 thousand genes in the plant genome
makes the plant a novel food. From a purely scientific perspective it
is simply a crop variety that has one or two novel traits; crop varieties
often differ by two or more genes. Most of us expect, however, that
some degree of care and safety consideration should be taken before
one consumes a food that one has never seen before and which isnot
commonly eaten. We will return to the issue of the safety of novel
traits in the next section and will here explore the history of novel
foods.

The great majority of the plant foods that we consume today did
not exist before the development of agriculture approximately
10,000 years ago [1]. In 1859, Darwin [39] described the process of
domestication of wild plants and their gradual evolution through
a process of human-directed selection into crop plants. Domes-
tication is brought about through selection of several genetic
modifications that, for example, increase yield, reduce toxic mole-
cules and improve harvest qualities. At the end of the process, the
domesticated plant has often lost all resemblance to its wild
progenitor and can no longer grow in the wild, but depends on
cultivation by humans for survival [15]. Different crops were

538 www.elsevier.com/locate/nbt



New Biotechnology * Volume 27, Number 5« November 2010

REVIEW

TABLE 2

TABLE 3

Origins of some common crops ([1]; see also http://www.hort.
purdue.edu/newcrop/history/lecture05/lec05.html)

Incomplete list of toxic and allergenic plants that would not pass
the current safety assessment applied to GM crops

Crop Origin Crop Harmful substance
Avacado Central and South America Celery Psoralens (furanocourmarins)
Beans Mesoamerica Potato, tomato Glycoalkaloids
Cacao Aztec (xoco-latl) Cassava Cyanogenic alkaloids
Corn (maize) Mesoamerica Rubarb, spinach Oxalic acid
Cotton South America Soy, wheat, milk, eggs, mollusks, Food allergy
Gourds Americas crustaceans, fish, sesame, nuts,
peanuts, kiwi
Papaya Tropical America
Peanuts South America
. . (the world’s 4th most important staple crop) were unknown

Peppers Mexico-Mesoamerica .
- | South Ameri throughout most of the world until sometime after the 16th cen-

ineapples ou mer|ca. tury. All of the crops listed in Table 2, and many others from other
Potatoes Andes Mountains parts of the world, were introduced as wholly novel foods to humans
Pumpkins Tropical America the world over during the past 300-400 years ([40]; Fig. 3). They
Squash South America appear to have been very readily adopted, and the globalisation

Strawberries Americas

Sunflowers Central and North American

Tomatoes Mesoamerican

developed in various locales and became part of the local or
regional cuisines.

Over thousands of years, some crops such as wheat were widely
disseminated across the Eurasian landmass [1]; however, many
crops remained restricted in distribution until the era of European
exploration and colonisation and the establishment of global trade
routes. For example, varieties of crops that were restricted to the
Americas were not found elsewhere in the world until Spanish
Congquistadores brought them to Spain upon their return from
the New World (Table 2). In particular, maize (the world’s number
one grain crop), tomatoes (a leading vegetable crop) and potatoes

process appears to have occurred largely with without adverse
health effect.

It is noteworthy that many of the crops that were disseminated
around the globe over the past few hundred years contain toxic
components and are potentially deadly if not prepared and con-
sumed properly. Cassava, for example, moved from the Americas
to Africa and Asia where it was widely adopted in spite of the fact
that it contains highly poisonous cyanogenic compounds that can
kill if not properly removed through tedious and complex pre-
paration. Potatoes and tomatoes, as noted previously [30,31],
contain toxic glycoalkaloids (tomatine, chaconine and solanine)
as do all the Solenaceae of the Nightshade family. There is in fact a
long list of potentially toxic plants that have crossed international
frontiers and cultural barriers in spite of apparent hazards
(Table 3). Many of these crops would not be approved for distribu-
tion if they were subjected to the standards that are applied to GM

= Years

FIGURE 3
Map of history of movement of crops around the globe [40].
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FIGURE 4

Coloured rices. Starting in the upper left-hand corner and moving clockwise the rice dishes are: Malaysian Blue Rice (http://www.haveyoueaten.net/2007/09/28/
nasi-kerabu/); Bhutanese Red Rice (Glane23, Flickr; http://upload.wikimedia.org/wikipedia/commons/4/40/Bhutanese_red_rice_with_chicken_and_spinach.jpg);
Saffron Rice (http://www.saffronspices.co.uk/wp-content/uploads/2009/02/saffron-rice.jpg); Black Rice (http://www.thenibble.com/reviews/MAIN/rice/images/

black-rice-250.jpg, ElinorD).

crops today around the world. If international treaties such as the
Cartagena Protocol on Biosafety, that seeks to restrict movement
of LMOs (living modified organisms) across borders, had been in
place during the era of crop globalisation, the historical trans-
boundary movement of crops depicted in Fig. 4 would not have
occurred.

The safety of transgenic crops

It is not an easy matter to ensure that a truly novel food is safe,
because foods are composed of hundreds or even thousands of
distinct metabolites, some of which may be allergenic or poiso-
nous. The safety assessment process applied to the mycoprotein
product Quorn provides a good example of the challenges of
assessing the safety of a whole food. Quorn is a single-cell protein
product that can be formed into cheese, meat or poultry-like foods
[41]. Researchers performed extensive compositional studies, fed
the material to animals, rubbed it on their epidermis, injected it

under their epidermis, fed it human volunteers and at the end of
the day called for approval of the product even though there was
no clear test to show the product was safe; what could be demon-
strated was that its composition was similar to other high quality
protein foods and that it was apparently innocuous to living
subjects when consumed by them. Approval was granted in spite
of the fact that about 1 in 100,000 people, who consumes the
product has an adverse reaction.

The safety assessment process applied to transgenic crops, foods
and feeds should be much more straightforward than that
described for Quorn because only one, or at most a few genes,
are inserted and the changes that are introduced are small, well-
defined and usually predictable [2,9,42,43]. Transgenic crops are
not wholly novel foods as was the case in the case with Quorn. In
the case of transgenic crops, the crop is essentially unchanged,
except for the intended additions. When a gene is inserted into a
plant, three questions emerge:
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1. Is the inserted DNA safe to consume?
Is the product(s) of the gene safe to consume?

3. Are the intended, and any unintended changes, safe to
consume?

Several recent reviews have discussed the food safety assessment
process that is designed to evaluate the above questions
[2,9,42,43]. Although regulators set high standards for evidence
and require that uncertainties be resolved before approval of a new
transgenic crop, several key issues discussed in the recent reviews
[2,9,42,43] continue to concern consumers and will be discussed
briefly below.

Substantial equivalence

The comparative safety assessment paradigm that is used by
regulators to guide the safety assessment process is called the
substantial equivalence paradigm. There have been claims that
GM crops are never identical to their conventional counterparts,
so it is incorrect to call them substantially equivalent and that,
because they are not identical, they are not safe. It is important to
recognise that developers and regulators do not claim that new
transgenic varieties are identical to their conventional counter-
parts because, as a result of any breeding process, no two varieties
of any crop have the same composition [43]. More importantly,
what the substantial equivalence paradigm actually asserts is that
components that are identical between two crop varieties pose the
same risk, and that any differences in risk between two varieties are
restricted to components that are present in different amounts.
Substantial equivalence does not require that two varieties be
identical, indeed, if two varieties of any crop are identical they
are not distinct varieties. Safety assessors use the substantial
equivalence (or comparative assessment) paradigm as a guide to
differences whose safety must be evaluated.

Safety of DNA

There have been several claims that transgenic DNA could become
incorporated into human or bacterial cells and give rise to cancer
or promote the spread of antibiotic resistance [9,44,45]. Research
has demonstrated that transgenic DNA is no more or less likely to
be transmitted than other DNA and it is important to note in this
regard that humans consume >100 mg DNA per day which is
digested and metabolised without ill effect. Careful studies have
also demonstrated that antibiotic resistance genes are ubiquitous
in the environment and transgenic crops have not added to the
spread of antibiotic resistance. The spread of antibiotic resistance is
most probably the result of poor stewardship in the use of anti-
biotics by humans [45].

Safety of transgenic proteins

The vast majority of dietary plant proteins are digested and
absorbed without any adverse effect, although a very few proteins
can be toxic or have anti-nutrient activity, for example, trypsin
inhibitors in soybeans [46]. Similarly, very few proteins are food
allergens; most known food allergens affect less than 0.1% of the
population [47]. The sequences of virtually all known toxic or
allergenic proteins have been determined and using that informa-
tion it is possible to test if a newly introduced protein resembles in
any way proteins that are known to be toxic or allergenic. If a

protein resembles an allergen or toxin in any way, further research
is discontinued. Tests are also done to determine if a protein is
quickly digested, which adds further assurance that the protein is
safe to consume [47]. It is important to remember that a transgenic
protein is no more likely to be an allergen or toxin than any other,
and perhaps less likely since careful pre-market screening is
required of transgenic crops but not crops produced by other less
precise and more genome disruptive breeding technologies
[46,47].

Unintended effects

The critics of GM crops continue to assert that inserting DNA into a
plant genome could cause unintended effects that might be harm-
ful. A large body of evidence points to a very different conclusion:
transgenic insertion can produce fewer unintended effects than
other forms of breeding [13-15]. Unintended effects occur in all
forms of breeding; however, compositional and phenotypic ana-
lyses, as well as extensive backcrossing, are used by breeders to cull
out unintended effects.

The Safety Assessment of Golden Rice

Although vitamin A is retinol, many humans acquire vitamin A by
synthesising it from B-carotene derived from plant sources such as
carrots and orange-fleshed sweet potatoes in which it is abundant.
Unfortunately for the billions of people who depend on rice as the
major portion of their diet, white or polished rice contains no B-
carotene [9,48]. GR was constructed by inserting a cassette of DNA
containing genes for phytoene synthase (ex daffodil; Narcicssus
psuedonarcissus) and carotene desaturase (ex Erwinia herbicola) into
rice (Oryza sativa) to allow the plant to synthesise p-carotene from
its precursor, geranyl-geranyl-diphosphate [48]. A second version
of Golden Rice (GR2) was produced by the use of a phytoene
synthase gene from maize (Zea mays) in lieu of the gene from
daffodil used in GR. GR contains about 1.6 ng B-carotene/g rice
and GR2 contains about 10-40 pg B-carotene/g rice [49]. The B-
carotene content of the rice makes GR a light yellow or golden
colour whereas GR2 has more intense amber golden colour. A case
study of the key elements for the safety assessment of GR2 has been
published [9]; the safety assessment of transgenic rice varieties in
general has also been reviewed [42]. In the following paragraphs
key points in the safety assessment and adoption of GR will be
discussed.

DNA safety

As noted previously, DNA is safe to consume. To address negative
perceptions about the safety of antibiotic resistance genes used as
markers in transgenic plants, GR2 was constructed using the
phospho-mannose-isomerase (PMI) marker system that allows
the simple sugar mannose to be used to select transformants.
The system has been used in other transgenic crops and has been
approved by regulators.

Protein safety

Allergy to rice is uncommon and rice contains no major anti-
nutrients or toxins. The sequences of the proteins produced by rice
plants containing the GR and GR2 constructions have been com-
pared to all known toxins, anti-nutrients, lectins and food aller-
gens with no similarities detected. The maize phytoene synthase
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protein that was incorporated into GR2 is commonly consumed by
humans and animals. The PMI marker system has been consumed
in other approved transgenic crops and the enzyme itself is ubi-
quitous in nature, including in bacteria found in the human gut,
and has no similarity to any known allergen or toxin; the protein is
also digestible. The bacterial carotene desaturase protein is the
only protein that will be unique to the human diet, and for this
reason, extensive safety analysis of this protein (and perhaps the
others mentioned above) will be required. Large quantities of the
protein will be required for animal toxicity studies; small amounts
will be used for digestibility studies. Other studies will be required
to determine the quantity of each of these proteins present in the
rice, and that the proteins are identical to the corresponding
protein found in the donor of the gene that encodes them. It is
worth noting that these rigorous protein safety tests will be
required by regulators even though the quantities of proteins
present will probably be far lower than would be required for most
known toxins to exert a biological effect. That is to say, few potent
toxins would have an adverse effect in the quantities these pro-
teins are present in GR. Moreover, because rice is cooked at high
temperature for long time periods, the proteins will be thoroughly
inactivated and denatured and will thus likely pose no threat to
humans and animals. It is worth repeating that proteins with but
rare exception are safe to consume. It is difficult to understand the
need for extensive protein safety testing on proteins that are
present in infinitesimal quantities.

Composition analysis

The composition of transgenic crops is routinely evaluated as part
of the process of establishing that there have been no losses in
nutritional value and that no unintended changes have occurred.
Because GR and GR2 varieties have been crossed with many
different varieties that farmers grow in different growing regions
in Asia, there will be many distinct compositional profiles col-
lected for GR- or GR2-derived varieties. Particular attention will be
paid to the pool of compounds associated with carotenoid bio-
synthesis and the carotenoids because this is the pool of metabo-
lites targeted by the genetic engineers and most likely to have been
affected. Composition testing is not required for rice varieties
produced by other modalities of breeding. Additionally, rice is a
very poor source of almost all required nutrients; rice mainly
supplies carbohydrates for energy and limited quantities of pro-
teins; the micronutrient content of rice is virtually nil. Composi-
tion testing is expensive and time-consuming and its value has
been questioned [43]. Although it certainly is clear why the
developers would need to know the concentration of B-carotene
in each variety, because only a few micrograms of p-carotene per
gram of rice are being added to the rice, it is far less clear why
composition testing is even necessary.

Does GR contain enough B-carotene?

Critics of GR have claimed that GR would not provide the RDA of
vitamin A. A careful analysis of this claim demonstrated that GR
could indeed make an important contribution to vitamin A intake,
although it might not provide 100% of the RDA [9,50]. Zimmer-
man and Qaim [50] calculated that GR could supply between 11
and 86% of the RDA. It should be noted that GR was intended as a
supplement and that 100% of an RDA is not necessary to amelio-

rate VAD; intake of 25% of the RDA will prevent blindness and
death. In addition, most users of GR will have some other sources
of vitamin A in their diets. The key issue in debate over the
effectiveness of GR centres around assumptions about the bioa-
vailability of GR, with critics arguing that only one molecule of
retinol would be produced from 25 molecules of B-carotene (a 1:25
ratio) and researchers countering that 1:6 or 1:12 would be a more
likely scenario. The issue was recently resolved when it was
reported that the conversion ratio in human subjects was close
to 1:4 [51]. It is now clear that GR can make a significant con-
tribution to vitamin A intake. GR2 is capable of providing an RDA
of vitamin A in a single bowl of rice [9]. Any continuing claims to
the contrary are not rooted in science or evidence.

Is the B-carotene in GR toxic?

Critics have claimed that adding p-carotene to rice may give rise to
toxic degradation products and they point out that retinoids can
exert toxic effects — which is correct. Their logic is, however, flawed.
Carotenoids are not retinoids and they are not converted to toxic
levels of retinoids in vivo at levels of exposure that occur in foods [52-
54]. The conversion of B-carotene toretinol is a highly regulated and
compartmentalised process that ensures that excesses of potentially
toxic retinoids will not be generated. This controlled biological
regulation might have in part evolved to cope with the fact many
foods we eat contain B-carotene and other carotenoids and it would
not be undesirable to convert them to toxic retinoids. It is note-
worthy as well that GR contains less -carotene than carrots, orange-
fleshed sweet potatoes, papayas and several other commonly eaten
plant foods. B-Carotene has also been consumed safely in even
higher quantities by consumers for its anti-oxidant properties with
no adverse reactions reported. It is thus uninformed or deliberately
misleading to claim that the B-carotene in GR could be toxic.
Parenthetically, arguing that GR has too little B-carotene to be of
any nutritional value and also that it has so much B-carotene that it
could be toxic is mutually inconsistent.

Will consumers accept Golden Rice?

Critics of transgenic crops rushed to claim that people will not
accept any colour of rice but white. They based their claim on the
well-known fact that people who consume polished white rice will
often refuse to eat brown unpolished rice. This is an imperfect
analogy because white and brown rice are very different foods with
respect not only to appearance but also to flavour and texture. It
should also be added that brown rice is also a better source of some
nutrients than white rice. Brown rice does not keep well in tropical
and semi-tropical climates where the great majority of rice is
consumed. The real problem with the claim that people will
not accept coloured rice is that the critics are also simply ignoring
the fact that coloured rice foods are widely consumed around the
world (Fig. 4). Yellow coloured or GR is the leading choice of
discerning rice consumers. Saffron, annatto or achiote and tumeric
are all extensively used in various countries to produce golden
yellow rice dishes. Black rice was considered so desirable in ancient
China that only the Emperor was allowed to consume it. The
Bhutanese prepare red rice and blue rice is a specialty in Malaysia.
Any objective reading of consumers’ rice colour preferences sug-
gests that rice colour per se is not necessarily a barrier to acceptance
and can in fact be a desirable property. It should be noted that
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research subjects that have tasted GR state that it tastes the same
and has the same mouth feel as conventional rice. Perhaps the best
way to test if GR is acceptable to consumers is to allow consumers
the choice of deciding whether they want to plant it and/or grow it
for themselves and their children.

The silent holocaust

As noted previously, VAD Kills approximately 2 million people a
year — most of them rice-eating children. If GR had been bred by
conventional means, two or three years might have been required
to propagate and distribute the seeds, and - assuming a reasonable
adoption rate — perhaps the lives of a half a million or a million
people a year might have been saved until now. GR was not,
however, in any way conventional, it was a paradigm-shifting
innovation. GR has instead been confronted with critics who have
delivered a long list of ill-founded claims about safety and efficacy.
GR has also confronted an intransigent regulatory system that
requires millions of US$ and many years to navigate for each new
product. At ten years after the first development of GR, the world’s
VAD sufferers may still be two to five years away from receiving the
seeds that could save their lives. Considering the minimal safety
concerns associated with GR and the staggering annual toll of
VAD, would it not have been a better choice to distribute the seeds
just as would have been done if they were conventionally bred?
The moral calculus is surprisingly simple: if GR had been distrib-
uted in 2002 or 2003, millions of lives might have been saved. Not
to have disseminated the seeds of GR until now has allowed as
many people to die silently as were killed in the holocaust.

Damage by distraction

Science-based risk assessment of the food system reveals that the
adequacy and quality of the diet has more influence on morbidity
and mortality, as well as quality of life, than any other food risk.
Dietary choices affect all of us; however, the billion humans that do
not have enough food, or a sufficient variety of nutritious foods to
eat, are in extreme peril. Foodborne illness kills and sickens hun-
dreds of millions of people each year, many of whom do not have
access to sanitary supplies of food and water. Mycotoxins cause a
significant portion of liver, kidney and oesophageal cancer in
the world as well as birth defects, reproductive failure and a host
of other ills most likely affecting hundreds of millions of consumers,

References

—_

Diamond, J. (1997) Guns, Germs, and Steel: The Fates of Human Societies. W.W.
Norton & Co

Chassy, B. (2008) Global regulations of transgenic crops. In Molecular Genetic
Approaches to Maize Improvement (Kriz, A.L. and Larkins, B.A., eds), Springer-Verlag
FAO, (2008) The State of Food Insecurity in the World 2008. FAO available at

( http://www.fao.org/docrep/011/i0291e/i0291e00.htm)

FAO, (2009) The State of Food Insecurity in the World 2009. FAO available at

( ftp://ftp.fao.org/docrep/fao/012/i0876e/i0876e.pdf)

Wild, C.P. and Gong, Y.Y. (2009) Mycotoxins and human disease: a largely
ignored global health issue. Carcinogenesis advance access doi:10.1093/carcin/
bgp264

Barfoot, P. and Brookes, G. (2007) Global impact of biotech crops: socio-economic
and environmental effects, 1996-2006. AgBioForum 11, 21-38 available at

( http://www.agbioforum.org)

Brookes, G. and Barfoot, P. (2009) Global impact of biotech crops: income

and production effects 1996-2007. AgBioForum 12, 184-208 available at

( http://www.agbioforum.org)

\S]

w

'S

w

(=2}

)

including affluent consumers living in industrialised countries.
Plants can synthesise a wide variety of toxicants, anti-nutrients
and allergens that can also adversely affect health. Although their
impact on health has not been quantified, a considerable number of
the chemicals that are naturally occurring plant secondary meta-
bolites are carcinogens. These are the major food safety risks that
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only costly, but which inhibit innovation and distract govern-
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and Gold [36] have coined the phrase ‘damage by distraction’ to
describe this phenomenon.

Nowhere is ‘damage by distraction’ more apparent than in the
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scientific analysis that indicates that transgenic crops are as safe as,
or safer than, crops produced by other breeding modalities, trans-
genic plants are treated as if they were toxic chemicals or nuclear
waste. In the case of GR, negative perceptions and unscientifically
stringent regulations have inhibited the introduction of a poten-
tially lifesaving crop innovation. It is hard to imagine any food
safety risk arising from transgenic rice that could rival the global
impact of VAD. Precautionary fears have caused regulators and
consumers to forego real benefits and not erase harms caused by
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Myths abound when it comes to GE crops. At their worst, myths play an active role in discouraging the
use of GE to solve problems that afflict humankind, such as malnutrition and birth defects. Of all the
various myths, two have been particularly important in preventing the use of GE maize in its areas of
origin. The first is that transgenic maize will contaminate and destroy land races, thus destroying
biodiversity and its associated cultural traditions. This myth totally ignores the fact that the gene flow
that has taken place between maize and its progenitor, between the land races, and between land races
and modern hybrids, has not led to any dire consequences. The second myth is that crops are natural and
have not been modified by humans, or if they have, that plant breeding does not alter DNA. This myth
ignores the fact that for the most part, it is impossible to alter the appearance of crops without changing
the DNA. In fact, DNA movement within the crop genome is normal and its movement leads to double-
strand DNA repair, with results like those found around transgene insertion sites. In addition, plants
have ways to create novel genes. These changes help plants adapt to evolution and to human selection.
The net result is that changes similar to what happens during the production of engineered plants takes
place anyway in plant genomes.
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Introduction excerpts from websites illustrate the extent and nature of the
myths surrounding GE (genetically engineered) crops:
“And all who told it added something new, and all who “The Microbial Ecology in Health and Disease journal
heard it made enlargements, too”. (Alexander Pope). reported in 1998 that gene technology may be implicated

in the resurgence of infectious diseases.”
As noted above by Alexander Pope, certain topics are particu-

larly prone to distortions as they are repeated. The topic of genetic
engineering in agriculture is probably the one topic that has most
lent itself to misinformation over the past decade. The following

(http://www.raw-wisdom.com/50harmful, 8 Dec 2009)

“A number of studies over the past decade have revealed
that genetically engineered foods can pose serious risks to
humans, domesticated animals, wildlife and the environ-
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(http://truefoodnow.org/campaigns/genetically-engineered-
foods/, 16 Dec 2009)

“The introduction of genetically modified organisms
(GMOs) by choice or by accident grossly undermines
sustainable agriculture and in so doing, severely limits
the choice of food we can eat.”

(http://www.greenpeace.org/international/campaigns/genetic-
engineering/hands-off-our-rice, 16 Dec 2009)

“Our country’s children are fed inadequately tested and
unlabeled genetically engineered foods in their school
meal programs”

(http://www.sierraclub.org/biotech/school_lunch.asp, 17 Dec
2009)

“Latest GMO Research: Decreased Fertility, Inmunologi-
cal Alterations and Allergies”

(http://www.naturalnews.com/025001.html, 17 Dec 2009)

“The proof is obvious that one of the major reasons of the
bees’ decline is by the ingestion of GMO proteins.”

(http://www.infowars.com/death-of-the-bees-gmo-crops-and-
the-decline-of-bee-colonies-in-north-america/, 17 Dec 2009)

“If the corn gene that creates Bt-toxin were to transfer
into gut bacteria . . ., it might turn our intestinal flora into
living pesticide factories.”

(http://www.seedsofdeception.com/Public/GeneticRoulette/
ExcerptfromIntroduction/index.cfm). See rebuttal to this parti-
cular point at http://academicsreview.org/reviewed-content/
genetic-roulette/section-5/5-7-bt-genes-and-gut-survival/.

The existing GE myths are numerous and widespread, and they
cover the gamut of topics from health and safety to various aspects
of environmental safety. In as much as there are time and space
limitations, only two myths will be covered in detail. These two
myths are particularly pernicious, as they prevent the deployment
of GE crops in areas where they are most needed. They therefore
serve to perpetuate conditions that may lead to chronic malnutri-
tion and extraordinary rates of birth defects among the population.

The great maize myth: transgenic maize in its center of
origin will destroy it via contamination

As background information, maize originated in southern Mexico
[1]. Today, 11 million maize farmers plant 6 million ha of maize

and support a population of 77 million. The average farm size is
3.5 ha, of which 1.50 ha are planted with maize [2]. The central
Andean region of South America is a secondary center of maize
diversification. This region has about 7 million farmers on 3
million ha that support 16 million inhabitants. Maize yields
average about a ton per ha [2].

Agroecologically, traditional maize production in Mesoamerica
was very effective when the population was low. Today, the system
is not meeting the food needs of the population. The population
has tripled in the past 50 years, forcing the land to be subdivided
into ever-smaller parcels with each generation. In 1964, there were
321,000 parcels in the Guatemalan highlands. By 1996, the num-
ber had increased to 667,000 in the same land area [2]. A yield of
~1500 kg/ha is considered good; yet such a yield is barely ~1/6 of
maize yields in the USA. More worrisome is the fact that ~50% of
children under 5 are malnourished [3], in part owing to the
chronic food insufficiency derived from low yields and small
parcel sizes.

The second limitation associated with maize production in
Mesoamerica is the prevalence of growth of Fusarium spp. and
subsequent fumonisin production [4,5] on corn cobs, which fol-
lows feeding damage by caterpillars [6-8]. Fumonisin is a carcino-
gen which is also associated with neural tube birth defects (NTDs)
owing to its ability to interfere with sphingolipid metabolism, and
hence, folic acid [9-12]. Fumonisin is almost ubiquitous in corn
products in the region [4,13-15]. It is therefore not surprising that
the region manifests some of the highest rates of NTDs in the world
[16], surpassing 115 cases of anencephaly, spina bifida, or ence-
phalocele per 10,000 births, as compared to the world average of
about 15 cases per 10,000 (Fig. 1) (Dr Julio Cabrera, Guatemala
City, pers. comm.).

The bottom line is that there is a real cost in terms of human
health that is associated with the current maize production sys-
tem. Yet, both yield loss, and particularly, fumonisin production,
could be attenuated through the use of insect-resistant maize.
Maize transgenic for the Bt gene has been known to lower fumo-
nisin production under several, although not all, circumstances
[7,17-20]. Thus, the use of Bt maize would be a simple solution to
help address some of the most pressing issues associated with
maize production.

Despite the obvious advantages of deploying Bt maize from a
humanitarian point of view, there is fierce opposition to the
release of GE maize in its center of origin. The arguments are that
GE would at best ‘contaminate’ or at worst, displace, the existing
genetic diversity of maize. In addition, there are claims that GE
maize would have cultural consequences:

FIGURE 1

Examples of suspected fumonisin-associated birth defects: anencephaly, spina bifida and encephalocele. All are from one summer in one hospital in Guatemala.

Photos courtesy of Dr Julio Cabrera.
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“There are over 59 known races and thousands of vari-
eties, which will be inevitably contaminated.”

(http://endefensadelmaiz.org/No-to-transgenic-maize.html, 17
Dec 2009)

“Scientists worry that the genes could spread through the
region’s corn population reducing its genetic diversity.”

(http://www.historycommons.org/timeline.jsp?seeds_crops=-
seeds_cropsCorn&timeline=seeds_tmln, 20 Dec 2009)

“The introduction of genetically engineered varieties also
threatens the indigenous cultures and the very knowledge
that indigenous peoples have developed for millennia.
Genetic contamination of maize threatens the food sover-
eignty for hundreds of millions of people that rely on
maize as their primary source of food.”

(http://www.globalexchange.org/countries/americas/mexico/
news/gmo100101.html, 17 Dec 2009)

“transgenes might threaten the character or continuance
of the Mexican maize landraces. They might thus alter the
Mexican diet and the global fate of corn itself”

(http://www.theotherjournal.com/print.php?id=874, 21 Dec
2009)

Reports of transgenes in Mexican maize are routinely made
[21,22] and rebutted [23,24]. It is probably fair to say that if
transgenes are not yet in maize, it is just a matter of time before
they are. Regardless of whether or not transgenes have been
introgressed into native maize varieties, there is no question that
genes flow between maize varieties and landraces. Thus, the issue
is not about whether there will be gene flow, but rather about the
consequences of such flow.

It is possible to examine the consequences of gene flow by study-
ing maize production in its historical context. First, maize and its
progenitor, teosinte, have grown sympatrically for millennia. In
some regions, maize has evolved a gene to limit crosses between
maize and teosinte; in others, there are no crossing barriers [25], so a
low level of gene flow between the two does occur [26] (Fig. 2). The
point is that despite the gene flow with each other, neither maize
nor teosinte have been damaged or have lost their identities.

The same is true of the various land races. Historically, they have
been planted contiguously (Fig. 3), and they readily cross pollinate
(Fig. 4). The point again is that these varieties have coexisted for
centuries, and despite their intercrossing, have not lost their
identity.

Finally, improved maize cultivars and hybrids have been grown
in the region for decades now. There is evidence that genes from
modern hybrids have been introgressed into the traditional land
races [27], but again, the land races have not perished, nor have there
been cultural consequences. In fact, the greatest threat to the main-
tenance of land races does not come from introgression of genes,
but rather from migration of farmers from the field to the city [28],
or economic diversification that lessens farmers’ dependence on
maize [29].

On the basis of the fact that there has been gene flow between
teosinte, traditional varieties and modern hybrids, it becomes
possible to predict the consequences of transgene flow. The topic

FIGURE 2
A maize-teosinte hybrid growing in a Mexican maize field. Photo courtesy of
Raul Coronado.

has been considered previously. The following conclusion is from
the findings of the Commission for Environmental Cooperation
[30]:

“16. There is no reason to expect that a transgene would
have any greater or lesser effect on the genetic diversity
of landraces or teosinte than other genes from similarly
used modern cultivars. The scientific definition of genetic
diversity is the sum of all of the variants of each gene in
the gene pool of a given population, variety, or species.
The maize gene pool represents tens of thousands of
genes, many of which vary within and among popula-

FIGURE 3
White, black and yellow maize drying on a Guatemalan rooftop after harvest.
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FIGURE 4

Maize from the Guatemalan highlands, showing that cross pollination takes place naturally between the landraces. Photos courtesy of Eduardo Roesch.

tions. Transgenes are unlikely to displace more than a tiny
fraction of the native gene pool, if any, because maize is
an outcrossing plant with very high rates of genetic
recombination. Instead, transgenes would be added to
the dynamic mix of genes that are already present in
landraces, including conventional genes from modern
cultivars. Thus, the introgression of a few individual
transgenes is unlikely to have any major biological effect
on genetic diversity in maize landraces.”

In summary, there is sufficient experience to state that, by itself,
gene flow from transgenic maize will not have the destructive
effect predicted by those who oppose GE maize. Any claims to the
contrary are not consistent with the available evidence and thus
must be considered in the realm of myths.

What is the origin of the great maize myth? There are undoubt-
edly numerous motivations, combined with a general lack of
knowledge on maize genetics and cultivation. First, implicit in
the concept that a novel gene introgressed into a land race con-
stitutes ‘contamination’ implies that land races are somehow
genetically defined, static entities. They are not. Whereas land
races have recognizable phenotypes, they are genetically dynamic.
As mentioned previously, there is gene flow among land races
planted adjacently, and farmers exchange seed among themselves,
further contributing to gene flow. However, gene flow is countered
by selection — farmers participate actively in selecting for the
desired phenotypes [29,31,32]. Thus land races are the product
of continuous crossing and selection that maintains the pheno-
type while continuously selecting for the most adapted types for
each region. New traits that are considered desirable by the farmers
will be maintained; the rest are discarded.

The starting misconception: the myth of natural food
The second concept that is implied by the use of the term ‘con-
tamination’ is that today’s food crops are natural. The perception
is that our crops’ ancestors were found in the wild, and brought
into cultivation. Other than the fact they are now cultivated, they
have remained in their original, pristine state. Transgenes thus
contaminate them; much like industrial effluent can contaminate
and ruin a natural lake.

Few people realize the extent to which today’s crops have been
modified during the domestication process. It was Charles Darwin
who pointed out in his Origin of the Species that our domesticated
crops have been so altered by breeding and selection, that at times
it can be difficult to recognize their wild progenitors. Maize is an
extreme example of Darwin'’s observation, as cobs of teosinte bear
little resemblance to those of modern maize (Fig. 5). Thus, there is
very little that is natural about our current crops.

However, what makes Darwin’s observation so relevant to GE is
that, barring a few cases that involve epigenetics, it is impossible to
change the appearance of a plant without changing its DNA. Yet, the
perception remains that breeding does not alter DNA [33]:

“Insertion of DNA can cause deletions and rearrange-
ments of the original DNA at the insertion site. This
information helps us understand that GE is significantly
different from conventional breeding techniques.”

To really evaluate the differences between conventional breed-
ing and GE, it is necessary to evaluate the changes at the DNA level
that take place during breeding and selection.

FIGURE 5
A teosinte cob, showing the extent of changes that had to take place during
domestication to produce modern maize. Photo courtesy of Raul Coronado.
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Mutation breeding is the most obvious example of a methodol-
ogy known to alter DNA. There are 2543 known crop varieties
developed from mutation breeding (FAO/IAEA database http://
www-infocris.iaea.org/MVD/). Yet very few of these have been
studied to determine the change at the DNA level.

However, mutations from ionizing radiation have been studied
most extensively in Arabidopsis, and these probably represent the
type of changes that take place in crop plants. Deletions ranging
from 300 bp to 8 kb are probably the most common result [34].
Small inversions are also possible from mutagenesis. Null alleles
have been characterized for chalcone flavanone isomerase and
dihydroflavonol 4-reductase. The first contained a loss of 4 bp
along with a 1.5-kb inversion within the gene, and an insertion
of 272 bp that were originally 38 cM away. The second also has an
inversion of the genomic region, with 52 bp deleted at one end
and 7.4 kb at the other [35]. Thus, it is clear that changes brought
about by ionizing-radiation-mutagenesis exhibit the same features as do
transgene insertions. The latter can result in deletions that range
from 1 to 825 bp, along with larger duplications and insertions
[36].

Naturally occurring DNA segments also get inserted into crop
genomes. It is a feature of plant genomes that they are rife with
DNA insertions of various types. Plant genomes are primarily
composed of retrotransposons [37]. These are DNA elements that
get transcribed into messenger RNA which gets reverse-transcribed
into DNA copies which get inserted elsewhere in the genome. It
can be inferred that retrotransposons are actively moving in crops,
as their RNA appears in EST libraries. However, it is only now that
genomic technologies are advancing to a point where genomes
can be evaluated for active retrotransposition. Although the data
are still very limited, an example has already been found in rice
variety ‘Nipponbare,” which contains a retrotransposon that still
moves in the genome [38].

In addition, plant genomes have transposable elements. Unlike
retrotransposons, transposable elements excise from the genome
and reinsert themselves elsewhere in the genome, without going
through an RNA intermediate. Transposable elements were first
discovered in some experimental maize inbreds, but active ele-
ments were thought to be absent from varieties of maize and other
crops used in agriculture. As detection methodologies have
improved, and more transposable elements have been discovered,
that view has changed. For example, active Ping elements and
their derivatives have been found in ‘Gimbozu,’ a rice variety that
is ancestral to many modern rice cultivars. The transposition rate
in Gimbozu is 49-63 new insertions per plant per generation, arate
that is representative of what historically took place in farmers’
fields. By contrast, the rate of new insertions in its derivative
cultivar, ‘Nipponbare,’ is only about one new insertion per three
plants per generation [39], perhaps because breeders have selected
for greater phenotypic stability.

Over time, other types of DNA move between cell organelles as
well. Lough et al. [40] used in situ hybridization to illustrate that
mitochondrial sequences have inserted themselves into different
chromosomes in different maize hybrids over time. Likewise,
Huang et al. [41] developed transplastomic tobacco, with chlor-
oplasts transgenic for a gene for kanamycin resistance, driven by a
nuclear promoter. Thus, the frequency of transfer to the nucleus
could be monitored by the presence of kanamycin-resistant pro-

geny, which is 1 per 11,231 gametes. Huang et al. [42] had pre-
viously determined that the DNA fragments that move from the
chloroplast to the nucleus range in size from 6 to 22 kb.

Biologically, the excisions of transposons and the integration of
DNA segments all lead to double-stranded DNA breaks that must
be repaired. For example, spontaneous 60-880-bp deletions in the
waxy locus of maize acquired from 1 to 131 bp of filler DNA, with
the filler sequences frequently being homologous to sequences
near the deletion endpoint [43]. In all cases, the filler DNA is
derived from the normal double-stranded break repair mechan-
isms of plants [44,45]. Therefore, the filler DNA that is added
during the repair of spontaneous double-stranded DNA breaks is
identical in origin to that which is found many times in the T-
DNA/plant DNA junctions. Filler DNA, up to 51 bp in length, is
homologous to sequences near the T-DNA border or the plant DNA
border [46,47]. In the end, the repair of double-stranded DNA breaks
does not discriminate between inserts of DNA and movement of endo-
genous DNA elements [48]. Such double-stranded DNA break
repairs, and their associated deletions and additions of DNA, are
so common that they may even contribute to changes in plant
genome size [46,49].

To summarize up to this point, any changes other than inser-
tions that take place at the DNA level are due to the same repair
mechanisms that normally mediate DNA double-strand break
repair, and thus are in no way unique to transgenic plants. Never-
theless, the fact remains that GE crops do have exogenous DNA,
and this DNA is operating in a novel background. To properly
evaluate the significance of a novel gene, it is first important to
consider that there is a core set of about 13,300 genes necessary for
angiosperms. From there, different genes are either amplified in
copy number or created in different plant families as these evolve
and adapt to their environments and growth habits [50].

The process of gene duplication and creation continues to this
day. For example, glyphosate-resistant amaranth arose over the
past decade. Resistant plants can have up to 160 more copies of the
EPSPS enzyme gene compared to susceptible types, and these genes
have moved to all its chromosomes [51]. Alternatively, retrotran-
sposons can capture exons from other genes, and assemble them
into novel combinations never before seen. For example, the Wp
mutation in soybean appeared in Illinois in 1987. It was noticed
because the seed were 22% larger and had 4% more protein, while
the flower color changed to a very pale pink. The mutation is due
to retrotransposon that inserted itself into one of the chalcone
synthase genes. This particular retrotransposon has captured five
exons from four different genes, and these are transcribed into a
novel mRNA [52,53].

The above is an example of a retrogene. Of 898 retrogenes
identified in rice, 55% appear to be functional, and about 35%
are chimeric in nature, in that they have components from dif-
ferent genes in novel combinations [54]. The point is that there is
little difference, if any, between an entirely novel retrogene being created
in a crop, or a transgene being inserted into it. In contrast to a
transgene, a retrogene is almost impossible to detect in the absence
of advanced genomic technologies.

All these examples illustrate that DNA in crop plants is dynamic;
it changes in response to human selection and other evolutionary
forces, such that novel variability is created along the way. The
realization that DNA is so changeable does not come as a surprise.
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Previously, Rasmusson and Philips [55] realized that modern
barley cultivars had more genetic variability than their ancestors,
and surmised that new variation must have been created during
the past century of breeding efforts. Likewise, McClintock had
predicted that plant genomes were particularly prone to change
during periods of stress [56]. However, these early visionaries
lacked the necessary tools to test their hypotheses.

Today, a wealth of information is starting to come in from
genomics projects, and it is becoming evident that, if anything,
plant genomes are even more dynamic than originally envisioned.
Maize, more than any other crop, has turned out to have more
genetic variability than any other eukaryotic species that has been
studied to date. A comparison between ‘B73’ and ‘Mo17,” the two
inbreds most commonly used to produce hybrids revealed several
hundred examples of genes that are present in different numbers
in the two inbreds, along with several thousand DNA sequences
that are present in one inbred but not in the other, and which
contain hundreds of genes [57]! A comparison between B73
and ‘Palomero Toluquefio,” a Mexican landrace, revealed that the
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genome of the latter is 22% smaller than that of B73 [58]. These
examples serve to illustrate the amount of variability that maize
can tolerate and still be maize.

It is not surprising then, that gene expression profiles are
consistent with the expectations derived from highly variable
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variability than the use of other breeding technologies. Gene
expression profiles from mutagenized rice plants showed more
differences than transgenic plants did when each was compared
to its parental variety [59]. The same results were obtained
when expression profiles were compared for transgenic wheat
and their conventionally bred, non-transgenic counterparts
[60,61].

To summarize, the current model that is emerging depicts plant
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The potential impacts of genetically modified (GM) crops on income, poverty and nutrition in
developing countries continue to be the subject of public controversy. Here, a review of the evidence is
given. As an example of a first-generation GM technology, the effects of insect-resistant Bt cotton are
analysed. Bt cotton has already been adopted by millions of small-scale farmers, in India, China, and
South Africa among others. On average, farmers benefit from insecticide savings, higher effective yields
and sizeable income gains. Insights from India suggest that Bt cotton is employment generating and
poverty reducing. As an example of a second-generation technology, the likely impacts of beta-carotene-
rich Golden Rice are analysed from an ex ante perspective. Vitamin A deficiency is a serious nutritional
problem, causing multiple adverse health outcomes. Simulations for India show that Golden Rice could
reduce related health problems significantly, preventing up to 40,000 child deaths every year. These
examples clearly demonstrate that GM crops can contribute to poverty reduction and food security in
developing countries. To realise such social benefits on a larger scale requires more public support for
research targeted to the poor, as well as more efficient regulatory and technology delivery systems.
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The global area under genetically modified (GM) crops grew from
1.7 million hectares in 1996 to 134 million hectares in 2009.
Today, 14 million farmers worldwide grow GM crops in 25 coun-
tries, including 16 developing countries [1]. So far, most of the

E-mail address: mgaim@uni-goettingen.de.

resistance, but other GM traits are in the research pipeline and are
likely to be commercialised in the short-term to medium-term
future. The rapid global spread of GM crops has been accompanied
by an intense public debate. Supporters see great potential in the
technology to raise agricultural productivity and reduce seasonal
variations in food supply due to biotic and abiotic stresses. Against
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the background of increasing demand for agricultural products,
natural resource scarcities and additional challenges posed by
climate change, productivity increases are a necessary precondi-
tion for achieving long-term food security. Second-generation GM
crops, such as crops with higher micronutrient contents, could
also help reduce specific nutritional deficiencies among the poor.
Furthermore, GM crops could contribute to rural income
increases, which is particularly relevant for poverty reduction in
developing countries. And finally, supporters argue that reduc-
tions in the use of chemical pesticides through GM crops could
alleviate environmental and health problems associated with
intensive agricultural production systems.

By contrast, biotechnology opponents emphasise the environ-
mental and health risks associated with GM crops. Moreover, doubts
have been raised with respect to the socioeconomic implications in
developing countries. Some consider high-tech applications per se as
inappropriate for smallholder farmers and disruptive for traditional
cultivation systems. Also, it is feared that the dominance of multi-
national companies in biotechnology and the international prolif-
eration of intellectual property rights (IPRs) would lead to the
exploitation of agricultural producers. In this view, GM crops are
rather counterproductive for food security and development.

Although public controversies continue, there is a growing body
of literature providing empirical evidence on impacts of GM crops.
This article reviews the pertinent literature, focusing especially on
GM crop effects for poor agricultural producers and consumers in
developing countries. Two concrete examples are chosen. The first
example is insect-resistant Bacillus thuringiensis (Bt) cotton. Bt
cotton is currently the first-generation GM technology with the
widest distribution among smallholder farmers. Hence, solid data
about the socioeconomic effects are available for different coun-
tries. The second example is Golden Rice. This is a second-gen-
eration GM technology that promises to reduce nutritional
deficiencies and health problems among the poor through
improving the vitamin A status of rice consumers. Golden Rice

is not yet available in the market, so that related impact studies are
ex ante in nature. Although Bt cotton and Golden Rice certainly do
not cover the whole range of current and future GM crop applica-
tions, they can nonetheless provide some useful insights into the
type of effects to be expected from the first-generation and second-
generation technologies.

Impacts of Bt cotton

Bt cotton, which is resistant to different lepidopteran and coleop-
teran insect pests, was among the first GM crops to be commer-
cialised in the mid-1990s. In the US, Bt cotton was commercially
approved in 1995. One year later, cotton farmers in Australia
started using the technology and in subsequent years it was
commercialised in China, Mexico, Argentina, South Africa and
India and to a limited extent also in Indonesia. Very recently,
Burkina Faso has approved Bt cotton as the first low-income
country in Sub-Saharan Africa. In 2009, Bt cotton was grown on
16 million hectares (ha), which is over 45% of the total worldwide
cotton area. India is now the country with the biggest Bt cotton
area (8.4 million ha in 2009), followed by China (3.7 million ha),
and the US (2 million ha) [1]. Most of these areas are cultivated
with Monsanto’s Bollgard I technology, involving the CrylAc Bt
gene, but Bollgard II — with stacked Cry1Ac and Cry2Ab genes and
a broader spectrum of target pests — has also been released in
several countries. In addition to the Monsanto technology, in
China - and recently also in India - the public sector has developed
and commercialised Bt cotton varieties. The widespread and rapid
adoption of Bt cotton over the last 15 years suggests that farmers
are satisfied with this technology from an economic point of view.
Indeed, numerous studies that have been carried out in different
countries confirm that the socioeconomic benefits are sizeable [2].

Profit gains in India
In India, over 5 million farmers have already adopted Bt cotton,
which is now grown on almost 90% of the country’s total cotton

TABLE 1
Crop enterprise budgets for Bt and conventional cotton in India.

2002 2004 2006

Bt Conventional Bt Conventional Bt Conventional
Number of insecticide sprays 42" 6.8 46" 7.2 33" 3.8
Insecticide use (kg/ha) 517 103 52" 10.4 3.0 3.8
Yield of raw cotton (kg/ha) 1,628 1,213 1,836 1,362 2,080 1,458
Production cost (US$/ha)
Seed 81.0™ 252 836" 27.1 413™ 247
Insecticides 64.8™" 109.5 81.0™ 1242 60.4 586
Fertilizer 26.9™ 85.4 96.9” 85.7 100.5 755
Labour 1503™" 116.0 178.1 151.2 236.9 209.4
Other cost 415 357 19.6 19.6 58.1" 345
Total cost (US$/ha) 4345 3719 459.2™" 407.8 497.2™ 402.7
Revenue (US$/ha) 707.17" 5332 7125 518.8 864.0"" 617.9
Profit (US$/ha) 2725 161.3 2533 111.0 366.7"" 215.2

Sources: [3,5].

“Mean values are significantly different from those on conventional plots at the 10% level.
“Mean values are significantly different from those on conventional plots at the 5% level.
" Mean values are significantly different from those on conventional plots at the 1% level.
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TABLE 2
Comparative advantage of Bt over conventional cotton in India.
2002 2004 2006 Average
Insecticide use —50% —51% —21% —41%
Yield +34% +35% +43% +37%
Seed cost +221% +208% +68% +166%
Total cost +17% +11% +24% +17%
Gross revenue +33% +37% +40% +37%
Profit +69% +129% +70% +89%
Profit gain in US$/ha +111$ +142% +152% +135$

Source: [5].

area. Most of the cotton farms are small-scale, especially in central
and southern India. The average size of Bt-adopting farms is less
than 5 ha, with an average cotton area of about 1.5 ha. Therefore, a
closer look at the impacts in India is particularly interesting.

Table 1 shows cotton enterprise budgets in India with and
without Bt technology for three growing seasons between 2002
and 2006. The data were collected from randomly sampled farms
in four states and are representative of India’s smallholder-domi-
nated cotton production systems [3]. The results are summarised
in Table 2. In all three seasons, the number of insecticide sprays
and insecticide amounts used were significantly lower on Bt than
on conventional plots. The exact reductions vary from year to
year, which is partly due to seasonal variations in pest pressure.
Moreover, owing to increasing adoption of Bt over time, target pest
populations declined, so that even conventional cotton growers
could reduce their insecticide sprays considerably in recent years.
Average reductions in insecticide use through Bt technology were
41% over the three growing seasons. These reductions occur
mostly in highly toxic chemicals, so that Bt cotton is also asso-
ciated with significant benefits for the environment and farmers’
health.

In addition to insecticide reductions, a major effect of Bt cotton
in India is a sizeable yield advantage due to lower crop losses, as
previously predicted by Qaim and Zilberman [4]. Over the years,
average yields were 30-40% higher on Bt than on conventional
plots, which is due to more effective pest control and thus a
reduction in crop damage. Again, differences over the years are
largely due to variability in pest pressure. Regression analyses
confirm the gains in effective yields through Bt even after con-
trolling for differences in input use and other factors [3,5]. Higher
yields and crop revenues are also the main reasons for the sig-
nificant gains in cotton profits, in spite of higher seed prices. Profit
differences between Bt and conventional cotton even increased
over time, which is partly due to seed price caps that state govern-
ments have introduced since 2006. Over the three seasons
observed, mean profit gains were in a magnitude of 89%, or 135
US$ per ha. These are large benefits for cotton-producing house-
holds in India, many of whom live near or below the poverty line.
Extrapolating these profit gains to the total area under Bt cotton in
India (8.4 million ha) implies an additional 1.13 billion US$ per
year in the hands of smallholder farmers.

In spite of this evidence, which is also confirmed in other studies
[6,7], there are widespread public concerns that smallholder farm-
ers would not benefit from Bt and that the technology would

rather cause economic and social problems among the poor [8].
What the mean values discussed above (Tables 1 and 2) mask is
that there was considerable impact variability in the early years of
Bt cotton adoption. Especially in 2002, there were some farmers in
certain regions who did not profit, due to insufficient information
on how to use the technology successfully. Moreover, only a small
number of Bt varieties were available, which were not suitable for
all agroecological conditions [3,9]. These initial problems were
overcome, however, as is reflected in the rapid and widespread
aggregate adoption.

Income distribution and poverty in India

Beyond the direct effects on crop profits for adopting farmers, new
technologies such as Bt cotton also entail indirect effects through
backward and forward linkages to other markets. For instance,
higher cotton yields through Bt provide more employment oppor-
tunities for agricultural labourers and a boost to rural transport and
trading businesses. Income gains among farmers and farm workers
entail higher demand for food and non-food items, inducing
growth and household income increases also in other local sectors.
Such indirect effects were positive and large for Green Revolution
technologies in the 1970s and 1980s [10]. Related studies for GM
crops have hardly been carried out. One exception is Bt cotton in
India, for which wider rural development effects have been ana-
lyzed by Qaim et al. [11] and Subramanian and Qaim [12]. The
results of this research are summarised in the following.

Using detailed census data from a typical cotton-growing village
in central India and building on a social accounting matrix (SAM)
multiplier model, the total income effects of Bt cotton were
estimated. These effects not only incorporate the direct benefits
for cotton farmers in terms of higher profits, but also include the
indirect effects that occur in other markets and sectors. Overall,
each ha of Bt cotton creates aggregate incomes that are 246 US$
higher than those of conventional cotton (Figure 1). For the total
Bt cotton area in India, this translates into an annual rural income
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FIGURE 1

Income effects of Bt cotton in comparison to conventional cotton in rural
India.

Note: The results shown include direct benefits among cotton farmers as well
as indirect effects through backward and forward linkages with other rural
markets and sectors. For the evaluation of income distribution effects,
households were disaggregated using local poverty lines, which are very near
to the World Bank'’s thresholds of 1 and 2 US$ a day (purchasing power parity)
for extreme and moderate poverty, respectively. Source: [11].
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gain of 2.07 billion US$. Considering that the direct profit gains for
Bt cotton farmers are in a magnitude of 1.13 billion US$ (see
previous subsection), it can be concluded that each dollar of direct
benefits is associated with about 83 cents of additional indirect
benefits in the local economy.

In terms of income distribution, all types of households benefit,
including those below the poverty line (Figure 1). 60% of the gains
accrue to the extremely and moderately poor. Bt cotton is also net
employment generating, with interesting gender implications:
compared to conventional cotton, Bt increases aggregate returns
to labour by 42%, while the returns for hired female agricultural
workers increase by 55%. This is largely due to additional labour
employed for picking cotton, which is primarily a female activity
in India [12]. As is known, women'’s income has a particularly
positive effect for child nutrition and welfare [13].

These results on income distribution cannot be simply extra-
polated to other regions and other GM technologies, as impacts
always depend on the conditions in a particular setting. None-
theless, the fact that a first-generation GM crop such as Bt cotton
already contributes to poverty reduction and rural welfare growth
has not been widely recognised up till now. Income gains among
the rural poor can also have positive food security effects, as 50% of
the worldwide hungry are smallholder farmers and another 20%
are landless rural workers [14]. For these people, rising incomes
mean better access to food, even when the income gain itself is due
to a new technology in a non-food crop such as cotton. Needless to
say, positive food security effects could be higher still when GM
food crops — adapted to smallholder conditions — become available
in the future.

Evidence from other countries

As mentioned above, Bt cotton has also been widely adopted in
several other countries, for most of which studies on the direct
impacts are available in the literature. Table 3 gives an interna-
tional overview. Although the concrete effects vary, the overall
trends observed in India — namely that the technology reduces
insecticides, increases effective yields, and allows significant gains
in cotton profits — are confirmed in the other countries as well.
Strikingly, the gains are predominantly higher in developing
countries than they are in the US or Australia. This is partly due
to more pronounced yield effects of Bt as a result of higher
uncontrolled crop losses among smallholder farmers in the tropics

TABLE 3
Effects of Bt cotton in different countries.

Country Insecticide Increase in Increase
reduction effective in profit
(%) yield (%) (US$/ha)
Argentina 47 33 23
Australia 48 0 66
China 65 24 470
India 41 37 135
Mexico 77 9 295
South Africa 33 22 91
USA 36 10 58
Source: [2].

[4,15]. Moreover, Bt seeds are mostly cheaper in developing coun-
tries due to weaker IPR protection. An exception is Argentina,
where Bt cotton is patented and seed prices are relatively high [16].

As in India, cotton is often also cultivated by small-scale farmers
in other developing countries. Especially in China and South
Africa, Bt cotton is often grown by farms with less than 3 ha of
land. Several studies show that small-scale farmers benefit to a
similar extent from Bt adoption as larger-scale producers. In some
cases, the advantages for smallholders are even significantly
greater [17,18]. However, distributional effects do depend not
only on the characteristics of a technology, but also on the
institutional setting at national and local levels. For instance,
information, credit, and infrastructure constraints can hinder
proper access of poor farmers to GM seeds, especially in countries
where rural markets do not function well. Therefore, beyond
introducing new technologies, policies that strengthen institu-
tions and reduce market failures are required, to achieve pro-poor
outcomes on a larger scale. This is particularly important when GM
crops are commercialised in the least-developed countries.

Expected impacts of Golden Rice

Golden Rice (GR), which has been genetically modified to produce
B-carotene in the grain, has been proposed as a possible interven-
tion to control vitamin A deficiency (VAD) [19,20]. VAD is a
considerable public health problem in many developing countries:
it affects 140 million pre-school children and 7 million pregnant
women world wide. Of these, up to 3 million children die every
year [21]. Apart from increasing child mortality, VAD can lead to
visual problems, including blindness, and also increases the inci-
dence of infectious diseases. The deficiency is most widespread in
poverty households, where diets are dominated by staple foods
with relatively low nutritional value. Food supplementation and
industrial fortification programs can be effective in reducing VAD,
but they often do not reach the target populations in rural areas
[22]. Widespread consumption of Golden Rice promises to
improve the situation in rice-eating populations. However, this
technology is not yet available in the market, so that concrete
outcomes can only be predicted. Golden Rice will probably be
commercialised in selected Asian countries starting from 2012.

Nutrition and health benefits

Stein ef al. [23] developed a methodology for comprehensive ex
ante evaluation of Golden Rice, focusing on nutrition and health
effects as well as on socioeconomic aspects. This methodology was
used for an empirical study in India [24]. India is one of the target
countries for Golden Rice, because mean levels of rice consump-
tion are relatively high, and VAD is widespread. Of the 140 million
pre-school children suffering from VAD worldwide, more than 35
million live in India [21].

Adverse health outcomes of VAD include increased mortality,
night blindness, corneal scarring, blindness and measles among
children, as well as night blindness among pregnant and lactating
women. Stein et al. [24] calculated the disease burden associated
with VAD-attributable fractions of these outcomes, building on a
disability-adjusted life year (DALY) approach. The combined
annual mortality and morbidity burden is expressed in terms of
the number of DALYs lost. The present burden, calculated based
on available health statistics, is the situation without Golden Rice.
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In a next step, present B-carotene intakes from nationally repre-
sentative food consumption data were derived and the likely shift
in the intake distribution through future consumption of Golden
Rice was established. This required assumptions which were based
on experimental data and expert estimates about the technology’s
efficacy and future coverage. Higher B-carotene intakes will
improve the vitamin A status of individuals, thus reducing the
incidence of adverse health outcomes. These new incidence rates
were derived and used to re-calculate the expected remaining
burden with Golden Rice. The difference in the disease burden
with and without Golden Rice is the expected impact of the
technology expressed in terms of the number of DALYs saved.

According to these calculations, the current annual disease
burden of VAD in India amounts to a loss of 2.3 million DALYs,
of which 2.0 million is lost due to child mortality alone. In terms of
incidence numbers, more than 70,000 Indian children under the
age of six die each year due to VAD. In this context, widespread
consumption of Golden Rice could reduce the burden of VAD by
59%, which includes the saving of almost 40,000 lives each year
(Table 4). Because the severity of VAD is negatively correlated with
income, the positive effects are most pronounced in the poorest
income groups.

While these results suggest that Golden Rice alone is unlikely to
eliminate the problems of VAD, the projected improvements in
public health and nutrition are huge. Similar effects can also be
expected in other rice-eating countries with a high prevalence of
VAD. Beyond the reduction in health costs and individual suffer-
ing, nutritional improvements are associated with positive
impacts on labour productivity. Anderson et al. [25] used a macro-
economic model to simulate the benefits of Golden Rice at the
global level. Modelling consumer nutrition and health effects
among the poor as an increase in the productivity of unskilled
labourers, they estimated worldwide welfare gains of over 15
billion US$ per year, with most of the benefits accruing in Asia.

TABLE 4

Burden of vitamin A deficiency in India and potential impact of
Golden Rice.

Current burden of vitamin A deficiency

Number of DALYs lost each year (thousands) 2,328

Number of lives lost each year (thousands) 716
Potential impact of Golden Rice

Number of DALYs saved each year (thousands) 1382

Reduction of the DALYs burden (%) 59.4

Number of lives saved each year (thousands) 39.7
Cost-effectiveness of Golden Rice and other

vitamin A interventions

Cost per DALY saved through Golden Rice (US$) 3.1

World Bank cost-effectiveness standard 200

for DALYs saved (US$)

Cost per DALY saved through supplementation (US$) 134

Cost per DALY saved through industrial 84

fortification (US$)

Note: The impact estimates reported here build on the ‘high impact scenario in [24]. Given
recent evidence about the high efficacy of Golden Rice [27] the assumptions in that scenario
appear realistic when the technology receives public support for social marketing efforts.
Source: [24].

In China, for instance, Golden Rice is projected to entail a 2%
growth in national income [25].

Cost-effectiveness

The high expected effectiveness of Golden Rice in reducing the
problems of VAD was shown in the previous subsection. This
certainly is a cause for optimism. However, from an economic
perspective it needs to be asked at what cost a certain effect is
achieved. The major costs of Golden Rice are the investments in
research as well as in developing, testing and disseminating the
GM technology. Dividing these costs by the number of DALYs
saved, and taking into account the time when costs and benefits
occur through discounting, results in the average cost per DALY
saved, which is a common measure for the cost-effectiveness of
health interventions. This was done by Stein et al. [24] in their
analysis for Golden Rice in India. According to their projections,
the cost per DALY saved through Golden Rice is in a magnitude of
3 USS$ (Table 4), which is very low. A sensitivity analysis showed
that, even with much more pessimistic assumptions, the cost
would not rise to more than 20 US$ per DALY saved.

These results should be compared with suitable benchmarks. The
World Bank classifies health interventions as very cost-effective
when their cost is less than 200 USS$. This underlines that Golden
Rice could be extremely cost-effective. But how does Golden Rice
compare with conventional vitamin A interventions? Scaling up
food supplementation or industrial fortification programs for vita-
min A in India would cost between 84 and 134 US$ per DALY saved
(Table 4). The major cost of these conventional interventions is not
to produce the vitamin pills or food fortificants, but to reach the
target population in remote rural areas, which requires large invest-
ments and monitoring on a regular basis. This is different for Golden
Rice: even though the initial investment is high, recurrent costs will
be low, because Golden Rice seeds will spread through existing
formal and informal distribution channels and can be reproduced
by farmers themselves. Nonetheless, possible issues of consumer
acceptance must be considered, and suitable strategies to convince
farmers to adopt Golden Rice varieties have to be developed. A
combination of B-carotene with interesting agronomic traits in rice
might be a practicable avenue.

In spite of the high projected cost-effectiveness, Golden Rice
should not be seen as a substitute for existing vitamin A interven-
tions, but as a complementary strategy. No single approach will
eliminate the problem of VAD and all interventions have their
strengths and weaknesses in particular situations. While supple-
mentation and industrial fortification might be more suitable for
urban areas and feeding programs for well-defined target groups,
Golden Rice is likely to achieve a wider coverage, for example in
remote rural areas. It is only in the long run that poverty reduction
and economic growth may be expected to contribute to dietary
diversification, which might then reduce the urgency for more
specific micronutrient interventions.

Conclusion

GM crops are not a magic bullet against all problems in developing
countries, but they hold significant potential to contribute to
poverty reduction, better nutrition and health, and sustainable
development. Some of these potentials have already materialised.
Yet it should be stressed that GM technologies can be very diverse,
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so instead of talking about the impacts of GM crops in general,
concrete statements have to be differentiated. For instance, the
impacts of herbicide tolerance are different from the impacts of
insect resistance or of nutritionally enhanced crops. Moreover,
impacts depend on the agronomic and institutional conditions,
such as pest pressure, intellectual property rights, and the func-
tioning of seed and other rural markets.

This article has reviewed the outcomes of Bt cotton in different
contexts, highlighting that this technology can be very suitable for
smallholder farmers. In particular, the example from India showed
that Bt cotton not only reduces insecticide use and increases yield,
but also contributes to employment generation and income gains
among the rural poor. Preliminary evidence suggests that similar
effects are also likely for other Bt crops that are already available in
some developing countries (like Bt maize and Bt rice) or may be
commercialised soon (like Bt eggplant) [26]. The benefits of future
GM crop applications, including those that involve tolerance
against abiotic stress, could be much greater than the ones already
observed [2].

As a promising second-generation GM technology, this article
has analysed the expected impacts of Golden Rice, building on
available ex ante research. It was shown that Golden Rice has the

References

1 James, C. (2009) Global Status of Commercialised Biotech/GM Crops: 2008. The
International Service for the Acquisition of Agri-biotech Applications (ISAAA)
Qaim, M. (2009) The economics of genetically modified crops. Ann. Rev. Res. Econ.
1, 665-693

Qaim, M. et al. (2006) Adoption of Bt cotton and impact variability: insights from
India. Rev. Agricult. Econ. 28, 48-58

4 Qaim, M. and Zilberman, D. (2003) Yield effects of genetically modified crops in
developing countries. Science 299, 900-902

Sadashivappa, P. and Qaim, M. (2009) Bt Cotton in India: Development of Benefits and
the Role of Government Seed Price Interventions. AgBioForum [serial on the Internet].
12(2). Available from http://www.agbioforum.org/v12n2/v12n2a03-
sadashivappa.htm and http://www.botanischergarten.ch/Cotton/Sadashivappa-
BtCotton_AgBioForum-2009.pdf

Bennett, R. ef al. (2006) Farm-level economic performance of genetically modified
cotton in Maharashtra. India Rev. Agricult. Econ. 28, 59-71

Crost, B. et al. (2007) Bias from farmer self-selection in genetically modified crop
productivity estimates: evidence from Indian data. J. Agric. Econ. 58, 24-36
Qayum, A. and Sakkhari, K. (2005) Bt Cotton in Andhra Pradesh A Three-year
Assessment The First Ever Sustained Independent Scientific Study of Bt cotton in India.
Deccan Development Society, Andhra Pradesh Coalition in Defense of Diversity,

[}

w

w

(=)

~

2]

Permaculture Association of India

Gruere, G.P. et al. (2008) Bt Cotton and Farmer Suicides in India: Reviewing the

Evidence. Washington: IFPRI Discussion Paper 00808. Environment and Production

Technology Division

10 Hazell, P. and Ramasamy, C. (1991) The Green Revolution Reconsidered the Impact of
High-yielding Rice Varieties in South India. Johns Hopkins University Press

11 Qaim, M. et al. (2009) Commercialised GM crops and yield. Nat. Biotechnol. 27,
803-804

12 Subramanian, A. and Qaim, M. (2010) The impact of Bt cotton on poor households
in rural India. J. Develop. Stud. 46, 295-311

el

potential to reduce the burden of vitamin A deficiency substan-
tially and at low average costs, even when accounting for sizeable
outlays that might be necessary for future social marketing. There-
fore, Golden Rice promises to be an effective, efficient and sustain-
able pro-poor nutrition intervention. Its inclusion into strategies
that aim at the elimination of vitamin A deficiency in rice-eating
populations should be promoted.

In spite of these encouraging examples, more public support is
needed in biotechnology development, to ensure that other
promising technologies for the poor are being developed, and
in technology delivery, to ensure that they are widely accessible.
In this respect, the negative public attitudes towards GM crops,
especially in Europe, which are largely the result of biased infor-
mation, are a fundamental obstacle. Not only do they limit public
investments into GM crop research, but they also contribute to an
overly complex regulatory framework. Some regulation is neces-
sary to avoid risks, but over-regulation unnecessarily increases
the cost of technologies, thus introducing a bias against small
crops, small countries and small research organisations, which
also implies a bias against the poor. This situation needs to be
rectified through better and more science-based information
flows.

13 Quisumbing, A. et al. (1995) Women: The Key to Food Security. IFPRI

14 World Bank World Development Report 2008. Agriculture for Development. World
Bank

15 Qaim, M. and de Janvry, A. (2005) Bt cotton and pesticide use in Argentina:
economic and environmental effects. Environ. Develop. Econ. 10, 179-200

16 Qaim, M. and de Janvry, A. (2003) Genetically modified crops, corporate pricing
strategies, and farmers’ adoption: the case of Bt cotton in Argentina. Am. J. Agric.
Econ. 85, 814-828

17 Morse, S. et al. (2004) Why Bt cotton pays for small-scale producers in South Africa.
Nat. Biotechnol. 22, 379-380

18 Pray, C. et al. (2001) Impact of Bt cotton in China. World Develop. 29, 813-825

19 Paine, J.A. et al. (2005) Improving the nutritional value of Golden Rice through
increased pro-vitamin A content. Nat. Biotechnol. 23, 482-487

20 Ye, X.D. et al. (2000) Engineering the provitamin A (beta-carotene) biosynthetic
pathway into (carotenoid-free) rice endosperm. Science 287, 303-305

21 UN SCN Fifth Report on the World Nutrition Situation for Improved Development
Outcomes. Geneva: United Nations System, Standing Committee on Nutrition
2005.

22 Allen, L.H. (2003) Interventions for micronutrient deficiency control in
developing countries: past, present and future. J. Nutr. 133, 38755-3878S

23 Stein, AJ. et al. (2006) Potential impact and cost-effectiveness of Golden Rice. Nat.
Biotechnol. 24, 1200-1201

24 Stein, AJ. et al. (2008) Genetic engineering for the poor: Golden Rice and public
health in India. World Development 36, 144-158

25 Anderson, K. et al. (2005) Genetically modified rice adoption: implications for
welfare and poverty alleviation. J. Econ. Integration 20, 771-788

26 Krishna, V.V.and Qaim, M. (2007) Estimating the adoption of Bt eggplant in India:
who benefits from public-private partnership? Food Policy 32, 523-543

27 Tang, G.W. et al. (2009) Golden Rice is an effective source of vitamin A. Am. J. Clin.
Nutr. 89, 1776-1783

www.elsevier.com/locate/nbt 557




RESEARCH PAPER New Biotechnology * Volume 27, Number 5« November 2010

ELSEVIER

Economic impacts of policies affecting
crop biotechnology and trade

Kym Anderson

George Gollin Professor of Economics, School of Economics and Centre for International Economic Studies, University of Adelaide, Adelaide, SA 5005,
Australia

Agricultural biotechnologies, and especially transgenic crops, have the potential to boost food security
in developing countries by offering higher incomes for farmers and lower priced and better quality
food for consumers. That potential is being heavily compromised, however, because the European
Union and some other countries have implemented strict regulatory systems to govern their
production and consumption of genetically modified (GM) food and feed crops, and to prevent
imports of foods and feedstuffs that do not meet these strict standards. This paper analyses empirically
the potential economic effects of adopting transgenic crops in Asia and Sub-Saharan Africa. It does so
using a multi-country, multi-product model of the global economy. The results suggest the economic
welfare gains from crop biotechnology adoption are potentially very large, and that those benefits are
diminished only very slightly by the presence of the European Union’s restriction on imports of GM
foods. That is, if developing countries retain bans on GM crop production in an attempt to maintain
access to EU markets for non-GM products, the loss to their food consumers as well as to farmers in
those developing countries is huge relative to the slight loss that could be incurred from not retaining
EU market access.
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of the past six decades contributed to an acceleration of the long-
term decline in real international food prices so that, by the late
1980s, they were below 1930s’ levels,! which in turn led to
complacency about the need for further agricultural research. As
a result, growth in public funding for such research fell substan-
tially in both rich and poor countries [6] — despite overwhelming
evidence that this is a very high payoff investment area [7]. In
particular, the aid agencies and foundations reduced their support
for the Consultative Group on International Agricultural Research
(CGIAR) and for complementary national agricultural research
systems in developing countries — which quickly led to fears that
food crop productivity growth would slow [8].

The emergence in the 1990s of new agricultural biotechnolo-
gies, and in particular transgenic crop varieties, seemed to offer
new hope that the private sector might fill this lacuna. But to those
early hopes were added three other concerns. One was that a small
number of huge biotech firms would capture most of the gains
from the new agricultural biotechnology. This ignores the fact that
competition among those firms forces down the selling price of
new seeds, and that farmers will only adopt the new technology if
they perceive a net benefit to themselves.

A second concern was that those firms would not invest in poor
countries where profits would be slim because of poor protection
of intellectual property rights, the high cost of getting over
national regulatory barriers, and small commercial seed markets
[9]. In so far as these characteristics prevail, the solution lies in
improving property rights, streamlining the regulatory processes
and opening up the seed market to more competition.

The third concern was that Europeans and others would reject the
technology because of environmental and food safety concerns,
thereby thwarting export market prospects for adopters of the
transgenic crops [10-12]. That third concern was vindicated by
the European Union’s imposition, in late 1998, of a de facto mor-
atorium on the production and importation of food products that
might contain genetically modified organisms (GMOs), which
helped to constrain widespread adoption to just three GM food/
feed crops (maize, soybean and canola) in three countries where
production had already taken off by 1998, namely the United States,
Argentina and Canada. Even when the other important GM crop is
added (cotton), those three countries continue to dominate [13].

In May 2004 the European Union (EU) replaced its moratorium
with new regulatory arrangements, but they involve such onerous
and laborious segregation, identity preservation and labelling
requirements as to be almost as restrictive of exports of GM products
as was the moratorium. With several other countries also imposing
strict labelling regulations on GM foods [14], and even private
importing firms seeking GM-free foods [15], biotech firms are divert-
ing more of their R&D investments away from food. At the same
time, the public agricultural research system has been shy about
investing heavily in this technology - including the CGIAR which
depends heavily on rich-country grants from EU member states.

How are these events affecting food security in developing
countries, where food security can be thought of as everyone
having access to the minimum amount of basic food that is
necessary for survival, that is, having the wherewithal to grow

or to purchase a minimum basket of food? Transgenic crops can
boost food security in either of two ways: by improving a farm
household’s net real earnings (including not only the implicit
value of subsistence food production but also earnings from cash
crops such as cotton), or by lowering the price or improving the
quality of the food brought by a non-farm household. The real
price of food in international markets would be lowered because of
farm productivity growth in any trading countries that adopt the
new technology, and that would reduce food prices in the domes-
tic market of all countries that are at least somewhat open to trade.

What has been the impact on developing country welfare of the
limited adoption of GM varieties so far and of the EU’s reaction to
that, and what would be the impacts of wider adoption of GM
crops? This question is addressed in this paper by considering first-
generation corn and oilseed GM crops, then the prospective
adoption of 1st or 2nd generation (nutritionally enhanced) rice
and wheat, and finally the adoption of GM cotton. This is done by
drawing on empirical data and some simulation results from a
multi-country, multi-product model of the global economy. The
paper concludes with some policy implications that follow from
the results of this analysis.

China and India are the most significant developing countries
to consider, in the sense that they house the majority of the
world’s poor [16], they comprise almost one-third of the world’s
production and consumption of grain (and even more of cotton),
and they (especially China) have the potential to rapidly apply and
disseminate this new biotechnology. But Sub-Saharan Africa is also
of crucial concern, given its extreme poverty and strong depen-
dence still on agriculture for employment and export earnings
and, in some cases, on food aid imports (which can be problematic
if food provided as aid is not GM-free, as was the case for US
shipments to southern Africa in 2002).

How has national welfare been affected to date in GM-
adopting countries, in the EU, and in non-adopting
developing countries?
To estimate the welfare consequences of policies affecting GM crop
adoption, we have employed a model of the world economy
known as GTAP (see [17]) and report several sets of simulation
results.> We begin with GM adoption for just coarse grains and
oilseeds but then add rice and wheat, and then cotton, to get a feel
for the relative economic importance to different regions and the
world as a whole of current versus prospective GM crop technol-
ogies. The impacts of GM food crop adoption by just the United
States, Canada and Argentina are considered first, without and
then with policy reactions by the EU. The simulation is then re-run
with the EU added to the list of adopters, to explore the tradeoffs
for the EU between productivity growth via GM adoption and the
benefits of remaining GM-free given the prior move to adopt in the
Americas. A change of heart in the EU would reduce the reticence
of the rest of the world to adopt GM food crop varieties, so the
effects of all other countries then adopting is explored as well.
Specifically, the base case in the GTAP model, which is cali-
brated to 1997 just before the EU moratorium being imposed, is
compared with an alternative set of simulations whereby the

" The other key contributor was the post-war growth of agricultural pro-
tectionism in developed and newly industrialising countries [29,30].

2This section draws on results presented in [31], which in turn has been
inspired by earlier global modelling analysts including [32-34].
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TABLE 1

Estimated economic welfare effects of GM coarse grain and oilseed adoption by various countries (equivalent variation in income, 1997

US$ million per year)Source: [31].

US, CAN and ARG adopt

All countries adopt

Without policy response

With EU moratorium Without policy response

Sim 1a Sim 1b Sim 1c EV as % of GDP (sim 1c)
Argentina 312 247 287 0.11
Canada 72 7 65 0.01
us 939 628 897 0.01
EU-15 267 —3145 595 0.01
Southern African Customs Union 3 7 9 0.01
Rest of Sub-Saharan Africa -2 14 60 0.03
Rest of the world 700 1027 2204 0.02
World 2290 —1243 4047 0.013

effects of adoption of currently available GM varieties of maize,
soybean and canola by the first adopters (Argentina, Canada and
the US) is explored without and then with the EU de facto mor-
atorium on GMOs in place.? Plausible assumptions about the farm
productivity effects of these new varieties and the probable per-
centage of each crop area that converts to GM varieties are taken
from the available literature including [18-20].*

The estimated national economic welfare effects of the first set
of these shocks are summarized in Table 1. Assuming no adverse
reaction by consumers or trade policy responses by governments,
the first column shows that the adoption of GM varieties of coarse
grains and oilseeds by the US, Canada and Argentina would have
benefited the world by almost US$2.3 billion per year, of which
$1.3 billion is reaped in the adopting countries while Asia and the
EU enjoy most of the rest (through an improvement in their terms
of trade, as net importers of those two sets of farm products). The
only losers in that scenario are countries that export those or
related competing products. Australia and New Zealand lose
slightly (not shown in Table 1) because their exports of grass-

3 This has to be done in a slightly inflating way in that the GTAP model is not
disaggregated below ‘coarse grains’ and ‘oilseeds. However, in the current
adopting countries (Argentina, Canada and the US), maize, soybean and
canola are the dominant coarse grains and oilseed crops.

4We assume 45% of US and Canadian coarse grain production is GM and,
when they adopt, all Latin American countries and Australia are assumed to
adopt GM coarse grains at two-thirds the level of the US while all other
countries are assumed to adopt GM coarse grains at one-third the level of US
adoption. For oilseeds, we assume that 75% of oilseed production in the US,
Canada and Argentina (and Brazil when we allow it) is GM. Again Other Latin
American countries and Australia are assumed to adopt at two-thirds the
extent of the major adopters and the remaining regions adopt at one-third
the extent of the major adopters. For the prospective rice scenarios, major
assumed adopters, including the US, Canada, China, India, and all other Asian
countries are assumed to produce 45% of their crop using GM varieties. All
other regions adopt at two-thirds this rate. Prospective GM wheat adoption is
assumed to occur to the same extent as coarse grain adoption for all regions.
The GM varieties are assumed to enjoy higher total factor productivity than
conventional varieties to the extent of 7.5% for coarse grains, 6% for oilseeds
and 5% for wheat and rice. The simulations are able to estimate the
equivalent variations in income, measured in 1997 US dollars, that would
result from these assumed degrees of adoption and productivity growth for
the GM potion of each crop and its consequence effect on markets.

fed livestock products are less competitive with now-cheaper
grain-fed livestock products in GM-adopting countries. But so
too do the non-SACU countries of Sub-Saharan Africa (SSA) as a
group, although again only slightly. South Africa gains slightly as a
net importer of coarse grains and oilseeds, while the net welfare
effect on the rest of SADC is negligible.

Column 2 of Table 1 shows the effects when the EU’s morator-
ium is taken into account. The gains to the adopting countries are
one-third less, the EU loses instead of gains (not accounting for the
value EU consumers place on being certain they are not consum-
ing food containing GMOs), and the world as a whole would be
worse off (by $1.2 billion per year, instead of better off by $2.3
billion, a difference of $3.5 billion) because the gains from the new
technology would be more than offset by the massive increase in
agricultural protectionism in the EU because of its import restric-
tions on those crops from GM-adopting American countries. For
SSA other than SACU, however, welfare would be $46 million p.a.
greater than in Sim 1b because in Sim 1c African farmers are able to
sell into the EU with less competition from the Western Hemi-
sphere. As a proportion of GDP, those economies gain three times
as much as SACU (see final column of Table 1).

However, if by adopting the technology in the EU the rest of the
world also became uninhibited about adopting GM varieties of
these crops, global welfare would be increased by nearly twice as
much as it would when just North America and Argentina adopt,
and almost all of the extra global gains would be enjoyed by
developing countries. If one believes the EU’s policy stance is
determining the rest of the world’s reluctance to adopt GM vari-
eties of these crops, then the cost of the EU’s moratorium to people
outside the EU1S5 has been up to $0.4 billion per year for the three
GM-adopting countries (compare columns 2 and 3 of Table 1) and
$1.1 billion per year for other developing countries.

Those estimates understate the global welfare cost of the EU’s
policy in at least four respects, however. First, the fact that the EU’s
stance has induced some other countries to also impose similar
moratoria on GM food crops (if not cotton) has not been taken
into account. Sri Lanka was perhaps the first developing country to
ban the production and importation of GM foods. In 2001 China
did the same (with some relaxation in 2002), having been denied
access to the EU for some soy sauce exports because they might
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TABLE 2

Estimated economic welfare effects of GM coarse grain, oilseed, rice and wheat adoption by various countries (equivalent variation in

income, 1997 US$ million per year)Source: [31].

US, CAN, ARG, CHN and IND adopt

All countries adopt

Without policy response

With EU moratorium Without policy response

Sim 2a Sim 2b Sim 2c EV as % of GDP (sim 2c)
Argentina 350 285 312 0.12
Canada 83 -23 63 0.01
us 1045 754 1041 0.01
China 841 833 899 0.25
India 669 654 669 0.14
EU-15 355 —4717 810 0.01
Southern African Customs Union 7 1 15 0.01
Rest of Sub-Saharan Africa 5 27 187 0.11
Rest of the world 964 1322 3509 0.03
World 4308 —892 7506 0.024

have been produced using GM soybeans imported by China from
the US. Second, these are comparative static simulations that
ignore that fact that GM food R&D is on-going and that invest-
ment in this area has been reduced considerably because of the
EU’s extreme policy stance as biotech firms redirect their invest-
ments towards pharmaceuticals and industrial crops instead of
food crops. Third, the gains to the biotech firms that produce GM
seeds are ignored in these results (and all subsequent simulations
reported below). And fourth, the above results refer to GM adop-
tion just of coarse grains and oilseeds. The world’s other two major
food crops are rice and wheat, for which GM varieties have been
developed and are close to being ready for commercial release.

How might GM rice and wheat adoption affect
developing countries?

The above numbers refer to adoption only of GM foodcrop vari-
eties currently in production. If 1st generation (i.e. farm produc-
tivity enhancing) GM rice and wheat adoption also were to be
allowed at the rates assumed in footnote 4 above, global welfare
would be increased by nearly twice as much (compare bottom row
of column 3 of Tables 1 and 2: $7.5 versus $4.0 billion), because the
market for those two crops is even larger than for coarse grains and
oilseeds. Again, though, SSA economies would gain little if they do
not participate, with the benefit in terms of enhanced competi-
tiveness from abstaining in the presence of the EU moratorium
being very minor relative to the foregone productivity benefits
from adopting the new technology. Comparing columns 2 and 3
of Table 2, these results suggest SSA would be better off by more
than $130 million per year if the world were to embrace 1st
generation GM technology for all four groups of foodcrops rather
than for just coarse grains and oilseeds.

While 2nd generation (nutritionally enhanced) GM rice and
wheat has not yet been commercialised, several varieties have been
approved for field trials and environmental release in various parts
of the world. An early study found that, even under conservative
adoption and consumption assumptions, introducing Golden Rice
in the Philippines could decrease the number of disability-adjusted

life years (DALYs) lost because of Vitamin A deficiency by between
6 and 47% [21]. That is equivalent to an increase in unskilled
labour productivity of up to 0.53%. On the basis of those findings,
Anderson et al. [22] represent these health impacts with an
assumed 0.5% improvement in unskilled labour productivity in
all sectors of golden rice-adopting Asian developing economies.
Given the low nutrition levels of poor workers in Africa, and the
fact that if golden rice were to be adopted in Asia and Africa then
nutritionally enhanced GM varieties of wheat and other foods
would soon follow, we assume the productivity of unskilled labour
would rise by 2% following adoption of 2nd generation GM crops.
We also assume no direct impact on the productivity of skilled
labourers, who are rich enough to already enjoy a nutritious diet.’
And to continue to err on the conservative side, we assume 2nd
generation GM crop varieties are no more productive in the use of
factors and inputs than traditional varieties net of segregation and
identity preservation costs, even though there is evidence to
suggest they might indeed be input-saving.®

Table 3 suggests this 2nd generation GM technology could have
a major impact on poor people’s welfare: if it were to be adopted in
SSA, for example, its estimated gain is 18 times as great as it would
be if the GM varieties were just farm productivity enhancing (com-
pare Sims 2¢ and 3a). And again, this startling result is independent
of whether the EU maintains its current moratorium (compare Sims
3a and 3b). Needless to say, adopting these 2nd generation GM
varieties in the developing countries of Asia would add far more,
given the large population of rice and wheat consumers in Asia.
Anderson etal. [22] show that even Golden Rice on its own could add
$3.2 billion per year to developing country economic welfare.

®There would also be non-pecuniary benefits of people feeling healthier, and
less expenditure on health care, but these too are ignored so as to continue
to err on the conservative side.

6 Bouis [35,36] and Welch [37] suggest nutritionally enhanced rice and wheat
cultivars are more resistant to disease, their roots extend more deeply into
the soil so they require less irrigation and are more drought resistant, they
release chemical compounds that unbind trace elements in the soil and thus
require less chemical inputs, and their seeds have higher survival rates.
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TABLE 3

Estimated economic welfare effects of GM crop adoption with
Sub-Saharan Africa’s being 2nd generation, nutritionally
enhanced rice and wheat (equivalent variation in income, 1997
US$ million per year)Source: [31].

US, CAN, ARG, CHN, and IND adopt
first-generation GM coarse grains,
oilseeds, rice and wheat and SSA adopts
2nd generation rice and wheat

Without EU With EU
moratorium moratorium
Sim 3a Sim 3b
Southern African 1786 1789
Customs Union
Rest of Sub-Saharan 1824 1846
Africa
All Sub-Saharan Africa 3610 3635

What difference can GM cotton make to developing
country welfare?

The spread of GM cotton to developing countries is beginning to
pick up speed. As of 2009, it accounted for one-eighth of the
world’s total area of GM crops, and GM varieties accounted for
49% of all land sown to cotton [13]. The United States and China
account for much of that. The only other countries with high GM
adoption rates as of 2004 were Australia and South Africa, both
with slightly more than four-fifths of their cotton areas under GM
varieties, but in barely half a decade India has gone from zero to
five-sixths of its cotton crop being GM.

What impact has that adoption by those first four countries had
on global welfare, and how much greater would be that impact if
India is added and other producing countries were to promote
widespread adoption of GM cotton varieties? To answer that ques-
tion, results are drawn from global simulation modelling in Ander-
son et al. [23]. They suggest that world cotton output had hardly
changed up to 2001. This is because the output gains in the first four
GM-adopting countries were offset by output losses in the non-
adopting countries, which were driven by the downward pressure
on the average price of cotton in international markets (which fell
by 2.5% as a result of this initial adoption, according to that study).”
Globally, both value added by cotton farmers and the value of
cotton exports were reduced by about 1% and by more than that
in most non-adopting regions. The largest regional changes in value
added in cotton production are in Sub-Saharan Africa, with a rise in
South Africa of 3.5% and a fall in the rest of Sub-Saharan Africa of
4.4% by 2001. Among the GM cotton adopters, estimated value
added in cotton production fell in both the United States and China,
in part because of the decline in export prices. This is not to say
individual farmers in those countries were irrational in adopting
GM cotton, because had they not they would have still suffered from
the product price fall, following adoption by other farmers, but
would not have had a productivity improvement to partly offset it.

The net economic welfare effects of this initial adoption of GM
cotton are summarized in Table 4. For all four adopting countries

” That estimated price fall would have been somewhat less had we also
included GM corn and soybean adoption at the same time, since that would
have reduced the extent of diversion of resources to cotton.

this was positive despite the loss because of their terms of trade
deterioration, while welfare improved in all non-adopting regions
but one. This is because they are net importers of cotton and so
enjoy an improvement in their terms of trade and a greater flow of
imports. The exceptional non-adopting region is Sub-Saharan
Africa (excluding South Africa) which as a net exporter of cotton
faces lower cotton export prices and also has resources move to
sectors in which it had a lesser comparative advantage. Globally,
annual economic welfare is estimated to have been enhanced by
more than $0.7 billion from GM cotton adoption as of 2001, plus
whatever net profits accrued to the biotech and seed firms (which
are not explicitly modelled).

In the next scenario, in which all other countries then adopt
GM cotton, cotton output in the early-adopting countries falls in
response to the output expansion in newly adopting regions. If
Sub-Saharan Africa continues to procrastinate, its cotton output,
value added and exports would fall even further; but if it also were
to embrace this technology, its cotton industry would expand
more than any other region’s and would more than make up its
losses to 2001 from adoption by the first four adopters. Global
welfare is boosted very much more with greater adoption by
developing countries. Even without Sub-Saharan Africa adopting,
it would jump to $2.0 billion per year. But adoption by Sub-
Saharan Africa would raise that global benefit to $2.3 billion, with
two-thirds of that extra $0.3 billion being enjoyed by Africa (more
than offsetting its earlier loss because of adoption by others up to
2001), and the rest by cotton-importing regions. Asia’s developing
countries that are net importers of cotton gain even if they grow
little or no cotton, not only because of greater imports but also
because the international price of that crucial input into their
textile industry would be lowered further, by an average of 4.1%
when Sub-Saharan Africa also adopts, as compared with 2.5% from
GM adoption by just the first four adopting countries. With
complete catch-up as in this third scenario, the gains to Central
Asia, Sub-Saharan Africa and South Asia are 10, 13 and 23 times
greater than the global gains when expressed as a percentage of
regional GDP (last column of Table 4). South Asia’s are especially
large because it is a large producer of both cotton and textiles.

Caveats

As with all CGE modelling results, the above are subject to several
qualifications. One has to do with the way consumer preferences are
handled. The estimated market and welfare effects vary with the
elasticities of substitution assumed between GM and non-GM vari-
eties of a product. Anderson et al. [24] examine this issue and show
that this is unlikely to be an important issue because results do not
vary much as those elasticities (which are set very low for Europe and
Northeast Asia and at moderate levels elsewhere) are altered.

Of more importance is that we have no satisfactory way of
valuing any loss of welfare for consumers who would like to avoid
consuming foods containing GMOs but cannot if such foods are
introduced into their marketplace without credible labelling.
Since we have assumed that loss to be zero (following [25]), we
are overstating the gains from adopting this technology to that
extent. An alternative way to cope with this issue is to introduce a
cost of segregation and identity preservation. We did that implicitly
by choosing conservative cost savings because of the new technol-
ogy, saying they were net of any fees charged for segregation and
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TABLE 4

Effects of GM cotton adoption on national economic welfare as of 2001 (equivalent variation in income, 2001 US$ million)Source: [23].

4 countries adopt

All but SSA adopt

All including SSA adopt

TFP
Shock (%)®

Welfare
change ($m)

TFP
Shock (%)

Welfare
change ($m)

TFP
Shock (%)

Welfare
change ($m)

Welfare
change (% of GDP)

Adopters as of 2001

United States -5 324 0 61 0 57 0.001
China —25 162 25 113 25 100 0.009
Australia -5 26 0 —14 0 —28 —0.008
South Africa -5 2 0 5 0 12 0.010
Non-adopters as of 2001

Other high-income countries 0 147 5 271 5 337 0.003
Eastern Europe and Central Asia 0 5 5 325 5 317 0.048
Southeast Asia (ex China) 0 36 5 31 5 63 0.009
South Asia 0 14 5° 964 5° 970 0.158
Middle East and North Africa 0 14 5 157 5 175 0.020
Sub-Saharan Africa (excluding S. Africa) 0 —-17 0 -18 15 187 0.091
Latin America and Carib. 0 29 5 124 5 135 0.007
World 742 2018 2323 0.007

@By applying a negative TFP shock to cotton production we examine how the world would have been had that productivity gain from cotton GM adoption not taken place in these
countries (but for comparative purposes we express the welfare results with the opposite signs).

bExcept for India, where the TFP is 15%.

identity preservation. If such fees were a high share of the farm gate
price, it would be unprofitable to market many GM varieties if that
was arequired condition of sale. But some suggest those costs could
be miniscule —at least in developed economies—on the grounds that
such segregation is increasingly being demanded by consumers of
many conventional foods anyway (e.g. different grades or varieties
or attributes of each crop) so the marginal cost of expanding such
systems to handle GM-ness would not be great, at least in countries
that have already shown a willingness to pay for product differen-
tiation.

The version of the GTAP database used in the above modelling
does not include tariff preferences enjoyed by Africans exporting
to the EU. In so far as they enjoy preferences on the products
considered above, then African exporters are currently receiving
the domestic EU price minus trading costs (including the share of
the tariff rent enjoyed by the importing firms). That price would be
raised by the EU moratorium on GM products, but whether that rise
would be greater or less than the rise in the international price of
GM-free varieties sold to the EU under non-preferential conditions
is unclear. In practice this issue is probably to be of minor impor-
tance though, for two reasons. One is that the EU’s MEN tariffs on
coarse grains and oilseeds are low and hence so is the margin of
preference. The other is that many exporters find the rules of origin
so complicated that it is cheaper for them just to pay the regular
import duty rather than try to take advantage of tariff preferences.

In all these simulations we assume for simplicity that there are
no negative environmental risks net of positive environmental
benefits associated with producing GM crops, and that there is no
discounting and/or loss of market access abroad for other food
products because of what GM adoption does for a country’s
generic reputation as a producer of ‘clean, green, safe food’. In
fact some GM crops (e.g. cotton) will reduce not only negative
environmental externalities but also farmers’ health risks asso-
ciated with spraying pesticides (see [26]).

It is difficult to know how close to the mark is our assumed boost
to unskilled labour productivity following adoption of 2nd gen-
eration GM varieties (see [27]). But even if it is a gross exaggeration,

discounting heavily the massive magnitude of the estimated wel-
fare gain from adopting such varieties would still leave a large
benefit — particularly bearing in mind that developing countries
are being offered this technology at no cost by its private sector
developers, and that we have included no valuation of the non-
pecuniary gain in well-being for sufferers of malnutrition. The cost
of adapting the off-the-shelf technology to local conditions in
Africa might well be non-trivial, however, and might require a
better-functioning agricultural research system than has operated
in the past four decades (as evidenced by Africa’s relatively poor
take-up of the previous green revolution - see [4]).

Finally, and perhaps most importantly, the above comparative
static modelling assumes 1st generation GM technology delivers
just a one-off increase in total factor productivity for that portion
of a crop’s area planted to the GM varieties. But what is more
probable is that, if/when the principle of GM crop production is
accepted, there would be an increase in the rate of agricultural
factor productivity growth into the future. Similarly, 2nd genera-
tion GM varieties with additional health attributes such as those
associated with Golden Rice would be quicker in coming on stream
the more countries embraced the technology. And biotech firms
would be encouraged to invest more in non-food GM crop varieties
too (adding to the success already achieved with GM cotton) if there
was an embracing of currently developed GM crop varieties by Sub-
Saharan African and other developing countries. Hence the present
value of future returns from GM adoption might be many times the
numbers shown above. For that reason, care is needed in interpret-
ing cases where our results suggest that when rich countries intro-
duce trade barriers against GM products, food-importing develop-
ing countries benefit. This is because our analysis does not take into
account that moratoria have slowed the investment in agricultural
biotechnology and so reduced future market and technological
spillovers to developing countries from that prospective R&D.

Conclusions
From the above results it is clear that the new agricultural bio-
technologies promise much to the countries willing to adopt GM
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crop varieties. Moreover, the gains from farm-productivity enhan-
cing GM varieties could be multiplied — perhaps many fold - if 2nd
generation biofortified GM varieties such as Golden Rice were also
to be embraced. The estimated gains to developing countries are
only slightly lower if the EU’s policies continue to effectively
restrict imports of affected crop products from adopting countries.
Importantly, developing countries would not gain if they imposed
bans on GM crop imports even in the presence of policies restrict-
ing imports from GM-adopting countries: the consumer loss net of
that protectionism boost to Asian and Sub-Saharan African farmers
is far more than the small gain in terms of greater market access to
the EU.®

The stakes in this issue are thus very high, with welfare gains
that could alleviate poverty directly and substantially in those
countries willing and able to adopt this new biotechnology.
Developing countries need to assess whether they share the
food safety and environmental concerns of Europeans regarding
GMO:s. If not, their citizens in general, and their poor in parti-
cular, have much to gain from adopting GM crop varieties — and

References

1 Diamond, J. (1997) Guns, Germs and Steel: A Short History of Everybody for the Last
13,000 Years. Vintage
2 Olmstead, A.O. and Rhode, P.W. (2002) The Red Queen and the Hard Reds:
productivity growth in American wheat, 1800-1940. ]. Econ. History 62, 929-966
Griliches, Z. (1958) Research costs and social returns: hybrid corn and related
technologies. J. Polit. Econ. 66, 419-431
Evenson, R.E. and Gollin, D. (2003) Assessing the impact of the green revolution,
1960-2000. Science 300, 758-762
Ruttan, V.W. (2004) Controversy about agricultural technology lessons from the
green revolution. Int. ]. Biotechnol. 6, 43-54
6 World Bank, (2007) World Development Report 2008: Agriculture for Development.
World Bank (Ch 7)
Alston, J.M. etal. (2000) A meta analysis of rates of return to agricultural R&D: ex pede
herculum? IFPRI Research Report 113. International Food Policy Research Institute
Runge, C.F. et al. (2003) Ending Hunger in Our Lifetime: Food Security and
Globalization. Johns Hopkins University Press
Pray, C.E. and Naseem, A. (2007) Supplying crop biotechnology to the poor:
opportunities and constraints. J. Dev. Stud. 43, 192-217
10 Pinstrup-Andersen, P. and Schioler, E. (2000) Seeds of Contention: World Hunger and
the Global Controversy Over GM Crops. Johns Hopkins University Press
Paarlberg, R.L. (2003) The Politics of Precaution: Genetically Modified Crops in
Developing Countries. Johns Hopkins University Press
12 Paarlberg, R.L. (2009) Starved for Science: How Biotechnology is Being Kept Out of
Africa. Harvard University Press
13 James, C. (2009), Global Status of Commercialized Biotech/GM Crops: 2009. Brief 41.
International Service for the Acquisition of Agri-biotech Applications
14 Carter, C.A. and Gruere, G.P. (2006) International approval and labeling
regulations of genetically modified food in major trading countries. In Economics of
Regulation of Agricultural Biotechnologies (Just, R.E., Alston, J.M., Zilberman, D.,
eds), Springer (Ch 21)
15 Gruére, G. and Sengupta, D. (2009) GM-free private standards and their effects on
biosafety decision-making in developing countries. Food Policy 34, 399-406
16 Chen, S. and M. Ravallion (2008) The developing world is poorer than we thought,
but no less successful in the fight against poverty. Policy Research Working Paper
4703. World Bank.
Hertel, T.W., ed. (1997) Global Trade Analysis: Modeling and Applications,
Cambridge University Press
18 Marra, M. et al. (2002) The payoffs to agricultural biotechnology: an assessment of
the evidence. AgBioForum 5, 43-50. Downloadable at http://www.agbioforum.org/
v5n2/vSn2a02-marra.pdf

w

'

[%

~

[

N

—_
—_

1

~

8This is consistent with the finding [38] that African exports of food crops in
general to the EU that might be affected adversely by GM adoption represent
a very small share of the region’s exports. See also [39].

those gains will increase as climate change proceeds and requires
adaptation by farmers to changes in weather patterns and in
particular to increased weather volatility and higher costs of
water for irrigation. Unlike for North America and Argentina,
who are heavily dependent on exports of maize and oilseeds, the
welfare gains from GM crop adoption by Asian and Sub-Saharan
African countries would not be greatly jeopardised by rich
countries banning imports of those crop products from the
adopting countries.
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Support for international agricultural
research: current status and future
challenges
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The success of the first Green Revolution in the form of abundant food supplies and low prices over the past
two decades has diverted the world’s attention from agriculture to other pressing issues. This has resulted
in lower support for the agricultural research work primarily undertaken by the 15 research centers of the
Consultative Group on International Agricultural Research (CGIAR). The total support in real dollars for
most of the last three decades has been more or less flat although the number of centers increased from 4 to
15. However, since 2000, the funding situation has improved for the CGIAR centers, with almost all the
increase coming from grants earmarked for specific research projects. Even for some centers such as the
International Rice Research Institute (IRRI), the downward trend continued as late as 2006 with the budget
in real dollars reaching the 1978 level of support.The recent food crisis has renewed the call for a second
Green Revolution by revitalizing yield growth to feed the world in the face of growing population and a
shrinking land base for agricultural use. The slowdown in yield growth because of decades of neglect in
agricultural research and infrastructure development has been identified as the underlying reason for
the recent food crisis. For the second Green Revolution to be successful, the CGIAR centers will have to
play a complex role by expanding productivity in a sustainable manner with fewer resources. Thus, it is
crucial to examine the current structure of support for the CGIAR centers and identify the challenges
ahead in terms of source and end use of funds for the success of the second Green Revolution. The
objective of this paper is to provide a historical perspective on the support to the CGIAR centers and to
examine the current status of funding, in particular, the role of project-specific grants in rebuilding
capacity of these centers. The paper will also discuss the nature of the support (unrestricted vs. project-
specific grants) that will be needed for a much-desired second Green Revolution.
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Introduction

The beginning of organized, post-colonial international agricul-
tural research programs can be traced back to the early 1940s when
the Rockefeller Foundation collaborated with the Mexican gov-
ernment to increase the production of wheat, maize and beans. In
the mid-1940s, Mexico imported nearly half of its wheat for
consumption. Within a short span of ten years, the pilot program
led by Dr. Norman Borlaug developed high-yielding semi-dwarf
wheat varieties that enabled Mexico to achieve self-sufficiency.
This marked the beginning of the so-called ““Green Revolution”.
By 1963, 95% of Mexican wheat area was under the new semi-
dwarf varieties, with yield six times higher than in 1944. Even-
tually, the Mexican wheat program grew into the International
Maize and Wheat Improvement Center (CIMMYT) in 1963, with
the support of the government of Mexico and the Rockefeller
Foundation to extend this program to other countries.

Despite this rousing success in Mexico, most of Asia and Africa
in the 1950s and 1960s faced acute food shortages and struggled to
feed its rapidly expanding population because of frequent famine
and drought. According to the FAOSTAT database, per capita grain
production in Asia was 194 kg in 1961 compared with 868 kg for
the U.S. This is reflected in the nutritional status of the population,
with per capita calorie intake of 1891 kcal per day for Asia com-
pared with 2882 kcal for the U.S. During this period, life expec-
tancy in most Asian countries was less than 50 years and infant
mortality was unbelievably high, at 125-150 deaths per 1000
births. The situation in Africa then was better than in Asia, where
per capita calorie intake was 2089 kcal per day and infant mortality
was 100-300 deaths per 1000 births.

Faced with an uncertain food situation, the Indian government
invited Dr. Borlaug in the early 1960s to repeat the success with
Mexican wheat. Soon after, the government introduced high-
yielding wheat varieties in the northwestern state of Punjab with
the help of Dr. Borlaug and the Ford Foundation. From India, Dr.
Borlaug introduced semi-dwarf wheat varieties into Pakistan.
Attempting to replicate the success of wheat in rice, the Ford
and Rockefeller Foundations established the International Rice
Research Institute (IRRI) in the Philippines in 1960 with the
objective of developing high-yielding rice seeds for Asia.

The release of high-yielding semi-dwarf variety IR8 by IRRI in
the late 1960s and the dissemination of high-yielding wheat
varieties in India and Pakistan marked the beginning of the Green
Revolution in Asia. This modern high-yielding variety was devel-
oped with the objective of increasing yield in response to applica-
tions of fertilizers, and reliable irrigation. By 1980, high-yielding
wheat and rice varieties covered large area on the Indian subcon-
tinent. Such rapid adoption was possible because of active support
from the government in the form of guaranteed support prices,
free irrigation, and heavily subsidized inputs.

The grand success of modern wheat and rice varieties in Latin
America and Asia in the 1960s led to the creation of the CGIAR
(Consultative Group on International Agricultural Research) in
1971 to coordinate and spread the benefits of agricultural research
globally. The World Bank led the efforts to create the CGIAR with
active sponsorship of the FAO (Food and Agriculture Organiza-
tion) and UNDP (United Nations Development Program). Apart
from IRRI and CIMMYT, the group also included two additional
centers, established by the foundations in the 1960s, CIAT (Inter-

national Center for Tropical Agriculture in Colombia) and IITA
(International Institute of Tropical Agriculture in Nigeria). Over
the years, the group expanded to include 11 additional centers to
widen the scope of international agricultural research to cover
other food crops, livestock, fish, water management, agroforestry,
and policy research. The establishment of these centers led to the
development of high-yielding varieties of sorghum, millet, maize,
root crops, and pulses.

The Green Revolution and its impacts

Before the beginning of the Green Revolution in the late 1960s,
Indian paddy yield was static at 1.5-1.6 tons per hectare. Since
then, more than 1000 modern varieties have been released to
farmers, resulting in a rapid increase in global rice production,
with half of these varieties developed at IRRI and by its partners
(IRRI 2004) [1]. By 1980, Indian paddy yield reached 2 t/ha (FAO-
STAT) [2]. Yield increased further by another 30% to 2.6 t/ha by
1990. By 2000, paddy yield was hovering around 3 t/ha. Shorter
duration of the high-yielding varieties also allowed farmers to
harvest a second crop. For example, IR36, developed by crossing
IR8 with other varieties, matured in 105 days compared with 130
days for IR8 and 170 days for traditional varieties.

With the expansion of both area and yield, Indian rice produc-
tion during these three decades more than doubled from 60
million tons in 1970 to around 135 million tons in 2000 (FAO-
STAT). The modern high-yielding rice varieties were also adopted
across other Asian rice-producing countries in the 1970s. In the
Philippines, rice production nearly doubled two decades after the
introduction of IR8. The Green Revolution also had a similar
impact in other Southeast Asian countries, with the doubling of
paddy production from 63 million tons in 1970 to 126 million tons
in 1994 (FAOSTAT). Indonesia changed from a food-deficit coun-
try in the 1960s to a food self-sufficient country in 1984. Similarly,
Vietnam became a food-surplus country in the mid-1980s from
being a food-deficit country in the 1960s.

The introduction of semi-dwarf varieties also increased South
Asian wheat production, with Indian production rising from 12
million tons in 1965 to 66 million tons in 1995, more than a
fivefold increase in three decades (FAOSTAT). Over the four dec-
ades, more than 3000 modern wheat varieties have been released
to farmers to sustain the production growth that began in the early
1960s [3].

Overall, cereal production in Asia during the last four decades of
the Green Revolution era increased from 385 million tons in 1965
to more than a billion ton in 2005 (FAOSTAT). This has been
possible due to the rapid adoption of high-yielding varieties in
developing countries from 20% for wheat and 30% for rice in 1970
to about 70% for both crops in 1990 (IFPRI, 2002). Even with more
than doubling of the Asian population during this period, the
increase in cereal production has been able to more than offset
population growth, with per capita cereal production rising from
207 kg in 1965 to 275 kg in 2005. In line with rising cereal con-
sumption, per capita calorie intake also increased by more than
40% from 1891 in 1960 to 2695 in 2003. Similarly, life expectancy
and infant mortality also witnessed significant improvements
during the post-Green Revolution era. The undernourished popu-
lation also declined all across Asian regions with East and South-
east Asia witnessing the maximum drop from 43% in 1969-1971 to
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FIGURE 1
Percentage of people undernourished in developing regions.Source: Food
and Agriculture Organization.

13% in 1996-1998 and South Asia from 38% to 23% during the
same period (Fig. 1). Unlike Asia, sub-Saharan Africa during this
period hardly witnessed any decline in undernourished popula-
tion.

In a recent study conducted by the Special Project on Impact
Assessment (SPIA) of the CGIAR’s Technical Advisory Committee,
the impact of the Green Revolution was estimated using the
International Food Policy Research Institute’s multi-market com-
modity model (IMPACT). The simulations suggested that crop
yields in developing countries would have been 19.5-23% lower
without the Green Revolution and crop prices would have been
constant in real terms rather than a 40% decline between 1965 and
2000 [4]. Lower production would have resulted in higher crop
prices, with 30-65% higher than the actual prices. Lower food
consumption would have reduced per capita calorie intake by 13.3—
14.4% and would have increased malnourished children by 6.1-
7.9%. In addition, infant mortality would have been much higher
in developing countries without the Green Revolution.

Contributions to overall economic growth

The increase in per capita cereal production resulted in a decline in
cereal prices during the Green Revolution era. As shown in Fig. 2, a
steady increase in per capita rice production in the 1970s, 1980s,
and the first half of the 1990s resulted in a steady decline in real
rice prices. A similar trend is seen for wheat and maize. During this
period, lower food prices kept the wage rate low, contributing to
faster overall growth of the Asian economy. The transformation of
Asian countries from food deficit to self-sufficiency enabled them
to use foreign exchange for infrastructure and other development
activities rather than using it for food imports. Apart from the
direct contribution to overall economic growth, agricultural devel-
opment also played an important role in augmenting develop-
ment in the rest of the economy [5,6].

A study by Hazell and Ramasamy [7] surveyed 11 villages in
Tamil Nadu in the beginning of the Green Revolution and again in
the early 1980s. The study concluded that every rupee generated in
increased sales of agricultural output created 1.87 rupees of activ-
ities in the non-agricultural sector, with about half in demand for
inputs, marketing, and processing of crops, and half in meeting
consumer demand. In addition, growth in the agricultural sector
during the Green Revolution has been instrumental in freeing
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Trends in world rice production and price, 1961-2009.Source: Production:
USDA, Mar 2009. Rice price: Relate to Thai rice 5%-broken deflated by G-5
MUV Index deflator (adjusted based on 28 January 2009 data update). Source
of raw data: www.worldbank.org.

millions from poverty over the past 40 years. The absolute num-
bers of poor people fell from 1.15 billion in 1975 to 825 million in
1995 despite a 60% increase in population, and most of the decline
was attributable to agricultural growth and the corresponding
decline in food prices [8]. The number of undernourished in Asian
countries also declined significantly in the last four decades.

Not so good effects of the Green Revolution

Despite resounding success in expanding food production and
improving the lives of billions of poor people, the Green Revolu-
tion has been criticized on several grounds. The first and foremost
is the environmental and land degradation caused by the excessive
use of fertilizers, pesticides, and irrigation water. This contributed
to the pollution of groundwater and other waterways, weakened
the natural protection system by killing beneficial insects and
other wildlife, and affected the health of farmers [8]. The critics
of the Green Revolution have also mentioned genetic erosion
because of the wide-scale cultivation of fewer varieties of high-
yielding crops.

Fertilizer use in Asian countries increased markedly in the last
four decades. It is noteworthy to point out that IRRI survey data
estimate Chinese per hectare NPK use on irrigated rice farms in
China at 256 kg in 2004 compared with 173 kg in Vietnam, 167 kg
in Indonesia, and 95 kg for India. Although 95 kg of NPK in India
sounds low, the variations among Indian states are still very large.
The problem is much more severe in the frontline Green Revolution
states of Punjab and Haryana, where per hectare NPK use is 200 kg/
ha compared with 50 kg/ha for Orissa and 10 kg/ha for Arunachal
Pradesh, the states mostly left behind by the Green Revolution.
Similarly, irrigation water use has also increased in many Asian
countries, more notably in India, where water withdrawal for agri-
culture increased by more than 70% in the last three decades (Fig. 3).
In a recent study published in Nature, Rodell et al. [9] concluded that
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Indian agricultural water withdrawal.Source: FAO AQUASTAT database.

groundwater use for irrigation in northwestern India is not sustain-
able. According to this study, the water table over this part of India is
declining by 4 cm per year.

On the socioeconomic front, it has also been argued that the
Green Revolution catered to resource-abundant regions and left
behind resource-scarce regions that needed the most support. Sub-
Saharan Africa and eastern India are some of the regions where the
Green Revolution did not have much impact although poverty
density in these regions is probably one of the highest in the world.
Paddy yield in eastern India and sub-Saharan Africa throughout
the Green Revolution era from the 1960s to late 1980s was stag-
nant at around 1.5 t/ha (Fig. 4). Yield growth in eastern India
revived in the last two decades with renewed attempts by the
government to have a reliable supply of quality seeds, fertilizer,
pesticide, plant protection equipment, and some improvement in
irrigation. But the yield growth in sub-Saharan Africa remains
extremely low even in recent decades. Over the years, many
attempts have been made to introduce improved varieties but
none has been very effective so far. Even NERICA rice, which
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FIGURE 4

Paddy yields in sub-Saharan Africa and eastern India.Source of basic data:
World Rice Statistics and USDA 2009.

was initially thought to be a miracle rice for Africa, is yet to have
a significant impact 15 years after its development. The failure of
the Green Revolution in resource-scarce regions has made some
even go to the extent of pointing out that the Green Revolution
was custom-made for wealthy farmers and widened the gap
between rich and poor farmers by making the rich richer. How-
ever, these farmers were poor before the Green Revolution.

Making the Green Revolution sustainable

After achieving much-needed food production growth by intro-
ducing high-yielding varieties, agricultural scientists have been
working tirelessly to provide solutions to problems that have come
to the forefront since the onset of the Green Revolution. Some
examples are improved crop management practices such as inte-
grated pest management (IPM), site-specific nutrient manage-
ment, and water-saving irrigation technologies to sustain
productivity growth. The focus has also shifted to improving
productivity in unfavorable environments by developing stress-
tolerant varieties.

The rice varieties developed for salt tolerance through colla-
borative research at IRRI and in other national rice research centers
are already increasing the productivity of salt-affected areas. Simi-
larly, the recent introduction of Subl or flood-tolerant modern
varieties in India and Bangladesh, where around 7 million hectares
of rice land are prone to flash flooding, allows the rice plant to
survive up to 2 weeks under water. This is long enough to com-
pletely destroy traditional non-submergence-tolerant modern
varieties. According to IRRI estimates, these Sub1 varieties have
the potential to increase production by up to 4 million tons in
India and Bangladesh. These varieties are being introduced in
many Southeast Asian countries this year for field trials. In total,
these Subl varieties can work as protection against flash flood for
up to 2 weeks on 20 million hectares of flood-prone rice area in
South and Southeast Asia.

In 2002, severe drought in rainfed rice-growing regions in India
lowered rice production by 21 million tons, accounting for 80% of
the world decline in rice production. IRRI recently developed the
first drought-tolerant variety (IR74371-70-1-1) and a few other
drought-tolerant varieties are in the pipeline at different stages
of development and field trials. According to Dr. A. Kumar from
IRRI, the recommended line maintains the same yield as that of
current varieties in normal rainfall years and provides a yield
advantage of 0.8-1.0 t/ha under severe drought stress. If success-
fully disseminated, the drought-tolerant varieties could have an
even bigger impact on production than the submergence- or salt-
tolerant varieties. Drought is also a major stumbling block in
expanding maize production in Africa, a staple food for a majority
of the people on that continent. On average, maize yield declines
by at least 15% because of drought [10]. IITA, CIMMYT and various
national partners have worked together over the years in devel-
oping drought-tolerant varieties for sub-Saharan Africa. More than
50 drought-tolerant maize varieties have been released for disse-
mination to the private sector and national partners and other
non-government organizations in recent years. These varieties are
expected to produce 20-50% more than other traditional varieties
under drought.

Apart from expanding production in both favorable and unfa-
vorable growing conditions, new research efforts are seeking to
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improve the nutritional content of grain to alleviate micronutrient
deficiency of millions of poor people around the world. Despite
the documented success of the Green Revolution in expanding
food production, malnutrition in many parts of the developing
world (Fig. 2) remains unexpectedly high, especially in sub-
Saharan Africa (SSA) and South Asia (SA). To alleviate malnutri-
tion, scientists have developed vitamin A-rich rice called “Golden
Rice” to help overcome vitamin A deficiency in 3 million children
in developing countries. Golden Rice is a genetically modified
variety of rice that contains beta-carotene, a vitamin A precursor. A
recent study conducted by Tang et al. [11] found that four units of
beta-carotene from Golden Rice contain 35 g of beta-carotene per
gm, which converts to one unit of vitamin A in humans. Scientists
at IRRI are also working to develop rice with high iron and zinc
concentrations. (See article by I. Potrykus, Lessons from the
‘“Humanitarian Golden Rice” project, this volume.)

Declining support for agricultural research
The great early success of the Green Revolution in the form of
abundant food supplies and low prices has also been its worst
enemy in turning attention away from agriculture. This developed
complacency among policy makers that the war against hunger
had been won and this resulted in a diversion of resources from
agriculture to other pressing needs in the last two decades. This is
clearly evident from the spiralling downward of agricultural
research and infrastructure development loans by international
financial institutions such as the World Bank and Asian Develop-
ment Bank (ADB). As Fig. 5 shows, World Bank lending for
agriculture steadily declined to close to US$1 billion in 2008 since
reaching its peak of $6 billion in 1987. A similar trend is evident in
Asian Development Bank (ADB) lending for agriculture, whose
share in total lending declined from more than 40% in 1986 to less
than 2% in 2007 (Fig. 6). Both ADB and the World Bank have also
reduced their lending for agricultural research in recent years. For
example, the World Bank’s lending for agricultural research
declined from its peak of around $400 million in 1998 to less
than $100 million in 2007 (Fig. 7).

The growth of investment in public-sector agricultural research
and development also declined over time from 6% in the 1970s to
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World Bank lending for agriculture.Source: World Bank Annual Reports and
various other online sources.
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Share of agriculture in ADB's total lending.Source: ADB Annual Reports and
other sources.

4% in the 1990s for Asia, from 10% to 2% in Latin America, and
from 2% to 1% for Africa [12]. For developed countries, public-
sector investment in agricultural research and development dur-
ing the same period declined from slightly above 2% to negative
growth in recent years.

The overall decline in support for agricultural research and
development has also resulted in lower support for international
agricultural research primarily undertaken by the 15 research
centers of the CGIAR. Fig. 8 shows the trend in CGIAR funding
over the last 50 years. After a steady increase in support for the
CGIAR centers in the initial years, the total support in real dollars
has been more or less flat for the remaining period although the
number of centers increased from 4 to 15. Under this scenario, one
would expect a significant decline in support at the center level
and this is evident in the funding trend at IRRI (Fig. 9), where the
total budget in real dollars declined from $63.7 million in 1993 to
$28.7 million in 2006, a decline of more than 50%. A similar trend
has been witnessed for most centers in the CGIAR system during
the last two decades.

The impact of the decline in support of agricultural research and
development has started to show up in a slowdown in productivity
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World Bank lending for agricultural research.Source: The World Bank.
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growth of cereal crops. Yield growth of the two major food crops
(rice and wheat) declined to less than 1% in the recent years
compared with more than 2% during the first two decades of
the Green Revolution period. For maize, the decline in yield
growth during the same period does not appear to be that drastic
because of the adoption of genetically modified maize in most
maize-growing countries, including the United States, Argentina
and Brazil. Among the three grains, the slowdown in rice is the
highest although production has been increasing at a higher rate
because of additional rice area.

The slowdown in productivity growth combined with increas-
ing demand arising out of economic development and population
growth in developing countries and biofuel expansion in devel-
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FIGURE 9
IRRI budget, 1960-2007 (US$2007).

oped countries has resulted in a drawing down of cereal stocks in
the recent years. In the last eight years, global stocks for rice, wheat
and maize declined by around 40% from 546 million tons in 2000
to 331 million tons in 2008 [13]. For rice, the drawing down of
stocks since 2001 to meet the deficit has resulted in a steady
increase in rice prices during this period. From 2001 to 2007, rice
prices nearly doubled primarily, because of supply-demand imbal-
ances.

Thus, even before the recent rice price spike, the market was
primed for such a mishap with stocks hovering around a level not
witnessed in decades. Rising wheat prices due to drought in
Australia, and the expansion of biofuel crops put pressure on rice,
which led to trade restrictions in many rice-producing countries
and unprecedented rises in prices. During a span of six months,
from November 2007 to May 2008, rice prices nearly tripled in the
international market. As expected, rice prices have declined after
reaching an all-time high in May 2008 but they still remain high
relative to a few years ago.

Global grain consumption remains strong, driven by both
population and economic growth in many Asian and African
countries. FAO projects that cereal demand will grow by 50% by
2050 (Fig. 10). Specifically for rice, Mohanty [14] estimates that
rice consumption will grow by 60 million tons of milled rice or 90
million tons of rough rice by 2020. The study estimates that overall
per capita rice consumption will decline slightly from 64 kg in
2007 to 63.2 kg in 2020, with declining per capita consumption in
some countries (China, Thailand, South Korea, Japan, and Taiwan)
more or less offset by rising per capita consumption in others. The
projected future demand for cereals may even go higher than the
projected level depending on the extent of ongoing economic
downturns and the price of other food items (livestock products,
fruits, and vegetables).
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2050 world cereal demand projections.Source: Food and Agriculture
Organization.

Although things have calmed down on the supply side because
of record production in many rice- and wheat-growing countries,
uncertainties are huge regarding the source of future growth in
global grain production. This is particularly true for rice, for which
the recent crisis has exposed the fundamental imbalance between
supply and demand. Over the past 8 years, nearly half of the
production increase has been attributed to area expansion rather
than productivity growth [15]. Current rice area is at a historic
high and yield growth has fallen below 1%. At the same time,
global rice consumption has been rising at a healthy 1.55%
annually. As indicated earlier, production growth of 1.2-1.5% will
be needed in the medium term to keep rice affordable to millions
of poor people [15].

Refocusing on agricultural research and development
Realizing the need for faster production growth, there has been a
call from all quarters for a second Green Revolution. Nobody really
questions the need to revitalize yield growth for achieving global
food security; however, there are differences on how to go about
achieving this objective in the face of several 21st-century con-
straints, including land and water scarcity, environmental degra-
dation, and high input prices and higher incidence of extreme
weather. Irrespective of how we go about achieving a second Green
Revolution, the international agricultural research centers will
have to play a pivotal role in making this a reality, that is, raising
productivity with few resources and in a sustainable manner.

Successful realization of another Green Revolution definitely
hinges on CGIAR research centers and how quickly they can retool
themselves and develop products that can withstand climate
change and protect the environment. A recent study by the
International Food Policy Research Institute (IFPRI) estimates that
rising temperature and increasing weather variability are likely to
have their greatest effect in many parts of Asia. South Asia is
estimated to bear the brunt of the impact as many areas become
unsuitable for crop production and, without any intervention, the
region is estimated to be a significant food-deficit region.

As already established by researchers from IFPRI and the Uni-
versity of Minnesota, there is a 10-15-year lag between agricultural

research spending and its impact on productivity. What we wit-
ness now is an outcome of our action toward agriculture in the last
two decades in neglecting agricultural research and development
support. If we start reinvesting now, the effects are likely to be
evident somewhere around 2025. Before it is too late, the world
should start reinvesting in agricultural research and use all tools at
its disposal, including using agricultural biotechnology to improve
global food security.

However, the infrastructure and core scientific capacity of these
centers have been eroded because of declining financial support.
The financial situations in most international research centers
have begun to reverse in the last few years, primarily through
support from non-traditional donors. After years of downward
spiralling of research support, these centers are beginning to
regroup and rebuild their infrastructure and the scientific capacity
they once possessed. But, itisimportant to realize that most of the
increase in funding to these centers is special projects, known as
“restricted support”’, and this is expected to be used for achieving
objectives and milestones explicitly identified in the projects.
This is very different from the early days when the centers were
receiving funding without any strings attached, known as
‘“‘unrestricted support”’, which was spent for achieving the insti-
tute’s core research activities. In the case of IRRI, unrestricted
support accounted for 50% of the total budget in 1997 compared
with less than 20% today. Even in absolute terms, restricted
support during this period has declined from $18.3 million in
1997 to less than $12 million in 2009. This is happening at a time
when IRRI’s total support has increased substantially from $36 to
$60 million.

Things are definitely better now than a few years ago. The rise in
restricted funding has definitely come at an opportune time to keep
many international agricultural research centers afloat at least for
the time being. But it is important to note that restricted funding
may not produce products that have global applicability as is the
case with unrestricted funding. In addition, it is becoming increas-
ingly difficult for the centers to focus and implement their strategic
plan when attention is diverted toward achieving success with
special project grants. In response to the third ICRAF (International
Center for Research in Agro-Forestry) External Program and Man-
agement Review report, the Science Council of the CGIAR in 2007
[16] advised that the center needed to learn to manage its restricted
funding in a way that contributed to its strategic goals. In their
recommendations, the Council advised the center to be selective in
calling for support. In addition, the Council suggested a strict
implementation of full cost recovery of sponsored projects. This
is definitely something new for most centers because, during the
days of unrestricted funding, special projects accounted for a very
small share of total funding and had normally been subsidized. But,
in the current environment in which sponsored projects account for
the majority of funding, business as usual is no longer an option.

One can argue that the rise in restricted support also increases
unrestricted funding through overhead charges and should sup-
port the activities for pursing strategic goals. But the truth is that
overhead charges of the CG centers, which range from 10% to 20%
vis-a-vis 40-50% in most U.S. universities, are not enough to cover
all project-related costs, including fixed costs, incurred by a center.
One option is to go the U.S. universities’ route and raise the
overhead to 50%. A second option is to keep the overhead as is
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and put in place a system that can recover most of the project-
related costs incurred by a center. It appears that donors are more
receptive to the second option than the first one, in which they
cannot tract 50% of the total funds up front.

Concluding remarks

International agricultural research has definitely played a key role in
the last 50 years in expanding food production to offset the ever-
expanding population growth in many food-deficit countries
around the world. This has improved the nutritional intake of
billions and has reduced child mortality and undernourishment
of infants around the developing world. The benefits of a vibrant
agricultural sector have also supported overall economic growth in
many Asian countries over the years. The economic boom witnessed
by developing Asia in the last two decades can be easily linked to
cheap food during this period. But things are not the same anymore
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‘By far the best proof is experience,” wrote Francis Bacon. Given the experience of countries — both
developing and developed - that have used intellectual property (IP), IP protection and IP management
to stimulate innovation, there is ample proof that good IP management has benefited multitudes of
people around the world with new technologies, products and services. Innovations in health and
agriculture have greatly enriched lives. But does this experience apply to all countries? If the best proof is
experience, then what can be said authoritatively about the effects of using IP systems wisely in
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Introduction: What is intellectual property (IP) in the
context of international development?

First, IP (comprising essentially patents, copyright, trademarks,
trade secrets, plant variety protection and geographic indications)
is a tool to foster innovation. IP is here, and here to stay, because of
its undisputable value as a business asset and an instrument to
achieve humanitarian objectives. Because inventions can become
property and can therefore be owned and sold, many individuals
have been encouraged to invest in innovation, based on the profit
potential from resulting technologies. But because IP protections
by definition, or by design, exclude competitors and encourage

E-mail address: anatole@cornell.edu, afk3@cornell.edu.

higher pricing, they limit and, in some cases, can altogether
prevent access by some individuals and populations. There are
many ways, however, for IP to be distributed and utilised and put
to work for the public interest. Hence IP should be neither feared,
nor blindly embraced; rather, it should be managed to maximise
the benefits of innovation for all of society, especially the poor.
Second, IP rights are a compromise and an imperfect solution,
representing the search for balance between public domain and
granting ownership. This balance encourages investment, and
reinvestment, in innovation, although the innovation too infre-
quently is directed towards the needs of the poor. Fortunately, as
numerous case studies have shown, the public sector can craft
effective solutions that can approach or even achieve a suitable
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balance. This can be accomplished by the existing IP system,
especially as it addresses situations in which companies agree to
donate or otherwise share their IP.

Third, genius can flourish anywhere, and the emerging global
systems of innovation in health and agriculture open up new
prospects for innovation everywhere. This notion has profound
implications for the management of innovation, technology trans-
fer, market competition and economic development in every coun-
try. Irrespective of whether inventions are home grown or originate
abroad, authoritative IP management will play a crucial role in
enabling and preserving access to the resulting technologies.

Fourth, policies to promote the creation and management of IP
by public sector institutions should give the first priority to
advancing the mission of those institutions. Put differently, tech-
nology transfer should support the larger mission and not merely
be seen as potential revenues.

Fifth, IP has historically benefited mostly the affluent. This is, in
part, because insufficient attention has been paid by the public
sector to managing IP. This lack of focused attention must be
corrected. Fortunately, there is growing interest, within both the
public and private sectors, in putting IP to work for public benefit,
although concurrently, there is a lack of knowledge and capacity
to use IP appropriately and responsibly.

This chapter is designed to present case studies in health and
agriculture that demonstrate how these complex issues have been
addressed successfully in practice. It is hoped that they will inspire
and encourage others to take greater advantage of the unprece-
dented opportunity in strategically managing IP to benefit espe-
cially those who have been unable to benefit from technology.
Seizing this opportunity will lead, in turn, to a healthier and more
equitable world.

Experiences from around the world

Developing countries already have a vast amount of experience
with IP protection, and this experience proves that they can use IP
to their advantage. This chapter reviews how developed and
developing countries alike are deploying and adapting IP manage-
ment to meet their needs. Tapping into the dynamism of product
development partnerships (PDPs) and utilising the potential of
their universities, public sector institutions and private compa-
nies, many developing countries are quickly and creatively build-
ing on the experience of their own institutions, of neighbouring
countries and of countries around the globe.

India’s experience in the pharmaceutical sector during the past
50 years is described by Satyanarayana [1], demonstrating how the
country has made great strides in science through a series of policy
initiatives promoting high-quality research. But especially since
2005, when India became fully compliant with the agreement on
Trade-Related Aspects of Intellectual Property Rights (TRIPS), big
changes have occurred. India’s rigorous IP rights regime and
professional IP management in both private sector companies
and public sector research institutions are driving success. But
this is only part of a larger coordinated attempt that includes
increased public and private R&D expenditures, new policies
governing traditional medicines, overhauled regulatory regimes
for new drugs and biotechnologies, initiatives to emphasise and
build on already competitive regions or technologies, and newly
created governmental, research and educational institutions.

In the pharmaceutical sector, the effects of these policies can be
seen in:
® ashift in the Indian pharmaceutical industry from an approach

based solely on the low-cost manufacture of generic drugs to

research-driven innovation of novel drugs for the global
market,
* the emergence of an entrepreneurial biotechnology sector in

India,

* the consideration by multinational pharmaceutical companies
of investing in R&D and manufacturing operations in India.

In agriculture, these effects are apparent in a rich pipeline of
innovations that promise to make India’s agricultural sector more
competitive and profitable. Besides a substantial allocation of
funds for R&D by the government, two new initiatives were started
in 2005: the National Agricultural Innovation Project (NAIP) and
the Indo-U.S. Agricultural Knowledge Initiative (AKI). India’s
transition from a protected economy to an open, global economic
power has prompted the government to take a series of steps to
address the new challenges of globalisation, and the lessons it has
learned apply broadly to many developing countries. Strengthen-
ing R&D, establishing policies to create and manage IP and foster-
ing PDPs are all important steps for making important health
products available for public distribution available in all countries.

Changing contenting, and according to Wolson [2] who writes
from South Africa, technology transfer offices (TTOs) are a crucial
part of IP management. But several problems challenge nascent
TTOs there: a weak flow of invention disclosures, scepticism or a
lack of awareness amongst faculty about the TTO’s role, low levels
of research funding, high patenting costs, few experienced tech-
nology transfer practitioners and unrealistic expectations about
financial returns. Indeed, many there believe that the main motiva-
tion for undertaking technology transfer activities at a university is
to generate income. Solutions to these problems are being addressed
organisationally by the Southern African Research & Innovation
Management Association (SARIMA), legislatively by the Framework
for Intellectual Property Rights from Publicly Financed Research
(the Framework) and financially through the Innovation Fund.
Established in 2002, SARIMA is a stakeholder organisation providing
a platform for those from government, academia and industry with
an interest in using research and innovation management to foster
networking and promote common interests. The Framework is
intended to bridge the ‘innovation chasm’: the gap in South Africa
between knowledge generators (in particular, universities and
research institutions) and the market. It calls for a consistent
approach to protecting IP developed with public financing and
draws heavily on the U.S. Bayh-Dole Act. Of course, as other
countries have discovered, the Bayh-Dole Act cannot simply be
imported. Its principles must be adapted to local frameworks and
needs. In South Africa, for example, research funding comes mostly
from external sources and requires a different structure for deter-
mining the use and ownership of project IP.

TTOs in South Africa have already met with success. Some have
been operating for several years and more are being launched. A
vibrant stakeholder organisation provides a platform for network-
ing and professional development in the field, and links have been
forged that strengthen international research collaborations and
technology transfer partnerships. All of this has government sup-
port.
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For completeness, notable case studies from other countries are
published about Brazil [3], Chile [4], China [S], the EU approach by
Blaya [6] and Japan [7].

Public sector institutions and universities

Salicrup and Rohrbaugh [8] provide more evidence of the ability of
for-profit and nonprofit institutions in developing countries to
bring new products to market that meet critical regional public
health needs. The authors discuss the technology transfer and
licensing approach of the U.S. National Institutes of Health (NIH).
The institution’s technology transfer experience has shown that
many combinations of licensing strategies can be used to segment
the world market to meet each region’s needs. Even when patent
protection is unavailable, unique biological materials (for exam-
ple, an essential component of a vaccine) can be licensed for
commercial use.

Institutions in developing countries have been found to be
dependable licensees and partners. With careful review, a capable
institution with commercialisation capabilities may be found, and
one should keep an open mind because, depending on the coun-
try, it may be a for-profit company, a nonprofit or government
entity or a semi-privatised company. NIH has several examples of
different strategies involving various types of institutions that
have reached the early stages of the commercialisation process.
Although discussions continue about IP capacity building in
developing countries, some leading institutions are simply forging
ahead and building their own capacity.

The State University of Campinas, or Unicamp, one of the
leading research universities in Brazil, is an example [9]. A large
university with a diversity of affiliated research institutes, Uni-
camp has moved up the patenting league tables in recent years to
become the single largest patentor in Brazil. The university’s
current portfolio includes almost 50 granted and 400 filed patents.
Unicamp emphasises chemistry, which accounts for close to half
of its portfolio, and engineering, which accounts for a third. In
addition, Unicamp conducts significant research in the life
sciences (for example, a soy-based phytoestrogen for hormonal
therapy licensed to a Brazilian pharmaceutical company).

These major advances in technology transfer at Unicamp are
largely because of the efforts of its new TTO, Inova Unicamp,
founded in 2003. Inova began its operations by assessing all of
the technologies being researched in Unicamp’s many laboratories
and institutes. It then aggressively pursued new patent applica-
tions and licensing deals for the most promising technologies. In
the short space of two and a half years, the office signed 128
technology transfer agreements with both private industry and
government agencies. It also saw ten start-up companies in the
university’s business incubator become self-sustaining.

What lies behind these successes in Brazil? New public policy. In
particular, the work of Inova is directly informed by two pieces of
legislation. A 1996 law gave the university ownership rights to
employee inventions. A 2004 law on innovation, however, gives
the university the option to either hand over title to the employee
inventors, or share 5-33% of any royalties with them. In addition,
the government has instituted several sector-specific incentives to
support innovation in Brazil, including tax deductions on royalty
payments, R&D investments and foreign IP filing fees, as well as
subsidies to firms to help pay scientists’ salaries.

The 2004 innovation law requires all government universities
and R&D institutions to open an IP management or a TTO. One
major consequence of these policies will likely be increased patent-
ing and licensing activities at universities throughout Brazil. Cur-
rently, Unicamp’s rapid establishment of a functioning TTO
stands as a sterling example for other institutions in Brazil to
emulate. Other case studies that are noteworthy of public sector
institutions include Arizona State University [10], Chinese Uni-
versities [11], the Donald Danforth Plant Science Center in the
United States [12], the National Health Service in England [13],
Stanford University’s Office of Technology Licensing [14], the
University of California System [15] and the University of Cali-
fornia Agricultural Experiment Station [16].

Product development partnerships (PDPs)

Banerji and Pecoul [17] describe the Drugs for Neglected Diseases
Initiative (DNDi) that seeks to give patients in developing coun-
tries the opportunity to directly benefit from new products of drug
R&D for diseases that lack a viable market. Only a tiny fraction
(1.3%) of the drugs that came to market from 1975 to 2004
targeted tropical diseases (such as human African trypanosomiasis,
Chagas’ disease, leishmaniasis, helminthic infections, schistoso-
miasis, onchocerciasis, malaria and tuberculosis) that together
make up 12% of the global disease burden and kill more than
35,000 people a day. The drugs that do exist are either inaccessible
to patients or unbearably costly. DNDi believes that drug research
can exist in the public domain, and that patented products do not
always benefit those who need them most.

As clearly articulated in its IP policy statement, DNDi is com-
mitted to managing IP to pragmatically and effectively advance its
mission of providing the most vulnerable populations in devel-
oping countries with equitable access to critically needed medi-
cines. As the preamble of DNDi’s IP policy states: the DNDi IP
approach will be pragmatic, and decisions regarding the possible
acquisition of patents, ownership and licensing terms will be made
on a case-by-case basis. DNDi will put the needs of neglected
patients first and will negotiate to obtain the best possible condi-
tions for them. The DNDi’s decisions regarding IP will contribute
to ensuring access and encouraging further innovations.

DNDi has led two successful campaigns to negotiate terms that
allowed them to get important drugs to the world’s neediest
people at minimal cost. In the first case, DNDi approached French
pharmaceutical giant Sanofi-Aventis in 2003 to develop artesu-
nate-amodiaquine, a fixed-dose combination therapy for chlor-
oquine-resistant malaria. That negotiation process eventually led
to a contract with very favorable terms for DNDj; the drug was
made available for production by generic manufacturers with no
payment owing to either Sanofi-Aventis or DNDi, and Sanofi-
Aventis agreed to supply the drug at cost to the public sector,
NGOs and international organisations. In the second case, DNDi
successfully collaborated with the University of California, San
Francisco’s (UCSF) business development office to support
research leading to treatments for the lethal human African sleep-
ing sickness. Whilst conventional wisdom holds that a university
should always seek the largest possible return on research invest-
ment, DNDi was able to convince university officials of the ser-
iousness of its mission, and a compromise was reached that
advances the effort to bring new treatments to persons suffering
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from this deadly and largely neglected disease. In pursuing its
humanitarian mission, DNDi has learned that it is crucial to
thoroughly familiarise all parties with the organisation’s aims
and guiding principles. By the end of contract negotiations with
UCSF, for example, decision makers expressed great personal
satisfaction at helping to advance DNDi’s work. Through similar
efforts DNDi hopes to have developed and made available, by
2014, six to eight field-relevant treatments.

Boadi and Bokanga [18] describe the building of public—private
partnerships (PDPs) in Africa by the African Agricultural Technol-
ogy Foundation (AATF). AATF emerged from a Rockefeller Foun-
dation initiative in the early 2000s following a wide-ranging and
unprecedented consultation amongst African, European and
North American stakeholders who were, and are, actively seeking
to improve food security and reduce poverty in sub-Saharan Africa.
AATF recognises that new and unique PDPs are needed to remove
many of the barriers that have prevented smallholder farmers in
sub-Saharan Africa from gaining access to existing agricultural
technologies. Focusing on the creation of these PDPs, it promotes
efforts to create sustainable markets and seeks to dramatically
improve access to agricultural technologies, materials and
know-how. AATF has two unique characteristics: first, it is pre-
pared in license technologies from the private sector, which it then
sublicenses to its partners. This is no small issue and requires
careful considerations of a range of issues, including liability.
Second, AATF strongly focuses on downstream activities or, to
put it more broadly, on technology stewardship. This includes
facilitating access to local, national and regional markets for
products based on transferred technologies. The goals are to create
more sustainable technology transfer mechanisms and to allow
national institutions to more effectively absorb new technological
concepts and adopt them for productive use.

But the fundamental raison d’étre of AATF goes much deeper
than ‘merely’ IP management. As Gordon Conway, then president
of the Rockefeller Foundation, put it in the AATF annual report of
2005: We should examine the current system and ask ourselves, ‘"How
can those who care about the fate of the small-scale farmer make
technological options more available?’ The rise of a sophisticated global
IP system covering many building block technologies has meant public
researchers [in Africa] have little access to new ideas and tools in their
field. Left to its own devices, the gap is likely to grow—with wealthy
nations’ farmers using techniques that are ever more sophisticated and
poor farmers left with the same tools they have used for centuries.

Other case studies sharing PDP experiences describe PATH [19]
and ICIPE, a nonprofit institute that partnered with Africert Ltd. in
transferring standards certification know-how, crucial for the
introduction of new products [20].

Focus on solutions: accelerating product development
and delivery

Numerous partnership efforts are underway to accelerate access and
delivery for agricultural and health products in developing coun-
tries. For example, in the tropics, where just about everyone eats
eggplant, it is commonly infested with eggplant fruit and shoot
borer (EFSB), which inflicts a 70% crop loss. Conventional efforts to
breed for resistance have been unsuccessful, so farmers rely heavily
on pesticides. These chemicals, however, are expensive, and the pest
is becoming more and more resistant to them. Moreover, some

pesticides damage the environment and/or are illegal. Recently, a
new solution to the problem of EFSB was developed in partnership
with many organisations [21], including by MAHYCO, a private
Indian company. It was the first company in India to develop a
transgenic hybrid eggplant genetically engineered with a gene that
provides resistance to EFSB. The gene (cry1Ac) is obtained from the
bacterium Bacillus thuringiensis (Bt). A spore-forming bacterium, Bt
produces crystal proteins (Cry proteins) that are toxic to many
species of insects, including EFSB. Cultivation of the hybrid egg-
plant reduces the need for pesticide applications.

This breakthrough was made possible when MAHYCO obtained
the rights under license for the use of the Bt crylAc gene technol-
ogy for insect pest management from the Monsanto Company.
The license also allows for sublicensing of the technology on a
royalty-free basis to a partnership of public institutes and agricul-
tural universities in India, Bangladesh and the Philippines. This
consortium is developing a nonhybrid form of Bt eggplant for use
by farmers in developing countries. The nonhybrid form will be
less expensive, but the yield is higher for the hybrid technology.
Therefore, more farmers might choose the hybrid technology.

Commercial release of the first transgenic Bt hybrids developed
by MAHYCO is planned for India by the end of 2007, after the
fulfilment of all regulatory requirements. The transgenic Bt open-
pollinated varieties under development by the PDP are expected to
be commercialised about six months later. This approach to EFSB is
an excellent example of how biotechnology applications can be
concurrently commercialised for the market and subsidised for
poorer market segments.

In health, a prominent example of improvement regarding
access to innovations in health is the PATH Malaria Vaccine
Initiative (MVI), a programme funded by the Rockefeller Founda-
tion that analysed whether consolidating patents in the malaria
vaccine field could streamline access by advancing and accelerat-
ing the development of vaccines. The project was designed to
ensure market access for the malaria vaccine candidates that are
most likely to receive regulatory approval and be developed as
products. The study assessed the status of the relevant patents,
determined their availability for licensing and explored the poten-
tial of patent consolidation or technology trust to enhance access
to the vaccine [22]. Developing a broad-based technology trust for
existing malaria antigen patents was not recommended. Instead,
several other steps were recommended for consolidating available
rights and improving access with regard to future patent families.

Before this study, MVI had identified some potentially obstruc-
tive IP issues for a malaria vaccine for developing-country markets.
Public and academic institutions - institutions with missions that
in many cases include some form of public benefit - hold many of
the patents related to malaria antigens. As the study’s findings
reveal, with few exceptions the patents held by public and aca-
demic institutions have been assigned or exclusively licensed to
private companies and, therefore, are currently unavailable for
licensing from the original public institution patent holders.

Although it may be possible to sublicense these malarial antigen
patents from the current private holders of the technology, it is
likely to be more difficult and costly; engaging the patent holders
to contribute to a patent pool or clearinghouse also might
be challenging. Moreover, a patent pool for a malaria vaccine
might generate further obstacles: potential antitrust issues, real

576 www.elsevier.com/locate/nbt



New Biotechnology * Volume 27, Number 5+ November 2010

REVIEW

or perceived, might trigger scrutiny by the U.S. Department of
Justice and the Federal Trade Commission. Although the concept
of a technology trust or patent pool may be useful for patents filed
in the future, even some of those would be under option for license
by the private companies holding the current patents. Finally, the
number of high-priority cases for any malaria antigen is small, as is
the number of entities likely to seek access to any given patent
family. This makes the expense of a patent pool even less justifi-
able. Taking all of these things into consideration means fewer
missteps and faster progress towards a vaccine for malaria.
Other notable accounts of important case studies relate to the
Cohen-Boyer patents at Stanford University [23], IP issues related
to molecular pharming, specifically for plant-derived vaccines
[24], corn/maize breeding and the impact of biotechnology on
the breeding and commercialisation process [25], the University of
California’s Strawberry Licensing Program being the most success-
ful programme in terms of the generation of licensing revenues of
any U.S. university [26], the successful resolution of IP constraints
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that led to the introduction of virus resistant papayas [27] and a
project on the somatic embryogenesis of grapes in Chile [28].

Conclusions

If indeed the best proof is experience, then the case studies
described here indeed speak for themselves. The experiences
represented by these case studies provide all the evidence needed
to spur further efforts to build upon the IP strengths of developing
countries. Many forward-thinking people have seen the possibi-
lities, and this section broadly maps out work that is already
underway around the globe to make these possibilities into reali-
ties. Such experiences offer the most powerful proof of the benefits
that can be obtained through creative IP management in devel-
oping countries and indeed around the world.
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There is widespread interest within academia to work on public good genetically engineered (GE)
projects to the benefit of the poor, especially to use GE-technology to contribute to food security. Not a
single product from this work has reached the market. The major cause is GE-regulation, which prevents
use of the technology for public good beyond proof-of-concept (Potrykus, I. (2010) Lessons from the
Humanitarian Golden Rice project: Regulation prevents development of public good GE-products (these
Proceedings)). There is, however, another key problem responsible for the lack of deployment of public
good GE-plants: the public sector is incompetent and disinterested for work beyond proof-of-concept,
and has neither capability nor funding to develop GE-plant products and introduce them to growers and
consumers. The private sector has the expertise for both and in the right circumstances can be ready to
support the public sector in public good enterprises. Public-private-partnerships are the best solution so
far, to advance exploitation of GE-technology to the benefit of the poor. Public-private-partnerships are
viable, however, only, if there is mutual interest from the private sector and initiative and funding from
the public sector.
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Background Golden Rice represents an almost unique case in as far as it is the

The following observations are exclusively based on our experi-
ence with our public good project on ‘Golden Rice’ [1,2]. The
conclusions are, however, probably applicable to all public sector
GE-projects with an altruistic objective. As the private sector has
an important role to play, it is appropriate to present at least one
case study of a successful public—private-partnership, to illustrate
the key role of the private sector for public good projects, of which
neither the public nor the media are aware.
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only public good project from the public sector, which has been
advanced beyond the proof-of-concept phase, across all hurdles
from intellectual property (IP) rights, to product development and
GE-regulation, and to a state close to deployment [2]. There is only
one precedent of deployment of a public sector GE-product, which
is the case of the virus-resistant Papaya [3]. This case is, however,
not comparable, because it passed the regulatory hurdles before
extreme precautionary regulation was established to block all
public good GE-plant deployment.

The Golden Rice project was initiated in 1990 in response to the
wish of rice breeders of the International Rice Research Institute
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(IRRI), Philippines, to produce vitamin A-rice (yellow rice),
because of the severe problems of vitamin A-malnutrition in
rice-dependent poor populations. Because there was no chance
to reach this goal with traditional breeding techniques, it became a
challenge for genetic engineering technology. Together with my
colleague Dr (now Prof.) Peter Beyer, from the University of Frei-
burg, Germany, the author was motivated to take up this challenge
and to use genetic engineering technology, in a public good
project, to the benefit of the vitamin A-deficient and rice-depen-
dent poor in developing countries. The author knows of many
scientists around the globe which work in the arena of GE-plants
with similar motivations.

The task of engineering the biochemical pathway for pro-vitamin
A into rice endosperm was (correctly) considered almost impossible
by the scientific community at the time. Thanks to longer term
funding from public sources and philanthropic foundations, the
complementary expertise of our two teams, and good fortune,
proof-of-concept results were established in Spring 1999. They were
presented to the public on the day of the author’s retirement, 31st
March 1999, and published, with some delay, in Summer 2000 [4].

Proof-of-concept and publication are normally the endpoints of
the engagement of public sector scientists, although much of their
work is financed with the argument that it will contribute to the
solution of humanitarian problems. However, practical problems
are not solved by proof-of-concept and publication. Solutions
require subsequent product development, regulatory approval
and product deployment for use, tasks generally not considered
appropriate for an academic environment and readily left to
‘someone else’. For public good GE-plant product development
and deregulation there is, however, no one else to take over. The
private sector must recover its investment from commercial pro-
ducts. International organisations with a mandate for food secur-
ity or micro-nutrient malnutrition (e.g. WHO, FAO and UNIDO)
stay away from GE-projects.

As we were determined to ensure an impact from our work, we
had to develop it ourselves. When proof-of-concept was established,
this was also the end of any financial support from the public sector.
Financial support in academia is for scientific novelty. There was
(and is) no mechanism in the public domain for support in either
product development or deregulation, for the simple fact that no
scientific novelty can be expected. Fortunately, visionary organisa-
tions (The Rockefeller Foundation and USAID) supported some
initial work, but all this would not have rescued the transition into
the product development phase and the extension into the dereg-
ulation phase, as not only were funds a problem, but expertise was
absent. The public sector International Rice Research Institute
(IRRI), Philippines, volunteered to take responsibility for variety
development. But IRRI had no experience with GM-product devel-
opment and was initially as naive as the inventors in this respect. In
that situation ‘Golden Rice’ was very much in danger of remaining
an academic exercise — unless something unusual would happen.
The unusual approach we finally took was to search for support for
the humanitarian project in the private sector.

How the private sector rescued the public good project
During the ten-year phase of proof-of-concept work, IP rights did
not play a restrictive role. On the contrary, patenting enables
inventors to publish their discoveries, which in turn enables the

scientific community to use this information, which otherwise
would remain secret. Appreciating this aspect of patents, we
applied for patents on our invention of Golden Rice.

However, this free situation for basic research changes drama-
tically, when working towards practical application. As common
for academic scientists, we had no idea which and how many
patented inventions we had been using in the course of our work.
A study commissioned by the Rockefeller Foundation revealed
that more than 70 patents were involved in Golden Rice [4]. As our
concept was to provide Golden Rice to subsistence farmers free of
charge, this meant that we would need free licences for those 70
patents. Such a complex problem was beyond the capacity of
public scientists and their institutions.

Peter Beyer and I realised that we needed professional help to
address this problem. At the time we thought that this was the only
problem standing between our invention and our vision of adoption
of Golden Rice to contribute to Vitamin A Deficiency alleviation.
We decided to approach the private sector for assistance, and
entered into discussions with a relevant company, but were finding
the attitude of the individual we were dealing with less than helpful.

Shortly after this realisation occurred, Zeneca’s head of licen-
sing, Dr Dubock’ approached us with an interest in commercial
rights to our invention. (Zeneca has since 2001 been merged as
part of Syngenta, and is so referenced henceforward.) We
explained our perceived problem with IP. Dr Dubock realised that
we had no commercial interests and understood fully our interest
in humanitarian applications. Dr Dubock proposed and nego-
tiated with us a contractual basis for our collaboration. His vision
complemented ours, was consistent with Syngenta’s needs, and
became the basis for a fruitful public-private-partnership which
laid the foundations for the progress with our humanitarian
project. Without that public-private-partnership, Golden Rice would
probably have remained a scientific curiosity.

We licensed our rights in our invention to Syngenta which
added further technologies and obligations (including donating
technology improvements to us) and licensed them back to us for
carefully and precisely defined humanitarian applications, includ-
ing the defined right to sublicense further for the same defined
humanitarian purpose. Syngenta retained the commercial exploi-
tation rights.

One of the first tasks of Syngenta was to address the perceived
problem of IP for the humanitarian project. The initially worrying
analysis had considered only the situation in the USA; it turned
out, almost irrelevant to our developing country targets. Thanks to
the support from Syngenta’s patent lawyers (which reduced the 70
general IPs to a handful of patents which may be important), the
bargaining skills of our partner Dr Dubock and the good will of
private sector patent holders, this problem was solved within less
than half a year. We learned that there is good will in the private
sector to grant free licences for public good projects, as long as this
does not compete with commercial plans, does not lead to liability
problems and the relationships are clearly defined in written form.
Without the cooperation of the private sector we would, probably not
have been able to resolve the IP mass and the project would have ended at
this stage.

" Dr Adrian Dubock, has fortunately remained strongly associated with the
project to this day, even after his retirement from Syngenta.
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Dr Dubock proposed how we could develop a network of
licensed public sector institutional collaborators (the Golden Rice
Network) in countries where vitamin A deficiency (VAD) was a
problem, and proposed and helped us set up a novel governance
and strategy body, the Golden Rice Humanitarian Board (see
http://www.goldenrice.org) providing multidisciplinary expertise,
and taking all the strategic decisions which has guided Golden Rice
close to its delivery to the target population. As a result of the
mutual obligations and rights so created, and the collaborative
structures put in place, Syngenta and the inventors had from then
on access to all the missing knowhow and in-kind support for
product development and deregulation for ‘the humanitarian
project’. Without the advice and the experience of the private sector
there would be no defined collaborative structure nor Humanitarian
Board for the strategic guidance of the project.

A scientific breakthrough is a necessary first step for a product.
Application to the benefit of the poor, however, requires many
more to follow. In the area of GE-plants, the public sector is totally
unprepared, naive and incompetent for any further step along
those lines. In the philosophical world view of academia, there is
no room for any support along those lines, neither with regard to
financial support, nor with regard to recognition, motivation,
publication or any other reward for scientists motivated to step
out of the ivory tower.

The Golden Rice project was rescued because the private sector
invested its know-how, its personnel and its laboratory facilities
to advance the development of transgenic events along the lines
of established regulatory requirements. It also invested hundreds
of experiments into the search for events producing so much
pro-vitamin A that half a cup full of Golden Rice a day would
protect from malnutrition. All this was, of course, not done to
advance the humanitarian project, but to promote a commercial
project. However, according to the license terms offered by
Syngenta and accepted by us, improvements made by Syngenta
were to be licensed to the Humanitarian Golden Rice project.
When the commercial project was abandoned as being too small,
Syngenta donated all their materials and the rights to use their
related data to the Humanitarian project. They were even per-
suaded by Dr Dubock to spend a further $1.0m+ after the
commercial project was terminated to bring the research to
‘donatable form’ and to pay for the first field trials in the USA
in 2004. Again, we learned that the private sector could be far
more generous than expected if it did not have to concern itself
with liability problems and there was no other conflict with its
commercial strategies. Without the contribution from the private
sector it would have been difficult to arrive at a product with the
present high level of expression.

Once agronomically optimised Golden Rice varieties are regis-
tered for use and authorised for distribution to farmers, this is not
yet the end of the story. Effective intervention requires careful
preparation of nationally adjusted social marketing for which
prior marketing research for a humanitarian project has to be
organised. This again is a very complex field of activities requiring
a different set of expertises, and into which the project is entering
just now to have everything necessary ready, as soon as the
varieties have been registered for use and seed material has been
multiplied (best done again by the private sector) for distribution.
Members from academia, who have not developed and registered a

product, nor been involved with product launch for use, have not
the slightest idea of how small the academic contribution is to the
solution of a practical problem. Without the advice and the experience
of the private sector there would be no marketing research and social
marketing and the putative success for Golden Rice would be totally
unpredictable.

These were only a few examples from the history of the Huma-
nitarian Golden Rice project, which demonstrate how much a
public sector project, despite the best intentions, might have
failed, had not the private sector and visionary funders supported
it throughout. Public good projects fall, beyond any doubt, within
the responsibility of the public sector. In the case of Golden Rice
the public sector completely failed to honour its responsibility.
And it turned out that the public sector was totally incompetent
for such a task anyway. Without support and expertise from the
private sector this altruistic project would probably have failed. If
the public sector sometime, hopefully, decides to honour its
responsibility for public good GE-projects, the best it can do is
to aim at public-private-partnerships, with a clear definition of the
respective interests. There is lot of room for clearly defined,
mutually respectful partnership, where commercial competition
is not a problem - and where liability problems for the private
sector can be avoided.

Fortunately there is progress with regard to the public sectors capacity
for GMO product development and deregulation. To develop a GMO
product, guide it through the regulatory hurdles, and deliver it as
seed to the needy require expertise in numerous areas of which
members of academia have not the slightest idea. The Golden Rice
Network [1] involves numerous scientists in public sector rice
institutions in developing countries such as The Philippines,
India, Bangladesh, Vietnam, Indonesia and China which play
an important role in breeding the Golden Rice trait into locally
preferred rice varieties. The International Rice Research Institute
(IRRI), Philippines [5], has taken a lead within the CGIAR system
[6] and has, with recruitment from the private sector and funding
from USAID and subsequently the Rockefeller Foundation, built
the capacity to handle GE-variety development, interaction with
regulatory authorities, as well as supporting the planning for social
marketing, and IP management - again exploiting the capacity
and experience of the private sector. We gratefully acknowledge
that IRRI now has taken the lead, under the legally defined
strategic guidance of the Golden Rice Humanitarian Board - in
which key IRRI staff participate — to complete the task. IRRI could
teach other CGIAR institutes how to manage GE events beyond
the proof-of-concept phase. It should, however, not be overlooked
that this is not typical public sector activity. It is dependent on
philanthropy and one government — the US — which appreciates
the potential of GE crops for development. There is no support
from the donor countries of the CGIAR system (mostly European
countries) for any GE-related activity — except for superfluous
‘biosafety research’ (see respective contributions in these proceed-
ings). On the contrary, there is impressive and generous support
from these donor countries for anti-GE activities (see A Apel, these
proceedings).
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The Nuffield Council on Bioethics (NCOB) has published two reports (1999 and 2004) on the social
and ethical issues involved in the use of genetically modified crops. This presentation summarises
their core ethical arguments. Five sets of ethical concerns have been raised about GM crops: potential
harm to human health; potential damage to the environment; negative impact on traditional farming
practice; excessive corporate dominance; and the ‘unnaturalness’ of the technology. The NCOB
examined these claims in the light of the principle of general human welfare, the maintenance of
human rights and the principle of justice. It concluded in relation to the issue of ‘unnaturalness’ that
GM modification did not differ to such an extent from conventional breeding that it is in itself
morally objectionable. In making an assessment of possible costs, benefits and risks, it was necessary
to proceed on a case-by-case basis. However, the potential to bring about significant benefits in
developing countries (improved nutrition, enhanced pest resistance, increased yields and new
products) meant that there was an ethical obligation to explore these potential benefits responsibly,
to contribute to the reduction of poverty, and improve food security and profitable agriculture in
developing countries. NCOB held that these conclusions were consistent with any practical
precautionary approach. In particular, in applying a precautionary approach the risks associated with
the status quo need to be considered, as well as any risks inherent in the technology. These ethical
requirements have implications for the governance of the technology, in particular mechanisms for
enabling small-scale farmers to express their preferences for traits selected by plant breeders and
mechanisms for the diffusion of risk-based evaluations.
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Introduction

The Nuffield Council on Bioethics is an independent body estab-

lished by the Nuffield Foundation and co-funded by the Wellcome

Trust and the UK’s Medical Research Council. Its terms of reference

are:

1. To identify and define ethical questions raised by recent
advances in biological and medical research to respond to, and
to anticipate, public concern;

2. To make arrangements for examining and reporting on such
questions with a view to promoting public understanding and
discussion; this may lead, where needed, to the formulation of
new guidelines by the appropriate regulatory or other body;

3. Inthe light of the outcome of its work, to publish reports; and
to make representations, as the Council may judge appro-
priately.

Within these terms of reference, the Council determines its own
priorities and topics. In 1999 it published its first report on GM
crops, Genetically Modified Crops: the Ethical and Social Issues [1]. In
2004 it published a follow-up report, The Use of Genetically Modified
Crops in Developing Countries [2]. The present paper summarises the
relevant arguments from those two reports, noting developments
since 2004. Two main conclusions were asserted in both reports.
Firstly, policy towards GM crops should rest on a case-by-case
analysis, with no general presumption in favour or against. Instead
of general assertion, what was required was a sober assessment of
the benefits and risks of particular applications against the feasible
alternatives. This principle carries several implications, including
those related to administrative capacity in developing countries.
The second main conclusion was that where there were grounds
for a responsible use of GM crops, there was a moral imperative for
making such crops readily and economically available to those in
developing countries who wanted them. If benefits were available,
it would be contrary to the principles of justice and solidarity for
those benefits to be hoarded to the detriment of the poor.

In what follows I shall set out the considerations that led the
Council to come to these conclusions. The main consideration
leading to the view that there was a moral imperative to make
modern plant technology available to those in developing coun-
tries was that poverty and food insecurity called for action and
there was no reason to deny developing countries the benefits of a
valuable technology. Obviously this argument depends on deny-
ing what some have asserted, namely that there are strong ethical
or prudential reasons for resisting the introduction of GM crops.
The principal arguments involved in these latter claims relate to
naturalness, the risks associated with GM and the justice of prop-
erty rights. All of the ethical issues have implications for govern-
ance.

The moral imperative

The potential benefits of GM crops will be well known to this
audience, so I shall simply list the ones that the working party
thought were most important. They included:

1. Herbicide tolerance, enabling reduced applications of herbi-
cides.

Insect and pest resistance.

Bacterial, fungal and viral resistance.

Abiotic stress resistance.

Micronutrient enrichment.

G

How might these benefits be especially relevant to developing
countries? The relevant argument runs as follows. In the devel-
oped world, food production has kept ahead of population growth
during the past 60 years. This was also the case for much of Asia
and Latin America where the benefits of the Green Revolution
were felt. However, Africa and some parts of Asia saw little gain in
agricultural productivity, and poverty persisted. Moreover, the
initial rates of improvement of the Green Revolution were not
sustained between 1985 and 1990. Even in countries like India,
where there are ample stores of staple foods, poverty still causes
problems of access for large numbers. Moreover, given that 70% of
the world’s poor live in rural areas and two-thirds of those rely
upon agriculture, there is a strong case for focusing upon agricul-
tural development, particularly as improvements in agricultural
productivity contribute to the creation of employment, thus rais-
ing incomes.

The above argument can be succinctly summarised in Fig. 1. As
can be seen, the central thrust of the argument related to the need
to raise agricultural productivity as a way of improving food supply
and increasing agricultural incomes. However, there are specific
potential applications of GM technology, of which the most
important is the provision of micronutrient enrichment, that were
also an integral part of the working party’s thinking.

The argument assumes that GM technology is beneficial and
that there is a moral imperative to enable developing countries to
take advantage of these technologies. Although not expressed in
the same words, the message of both reports is consistent (I
believe) with the Social Doctrine of the Catholic Church when
it asserts that:

‘Modern biotechnologies have powerful social, economic
and political impact locally, nationally and internation-
ally. They need to be evaluated according to the ethical
criteria that must always guide human activities and
relations in the social, economic and political spheres.
Above all the criteria of justice and solidarity must be
taken into account.’ [3]

There are several points to make about the argument developed
by the Nuffield Council.

1. The argument assumes that there is a need to raise agricultural
productivity to deal with the problems of poverty and food
insecurity. It may be true that there are enough foodstuffs in
the world such that if they were more equally distributed
existing production levels would be sufficient to feed every-
one. However, this would require a politics of redistribution on
a global scale that would dwarf any politics of redistribution
even in advanced welfare states. As the 2004 Report put it,
‘[gliven the limits of redistribution, we consider that there is
duty to explore the possible contributions which GM crops can
make in relation to reducing world hunger, malnutrition,
unemployment and poverty.’

2. It is not part of the argument that the only way in which the
problems are to be addressed is by the use of technology in
general or GM technology in particular. The important point is
that a potentially valuable technology should not be ignored.
The moral imperative relates to the circumstances in which the
technology is valuable, but there is no assumption that GM is
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To resume the rapid reduction in poverty and malnutrition of the 1970-80s and to extend it to
Africa, employment on farms and the growth of productivity in staple crops had to be revived,
either through the expansion of farmland, or the increase in yields.
The expansion of farmland was seldom Conventional plant breeding was still making
feasible, environmentally and otherwise. very substantial contributions to growth in yield.
But its effect was increasingly reduced by new
types of pest, exhaustion of micronutrients,
water shortages and unsuitability of land
(especially in Africa) for important semi-dwarf
varieties of rice and wheat. There was overall
exhaustion of the huge potential created by the
early breakthroughs of the Green Revolution.
GM crops could be particularly relevant for areas so far untouched by the Green Revolution. Crops
that were better suited to environmental constraints could be developed, leading to considerable
increases in yield.
GM crops as a tool of, and addition to, conventional plant breeding, could revive, stabilise and
spread the growth in yields of food staples, and of other crops grown by poor people.
FIGURE 1

Summary of Nuffield Council Argument.

the only, always the best or most appropriate technology, and
indeed one needs to accept that promised GM solutions may
fail in particular cases.

3. Because the provision of agricultural technology will not on its
own solve the problems of poverty and food security, attention
needs to be given to administrative and regulatory capacity in
developing countries as well as regimes of property rights, if
the benefits are to be equitably shared.

4. The reports were written at times when the debate on GM was
polarised. From Nuffield’s point of view this is unfortunate,
because it prevents a case-by-case approach in which the
benefits and the risks of the technology are assessed in
particular instances.

This then is a summary of the claim for there being a moral
imperative to make the responsible use of GM technology avail-
able. However, as I have noted, this position involves denying the
claims of some critics of the technology. So I now pass to an
assessment of these crucial points of view.

Naturalness

One reaction to GM crops is that they are in some sense ‘unnatural’
and that it is wrong in itself to change the ‘essence’ of species or to
interfere with the natural order. This is a widespread sentiment:

many of the respondents to the consultation on our first report for
example thought that the breaches involved in genetic modifica-
tion represented an improper tampering with nature. Such senti-
ments were probably reinforced in the case of UK citizens by the
experience of BSE in cattle, in which the BSE agent was spread to
cattle in meat and bone meal, leading many to think that the
disease would not have arisen had herbivores not been fed meat.
However, although these sentiments are widespread, both of
the working parties involved in the Nuffield reports found it hard
to make sense of the claims involved, for the following reasons.
Any form of plant breeding can be regarded as unnatural. To be
sure, if plant breeding simply relied upon the selection of indivi-
dual plants from the variety of naturally occurring plants, then
one might say that the practice was natural, in the sense that there
was no human intervention beyond the mere selection of desirable
specimens. However, since the discovery of Mendel’s laws, plant
breeding has become scientific, involving such practices as muta-
tion breeding, in which plants and seeds are exposed to radiation
or chemicals as with Calrose 76 or Golden Barley, or wide crosses as
in the case of Triticale. The difficulty of distinguishing GM as
‘unnatural’ from conventional forms of plant breeding as ‘natural’
is enhanced by the fact that GM may be used as a technology to
produce traits or characteristics in plants that could have been
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produced by conventional plant breeding only more speedily or at
less cost.

One form of GM plant breeding that to the layperson may seem
unnatural is the introduction of genetic material from non-plant
species, for example in the case of Bt crops where bacterial gene
sequences have been used or the use of genetic material from
salmon into strawberries. Clearly these sorts of transformations
would not be possible without advanced techniques of genetic
modification. However, the mixing of genetic material across very
different species occurs in nature without human intervention, as
in the mixing of genetic material from humans and animals in
viruses.

One concern about the unnaturalness of GM techniques per-
tains not to their mode of production but to their possible effects,
in particular cross-pollination with non-GM crops in the wild.
However, this view can only make sense in a general form if non-
GM crops are seen as the product of nature and GM crops seen as
artificial, but that view ignores the fact that conventionally bred
crops are unnatural by the same test as are GM crops. To hold
otherwise is to hold that there is an unaltered realm of nature.

However, the concern about effects may be standing proxy for
another reason, related to safety. It may be that the order of nature
needs to be respected because biological and ecological systems are
relatively robust and predictable, and so pose few risks for humans,
who have after all evolved with those environments. Horizontal
gene transfer does occur in nature, but over a long time scale,
whereas with genetic modification the transfer of genetic material
is sudden so that if GM plants are released into the environment,
biological and ecological systems might not be sufficiently
adapted to integrate the plants.

Of course, the introduction of any plant, however produced,
can have untoward effects on the environment. The introduction
of the rhododendron, which originated in Spain and Portugal, or
of Japanese knotweed (Fallopia japonica) into the UK has resulted in
a significant loss of biodiversity. However, it may be argued that
the advantages of GM technology, in particular its speed and
power, are precisely the features that should make one sceptical
of its use. In other words, although it is hard to see what merit
there is in the argument from naturalness, there might be an
argument from safety.

Before turning to the arguments on safety, I note one further
point about naturalness. The argument that it would be wrong to
introduce GM crops because the technology results in what is
‘unnatural’ relies on the assumption that it is wrong to intervene
in nature. If, as the Compendium on the Social Doctrine of the
Catholic Church says, nature ‘is a gift offered by the Creator to the
human community, entrusted to the intelligence and moral
responsibility of men and women’ (Pontifical Council, §473), then
there is no general reason to defer to the genetic stock of the
natural order and no reason why nature cannot be improved.

GM and risk analysis

General points. The chief advantage of genetic modification in the
breeding of plants is that changes can be introduced more quickly
and directly, with a more precise targeting of the traits that is
desired. Moreover, a wider range of traits than is possible with
conventional breeding can be introduced. However, from the
point of view of risk analysis, some of these features of GM look

as although they are problematic rather than advantageous. The
speedy introduction of a wider range of traits may create untoward
effects that are difficult to control. If rhododendrons or Japanese
knotweed have had severe environmental effects in the UK, one
might think that GM plants will pose a potentially greater threat to
whichever environment they are introduced.

In this context, many urge the relevance of the precautionary
principle. The precautionary principle has been formulated in very
different ways both in law and in civic discourses. To evaluate the
relevant arguments, therefore, we need to consider the strength of
the claims contained in any precautionary approach.

Viewed in a moderate way, there is nothing exceptional about
the precautionary principle at all. It is simply the principle that is
followed in all cases of good design or good husbandry. For
example, furniture is designed to carry much more weight than
will ever be placed upon it, and buildings are designed to with-
stand shocks. Usually precautionary design of this sort leads to an
increase in the cost of the product over a cheaper but less safe
alternative, but the protection of human health and life from
unnecessary risks is an obvious duty. Interpreted as such, the
precautionary principle would not raise special considerations
in relation to the development of GM crops. The technology
would simply be subject to the usual safety assessments that
any comparable technology would be subject to.

However, in recent years, the precautionary principle has some-
times been given some very stringent interpretations, and some of
these interpretations have been taken to imply that there should
be a moratorium or possibly even outright ban on GM technology.
In its strongest form, a precautionary principle would place the
complete burden of proof upon someone introducing a new
technology to show that it did no harm. In this strong form it
would be impossible to satisfy, and indeed it would place scientists
and those developing potentially beneficial technologies in a
situation that challenged their integrity, because no responsible
scientist can promise no risk of harm whatsoever. As the 2004
Nuffield report put it ‘an excessively conservative interpretation,
demanding evidence of the absence of risk before allowing the
pursuit of a new technology is fundamentally at odds with any
practical strategy of investigating new technologies’ ([2], p. 57).
More generally, such a stringent approach would make the mistake
of regulating on the technology rather than the traits produced by
that technology.

With this general point in mind, we need to consider risk
assessment both in relation to the environment and in relation
to human health.

Environmental risk assessment. One particular risk that has con-
cerned some people in connection with the planting of GM is that
of gene flow from the modified plant to wild plants, particularly in
areas of sensitive biodiversity. Gene flow occurs in nature of
course, and is responsible for the wide variety of plants that have
evolved. That gene flow occurred in the case of GM maize and
native Mexican maize landraces in Oaxaca has not been disputed.
The question has been over the threat of that gene flow to genetic
diversity. There are many factors that help determine the effects of
gene flow, but in the view of the Nuffield Council the existence of
gene flow does not provide an argument for prohibiting the use of
GM although it does suggest that in sensitive areas of biodiversity,
GM crops ought not to be used without monitoring and that the
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establishment of comprehensive seed banks to conserve genetic
resources of crop plants and their relatives is of crucial importance.

More generally, it would be part of a precautionary approach to
develop GM crops first in the laboratory and then in field trials
before going to large-scale production, but this sequence is the one
that is good practice in plant breeding in any case.

One potentially significant problem arising from an extreme
interpretation of the precautionary principle is the potential for
environmental regulation to become a disguised form of economic
protectionism. Thus, if the stringent EU regulations on GM foods
make it impossible for farmers in developing countries to export to
the EU, this could be a serious problem.

Health risk analysis. In principle, some evidence of harmful
health effects would provide a reason for being cautious about
the introduction of GM crops, but such purported evidence as has
been offered has not withstood scrutiny.

Against the lack of evidence relating to health risks, the 2004
working party was impressed by the potential of GM technology to
enhance micronutrients, and took as one of its case studies the
production of Golden Rice. At the time at which the report was
being written there was no firm evidence about the bioavailability
of B-carotene, but this is now available and would suggest that the
moral priority is no less urgent.

There is an important general point about the precautionary
principle in this context. The precautionary principle was initially
developed in the Federal Republic of Germany before being taken
up and developed in the European Union and international agree-
ments. The context in which the early developments took place
was in relation to pollution control, where much of the argument
turned on the question of whether it was worth paying extra for
clean-up costs given the lack of complete scientific evidence about
the link between the pollution and the damage being caused. In
other words it was a principle of action rather than inaction.

In relation to technological innovation, the precautionary prin-
ciple is usually interpreted in a conservative way, and is thought to
imply a disposition to hold back the introduction of the technol-
ogy until further evidence comes to light. However, this conser-
vative interpretation only makes sense in the context of a status
quo that is satisfactory, such that no damage is done to human
values by delay. This is not the case where there is known damage
being done to human health and there is good reason to believe
that some benefit can be achieved. In this respect, the precau-
tionary principle ought to be an injunction to action rather than
inaction.

Justice and solidarity

One reason why the Council returned to the topic of GM crops in
its 2004 report was that at the time a renewed heated debate took
place in the EU about the use of GM crops which largely ignored
the global perspective. In most Western countries, agriculture is
a highly efficient process, with a range of means of improving
yields through fertilisers and controlling pest and abiotic stres-
sors through pesticides and other means. GM crops improve this
system in some cases. But many members of the public remain
unconvinced about the technology, especially in view of only
marginal improvements. Independently of the justification of
these concerns, major issues around justice and solidarity arise
from the fact that highly restrictive policies at the EU level affect

not only EU citizens, but also small-scale farmers in developing
countries. For example, the Food and Feed and Traceability and
Labelling regulations may perhaps seem like appropriate and
feasible policy instruments for the governance of GM crops in
the EU - but the segregation of GM from non-GM crops will
generally not be feasible in developing countries. This has
implications for the use of GM crops not only for export pur-
poses, but also for domestic purposes. For even non-GM exports
may be ‘“contaminated” by GM crops used for domestic pur-
poses.

For many commentators, justice issues are also raised by the role
of industry in the production and marketing of GM crops. It seems
plausible to assume that the GM story would have unfolded in a
very different way if the first GM crop had been a GM food crop
developed by the public sector (as opposed to ‘cash crops’ devel-
oped by industry). One key element in the public debate about GM
crops is therefore the danger arising from monopolistic or oligo-
polistic control of the technology. The concern is that large private
seed producers will put themselves in a position where they are
able to exploit small farmers to the disadvantage of the latter. The
2004 report noted that five main companies (Syngenta, Bayer
CropSceince, Monsanto, DuPont and Dow AgroSciences) control
most of the resources that are needed to undertake commercial
research in the area of GM crops. There are large questions about
the responsible use of property rights and the administrative
capacity to implement adequate biosafety procedures. The Green
Revolution was largely funded publicly, and rested on a property
rights regime in which it was assumed that the fruits of scientific
research should be freely available for all. Current plant breeding
isnow taking place in a different world, in which much of the lead
is by private companies or by universities anxious to take advan-
tage of patent protection. There is an interesting contrast here
with other developments in science where ‘open source’ princi-
ples operate, whether in respect of Wellcome funding for the
Human Genome Project or some branches of synthetic biology.
However, the Nuffield Council does note that there are several
specific issues that constantly need addressing both by those
involved in the development of research and by the relevant
public authorities:

1. Owners of patented technology should be encouraged to
license their technology non-exclusively. There are examples
where this has applied, but it is a constant area of concern.

2. Material transfer agreements are implicated in the develop-
ment of GM crops, and where these include such provision as
reach through rights, they may inhibit development.

3. DPatent offices should be discouraged from granting overly
broad patents.

4. The impact of patents on access to germplasm should be
monitored.

One criticism of GM technology that is often made by critics is
that it poses a threat to informal or traditional seed systems.
However, when it considered this matter, the 2004 working party
did not think that contemporary plant breeding practice was likely
to be such a threat for the obvious reason that no form of high
technology plant breeding prevents farmers from retaining and re-
sowing their own seed varieties or landraces if that is what they
choose to do. Conversely, if new or improved seeds are preferred by
farmers, then it is entirely their own concern, provided that
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environmental responsibilities are not at issue. The working party
noted that farmers were aware that saved seed for open-pollinated
crops like maize produced lower yields that F1 hybrids. So, farmers
in Zambia, Kenya and South Africa have been buying hybrid seed
from local or multinational companies for many years. For self-
pollinated crops, there is nothing to prevent farmers from retain-
ing seed from the harvest for many years.

Further evidence on this point comes from the use of Bt cotton
in China, where the working party noted that, although seed costs
were more than four times higher that the non-Bt varieties, the
overall net revenues from the Bt variety were greater because of
savings in pesticides and fertilisers. In short, the development of
GM crops will confront resource-poor farmers with a wider range
of commercial options, but it would be a mistake to focus merely
on one element of their costs.

A particular problem might be thought to arise in the use of
GURT (Genetic Use Restriction Technologies). One difficulty here
is that such technologies have been developed to deal with the
objection that GM crops pose an environmental threat, and so
there is a trade-off of values that need to be taken into account.
There is no obvious easy solution to this problem except insofar as
the technology develops we learn more about the environmental
risks that may or may not be associated with particular GM crop
varieties.

It is worth noting in passing that one factor leading to oligopoly
in commercial seed production is strong regulatory requirements,
because it is larger companies that have the capacity to manage the
obligations in relation to those requirements.
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Conclusion

Since 2004, when the second Nuffield report was published, there

have been several developments that are worth noting in conclu-

sion:

1. The number of farmers in developing countries using GM
crops has more than doubled and there has been a threefold
increase in acreage, with the most common crops being
soybean, maize and cotton. This is evidence that farmers are
finding it advantageous to take advantage of the technology.
The moral imperative is to ensure that they are in a position
both to have access to the technology and to make a choice
about its use in the light of their own circumstances.

2. Not all developments noted in the report have been successful,
the most important example being the development of virus-
resistant sweet potato in east Africa. Thisis an illustration of why
the case-by-case analysis advocated by Nuffield is important.

3. Concerns about climate change are focusing attention on
abiotic resistant crops, where issues about patent rights are
likely to be important. Similar concerns are likely to lead to an
interest in second-generation biofuels, where the potential of
conventional and GM plant breeding looks significant.

It is not the task of an ethical analysis to be the champion for a
particular technology. Instead such an analysis leads to laying
down the criteria by which any particular technology can be
assessed. Above all, we should avoid the fallacy of thinking that
an ethical assessment will indicate a brake on technological devel-
opment, particularly in cases where the technology addresses
urgent human needs.
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Argentinais the second largest grower of genetically modified (GM) crops. This high level of adoption of
this new agricultural technology is the result of a complex combination of circumstances. We can
identify four main causes that led to this: political support (from agriculture officials), ability to solve
prevalent farmers’ needs, economic and environmental factors and an early implementation of
effective regulations. The political willingness to study this new technology and crops as well as the
recruitment of sound professionals and scientists to perform the task was crucial. These professionals,
with very diverse backgrounds, created the necessary regulatory framework to work with these new
crops. Farmers played a decisive role, as adopting this new technology solved some of their agronomic
problems, helped them perform more sustainable agronomic practices and provided economic benefits.
Nonetheless, all these advancements had not been possible without a rational, science-based and
flexible regulatory framework that would make sure that the GM crops were safe for food, feed and
processing.
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Introduction

This article describes the situation and the conditions that led
Argentina to adopt and develop crops modified through genetic
engineering. This is mainly, but not exclusively, a historical per-
spective. However, some of these conditions and situations may
shed some light on the present and may contribute to the devel-

E-mail address: mburac@minagri.gob.ar.

opment of similar processes elsewhere. The main regulatory guide-
lines that oriented this process are also included, as these may be
useful examples when facing the challenge of adopting the use of
GM technology [1,2].

It is important to mention that when Argentina started asses-
sing GM material in 1991, there had been several conditions that
had favoured this situation. First, the political situation of the
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country had changed. This was extremely important as the autho-
rities were interested in and willing to give this new technology an
opportunity. The former Secretariat of Agriculture promoted the
study of these new crops. This in-depth analysis of the new
technologies could only have been possible if the necessary
human resources were available, the second key element. At that
time, sound and committed professionals and scientists with
different backgrounds, from the academia and the private sector,
became staff of the regulatory body within the (at the time)
Secretariat of Agriculture. They faced the challenge before them
and created in 1991 the necessary framework to regulate GM crops.
Argentina approved the first GM crop, glyphosate-tolerant soy-
bean (GTS), in 1996, which coincided with the global commercia-
lisation of GM crops. Only six countries were involved in this;
Argentina, with the planting of 370,000 ha of GTS, was one of
them [3]. The area planted with GM crops has grown since then by
more than 50 times (2008/2009 planting data), placing Argentina
as the second largest grower of biotech crops in the world, as per
2008/2009 figures. Argentina now grows 21% of the global biotech
crop area. Nowadays, areas grown with GM crops, relative to the
total planted in the country, are 99% for soybean, 83% for maize,
and 94% for cotton. Since 1991, fourteen different GM crops
(events) have been approved for commercialisation (Table 1).

Regulators and the regulatory framework

Several factors accompanied the early adoption of GM crops in
Argentina. The government was willing to study and implement a
regulation for GM crops and the public and the private sectors
devoted to studying agricultural biotechnology needed a frame-
work to develop and handle this new technology, which, back
then, was at an experimental stage. Consequently, the regulators
and the regulations in themselves played a crucial role in this
process.

Although the leadership was present in the figure of the
Competent Authority (the Secretary of Agriculture at the time),
the regulatory capacities were not available yet within the struc-
ture of the government. To that end, people from outside the
government were recruited. They did not have the typical
bureaucratic background, as they were mostly scientists and
stakeholders’ representatives, who brought a whole range of
diverse and solid professional experience. They had the disposi-
tion to update their backgrounds according to the new scientific
knowledge. Scientists from academia were deeply involved in
this process, definitively setting science as the basis of the reg-
ulations from the very beginning. The regulatory bodies included
government personnel, as well as representatives from the public
and the industrial sectors. It was a very productive combination
of science, societal interests and field experience. This ‘eclectic’
background would conform the regulatory bodies (the National
Advisory Commission on Agricultural Biotechnology, CONABIA
in the Spanish acronym, and the Technical Advisory Committee
on GM Organisms Use, CTAUOGM) (http://www.minagri.
gob.ar/SAGPyA/areas/biotecnologia/20-CONABIA/creacion_
conabia.pdf; http://www.senasa.gov.ar/contenido.php?to=n&in
=1079&ino=1079&i0=5743).

In a nutshell, the process to approve the trial of a new (in
Argentina) GM crop and its eventual commercialisation has
remained basically the same since 1991 (http://www.infoleg.

gov.ar/infolegInternet/anexos/145000-149999/146801/norma.
htm; http://www.minagri.gob.ar/SAGPyA/areas/biotecnologia/
60-Solicitudes/Res-39-english.doc). All applications are submitted
to the Ministry of Agriculture, as the Minister of Agriculture is the
Competent Authority on the matter. The applications are analysed
and assessed on a case-by-case basis by the Ministry and its
regulatory and advisory bodies and by other areas of the govern-
ment. At both levels, field trials and commercial approvals, the
assessments are science-based and the ultimate aim of the process
is to make sure the crop is safe with regard to the agro-ecosystem as
well as in all other respects, as food, as feed and processing
material. The applications require the applicant to submit infor-
mation on the engineered crop concerning the phenotypic expres-
sion, the description of the agronomic practices, including
eventual changes in the geographic zones (if different from the
non-GM counterpart), and the molecular genetic characterisation.
Up to 2008, a total of 1511 applications for field trials and related
regulated activities had been assessed.

Although the processing of the applications has not suffered
major changes, the regulations and the regulators have undergone
several updates, as more knowledge is available. The early regula-
tions for the biosafety assessment of GM crops in Argentina were
similar to those of the European Union and the United States. As
time went by, Argentina modified the regulations based on new
scientific knowledge and developments and its own understand-
ing of biotechnology and biosafety (http://www.minagri.gob.ar/
SAGPyA/areas/biotecnologia/60-Solicitudes/Res-39-english.doc).
Argentina was able to do this because its regulatory framework
had, and still has, three very important characteristics: it is flexible;
it is rational and it is scientific. These key ingredients have helped
it ‘grow’ and adapt to the new technologies, knowledge and
resources available. The regulators have had to keep up with it.
For example, at the beginning, the number of authorisations for
field trials was just a handful whereas at present over two hundred
applications are assessed per year.

Applications for field trials may include: (i) several transformed
individuals with the same construct but at presumably different
genome locations or (ii) transformants obtained with different
trait-related constructs, or both. Therefore, the ‘development
efforts’ of the developers, the regulatory framework and the reg-
ulators are better depicted by the number of different events (not of
single applications) tested in field trials. This number has been
steadily increasing to reach around two thousands in the past few
years. Still a different, qualitative measure of the development
efforts in the advance of GM crop technology in Argentina is given
by the increasing complexity of the traits, which are currently
tested (http://www.minagri.gob.ar/SAGPyA/areas/biotecnologia/
50-Evaluaciones/_archivo2/000400-Evaluaciones para liberacion
experimental.php).

Precommercial tests, that is, extensive sowing, are a good way of
seeing the regulations and the regulators in action. These tests, in
fact a second phase in the regulatory process after the field trials,
are carried out to assess the possible effects on agronomical prac-
tices and the environmental impact of GM crops. Also, these
precommercial releases are done to perform local-specific tests
and to collect material or data for regulatory purposes. In retro-
spect, an essential criterion for the biosafety review that has helped
the further expansion of GM crop technology in Argentina was
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that agriculture deals with highly managed agro-ecosystems. This
was crucial because it gave to the application of agricultural
biotechnology in Argentina an initial impetus even under very
strict biosafety guidelines.

These sound and strict biosafety guidelines were ‘put under test’
in the European Union’s moratorium. Argentina was trading some
GM crops with it, and the EU withheld the import of these products
using the Cartagena Protocol on Biosafety to the Convention on
Biological Diversity as one of its main arguments. Argentina,
together with Canada and the United States, presented a demand
before the World Trade Organisation (WTO), because of this unrea-
sonable delay in the imports — hence the name ‘moratorium’. The
WTO ruled in favour of Argentina, Canada and the United States,
because the products followed all the environmental and food safety
standards [4]. The application of the precautionary approach in the
assessment of GM crops and in the ultimate granting of a commer-
cialisation permit was crucial in this huge international dispute.

For all these reasons, Argentina and its regulatory framework
have gained a good reputation around the world. The underlying
principle of the regulations is safety, and with that in mind the
assessments only allow for scientific, sound and strict arguments.

The crops and the traits

As stated before, field trials with GM crops started in Argentina in
1991. The first commercial GM crop, GTS, was released in 1996
(http://www.minagri.gob.ar/SAGPyA/areas/biotecnologia/50-Eva-
luaciones/_archivo2/00http://www.minagri.gob.ar/SAGPyA/
areas/biotecnologia/50-Evaluaciones/_archivo2/000200-Eventos
con evaluacién favorable de la CONABIA y permiso de comercia-
lizacién.php).

Very favorable combinations of crops and traits were relevant
conditions at the beginning of the adoption process. Two cases,
linked to the first approved GM crops are analyzed here: GTS and
Lepidoteran Resistant maize, which contains an insecticidal toxin
from Bacillus thuringiensis (Bt).

GT soybean
At the time of the commercial release of GTS, soybean was already
an important crop in Argentina. Production was initially pushed
by better land use through rotation (with maize), lower production
costs [5,6] and by high commodity prices in the mid-1990s.
Soybean production came together with glyphosate from the
beginning. Pre-sowing application of the herbicide helped to clear
the field from weeds (mostly Johnson grass) and cleaned the soil
for the further sowing of maize, where these weeds were more
difficult to eliminate. Soybean-maize rotation was a very common
practice in Argentina. However successful non-GM soybean in
Argentine agriculture was, the new GM varieties delivered farmers
a significant improvement in the agronomic practices, what sti-
mulated an increased, enthusiastic adoption. Operations were
drastically simplified as farmers discontinued the use of compli-
cated mixtures of expensive and more toxic herbicides and
switched to a low toxicity, single chemical, friendlier to the
environment and to them. Moreover, set-aside land heavily
infested with noxious weeds could be brought back to production.
To all these advantages to the farmer, it was also added that the
use of GTS has shown a very convenient synergy with no-till
farming, which became widely used (Argentina is one of the

leading countries in the implementation of low- or no-till farming)
[7]. It is well known that low- and no-till farming reduce both soil
erosion and emission of greenhouse gases, thereby contributing to
agricultural sustainability through a better conservation of soil
organic matter and reducing the impact on climate change.

Bt maize
The second important GM crop, also quickly adopted by farmers,
was Bt maize (http://www.minagri.gob.ar/SAGPyA/areas/biotecno-
logia/50-Evaluaciones/_archivo2/00http://www.minagri.gob.ar/
SAGPyA/areas/biotecnologia/50-Evaluaciones/_archivo2/000200-
Eventos con evaluacion favorable de la CONABIA y permiso de
comercializacion.php). With non-GM maize, insecticide applica-
tions were complicated because of the ‘asynchronous’ occurrence of
pest attacks. Several, non-standard ‘recipes’ were used, according to
pest and variable suggestions given to farmers. With Bt maize,
farmers could reduce the use of not only toxic insecticides but also
of toxic herbicides if rotating with GTS (see above).

Bt maize brought also very important additional benefits:

(i) better grain quality, which increased farmers’ competitive-
ness and a healthier product, as mycotoxin levels were
consistently well below mandatory regulations [8,9];

(i) longer sowing/harvest windows, on account of a longer
stand of the plants in the field as plants were not damaged by
the tunneling caused by maize borers.

(iii) this latter advantage not only increased yield but also
allowed harvesting at a higher grain dry matter weight,
thereby reducing drying costs and environmental contam-
ination. Again, a significant contribution to sustainability
was achieved.

The following chart (Table 1) describes the 14 events currently
approved in Argentina (http://www.minagri.gob.ar/SAGPyA/areas/
biotecnologia/50-Evaluaciones/_archivo2/00http://www.minagri.
gob.ar/SAGPyA/areas/biotecnologia/50-Evaluaciones/_archivo2/

TABLE 1
Commercial approvals for planting, processing, food and feed

Crop Event Trait/s Year
Soybean 40-3-2 HT 1996
Maize 176 IR 1998
Maize T25 HT 1998
Cotton MON531 IR 1998
Maize MON810 IR 1998
Cotton MON1445 HT 2001
Maize Bt11 IR 2001
Maize NK603 HT 2004
Maize TC1507 HT, IR 2005
Maize GA21 HT 2005
Maize NK603 x MON810 HT, IR 2007
Maize TC1507 x NK603 2HT, IR 2008
Cotton MON1445 x MON531 HT, IR 2009
Maize GA21 x Bt11 HT, IR 2009

HT: Herbicide tolerance; IR: insect resistance.
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Environmental benefits

The benefits that GM crops have brought to the farmers are also
reflected in the significant positive effects on the environment.
Nonetheless, it must be said that glyphosate does not perform
miracles and when misused, it may produce undesired effects on
the environment by, for example, generating herbicide resistant
weeds [10-12], as will always occur with conventional crops. It
should be understood that agricultural biotechnology does not
escape the laws of biology and the rules of good agronomic
practice.

GTS has brought many benefits to farmers and the environ-
ment. First, farmers could turn massively to no-till agriculture.
This practice has spread rapidly in Latin America. Argentina is one
of the leading countries in the use of no-till farming with 19
million ha cultivated under this system, almost 20% of the global
area [13-15]. Conservation tillage systems offer numerous benefits
such as fuel savings, reduced soil erosion, wildlife conservation
and reduced release of greenhouse gases. The adoption of GTS has
changed the pattern of the use of herbicides. Second, even though
the number of applications and the amounts per hectare of gly-
phosate have increased, this did not inevitably involve a negative
environmental impact [16]. Indeed, the intensification in the use
of glyphosate has caused a reduction in the use of atrazine, a
herbicide with high residual effects and environmentally harmful.
By contrast, glyphosate has a low toxicity level, has no residual
activity and is rapidly decomposed by soil microorganisms.
According to the World Health Organization classification [17],
glyphosate belongs to Class IV, the ‘less toxic’ group. A 2005 survey
[16] showed that in Argentina glyphosate has completely replaced
other herbicides belonging to the more toxic Classes II and III.

In addition, the adoption of insect-resistant (Bt) cotton has
resulted in dramatic reductions in insecticide use. On the basis
of farm survey data, it was found [18] that the technology reduced
application rates of toxic chemicals by 50%.

Overall, the adoption of GM crops has made a positive con-
tribution to the sustainability of the agricultural production.
Cotton yields, for example, have increased by 30% in the case
of Bt cotton and by 17% in the case of herbicide tolerant varieties
[19]. Maize yields increased between 5.5% and 9% in the case of
insect-resistant varieties and from 3% to 22% in the case of
herbicide-tolerant hybrids, depending on the year and the region.

These yield increases have allowed for the deployment of lesser
amounts of land needed for cultivation (an increasingly limiting
factor worldwide) and through better conservation of soil and
biodiversity [20], which is one of the major contributions of GM
crop technology. In addition, no-till practices have had a major
beneficial role as it helps to keep soil moisture and to improve
water infiltration, what contributes to the conservation of soil
structure.

Economic benefits

As regards the economic benefits, many things should be taken
into consideration. There are other issues involved in a rather
complex way (e.g. high commodity prices, international markets
and local economic growth). For these reasons, the economic

measurements have estimated that the total gross benefits derived
from the adoption of GM crop technology in the 1996-2006
period were of USD 19.7 billion for GTS (1996-2006), USD 482
million for Bt maize (1998-2005) and USD 19.7 million for insect-
resistant cotton (1998-2005), making a total of USD 20.2 billion
[19]. In the case of soybean for the same period, the cost of re-
stocking soil phosphorous consumed by the crop was estimated at
USD 2.3 billion, giving a net gain of USD 17.4 billion [21].

Another important estimation is that of the farmers’ profit. It
has been calculated that the farmers’ share of these benefits was
77% for soybean, 43% for maize and 86% for cotton [21]. Other
studies [19] estimated that the farmer’s income in the 1996-2006
period increased by USD 6.6 billion, and the revenues for 2006
alone were USD 1.3 billion.

Additionally, it was estimated that that the release of GTS has
contributed to the creation of almost a million jobs (whole econ-
omy-wide), representing 36% of the total increase in employment
over the 1996-2006 period [21].

As explained above, GM crop technology has been beneficial in
more than one respect. When analysing the whole range of
benefits, for the environment and for the economy, that this
technological advancement has brought to Argentina, the reasons
why this technology was so well received and had such a rapid
adoption rate seem quite clear and straightforward.

Concluding remarks

When analysing the conditions that have determined the high
rate of adoption of GM crop technology in Argentina, it can be said
that it is the result of a complex combination of circumstances. As
a first approximation, it is possible to identify four central issues:
political support, the early implementation of an effective regu-
latory framework, the benefits this technology would bring to
farmer’s prevailing needs, and the positive economic and ecolo-
gical impact of the GM crops.

The new products allowed farmers to solve important agro-
nomic problems while providing significant and positive environ-
mental benefits. For example, it was possible to achieve a sharp
decrease in the use of insecticides in the case of Bt cotton. For GT
soybean, there was a shift from toxic, classes Il and III herbicides to
environmentally friendlier class IV herbicides. To sum up, all these
advantages have led to an overall beneficial contribution to sus-
tainability, by the extensive use of no-till practices, and a consis-
tent increase in yields, what allowed for less land deployment.

It was decisive that the Competent Authority rested on agri-
culture officers, as production concepts largely dictated the
approval criteria. Regulations played also a major role, as their
early implementation allowed the developers to work in an envir-
onment of certainty. Field trials and commercialisation guidelines
were science-based, designed by experts with different back-
grounds and experiences, who put biosafety of the product first,
without jeopardising, or possibly so that they would not jeopar-
dise, the country’s exports, one of the strong sources of Argentina’s
domestic product.
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Do Russia and Eastern Europe need GM
plants?

Konstantin Skryabin

Centre “Bioengineering” of the Russian Academy of Sciences, 7/bild.1, prospect 60-let Oktyabrya, Moscow 117312, Russia

Russia, Ukraine and Kazakhstan are the leading agricultural producers, especially for potato, sugar
beet and sunflower. The cumulative effect of adverse climatic conditions, high weediness and

losses related to viruses and pests (without any insecticide and herbicide treatments) led to losses
amounting to 40-80% of potential production in the Russian Federation and other mentioned
countries. We have used new biotechnology methods to obtain several crops (potato, sugar beet,
sunflower and others) tolerant to abiotic and biotic stresses. For the first time — on the basis of domestic
varieties bred by Russian scientists — GM potato varieties have been obtained, resistant to Colorado
beetle. These GM potato varieties were recognised as being as safe as traditional ones and have been
registered for food use. Using this technology, new biotechnological sugar beet lines tolerant to

herbicides were also obtained.
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Russia and two neighbouring Eastern Europe countries
- Ukraine and Kazakhstan represent one of the leading
regions of the world for the agricultural production,
especially for potato, sugar beet and sunflower
According to the Ministry of Agriculture of the Russian Federation,
potatoes were grown on an area of approximately 3.3 million
hectares at Russian farms of all categories (2008). In 2008 Russia
produced an annual potato yield equal to 30.0 million tons
(exceeding 10% of world potato production), Ukraine — about
19.5 million tons, and Kazakhstan - 2.4 million tons. Yields
and yield stability were influenced by continental weather-related
environmental factors in this region: cold winters, and dry and hot
weather which is usual for the first half of the vegetation period.

Corresponding author: Skryabin, K. (biengi@biengi.ac.ru)

The resulting average level of potato productivity in Russia con-
sists of about 9.4-10 tons/ha. The cumulative effect of these
adverse growing conditions, high weediness and losses related
to viruses and pests, lead to the fact that the total potato losses
in the Russian Federation are about 48%.

After 20 years when Colorado beetle was detected in Russia
(1949-1969), it has occupied its permanent habitat in the basic
zones of agriculture manufacture and was found in many terri-
tories of Russia. By 1990 (when the reforming of agriculture of
Russia began) the pest was found in 40 areas, 2 territories and 12
Autonomous Socialist Republics (ASSR).

Potato production in Russia is practically everywhere concen-
trated in the private (individual) farm sector, which has become
the main production system: the share of their potato production
remains at a level of 95%. Owing to the absence of any insecticide
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and herbicide treatments, the losses amount to 40-80% of
potential production and some experts estimate the real
annual losses from the Colorado potato beetle alone to be 2-2.5
billion $ US.

It is obvious that development protective measures should be
planned on the basis of expansion of existing chemical and
biological plant protection methods, and also include the use of
new opportunities offered by genetically modified crops.

Biotechnological methods can be seen as the summation of
genetic engineering technology and traditional plant breeding.
These methods were developed to obtain several crops (potato,
sugar beet and other crops [1,2]) tolerant to abiotic and biotic
stresses. The technology scheme includes the introduction of
original plant lines to in vitro culture, the insertion of target gene
sequences into the plant cells, the selection of plant lines with the
target gene sequences, micropropagation and breeding of mod-
ified plant lines.

This advanced technology allows us not only to considerably
reduce the time needed for breeding, but also to insert agricultu-
rally important traits which cannot be done in the traditional way.
Using this technology, we have obtained biotechnological potato
varieties resistant to Colorado beetle and biotechnological sugar
beet lines tolerant to herbicides.

The application of the potato varieties and sugar beet lines
obtained allows improving reliability, profitability and simplicity
of plant cultivation. It will also provide considerable, positive
ecological effects and will reduce health risks of both producers
and consumers.

Development of the Russian GM potato varieties
resistant to Colorado beetle

Scientific work during the past 15 years has led to the creation of
GM potato varieties resistant to herbicides, pests, fungal and
viral diseases in Russia [3]. For the first time — on the basis of
domestic varieties bred by Russian scientists — GM potato vari-
eties have been transformed. Integration of novel trait, resis-
tance to Colorado beetle, was performed with the method
essentially new to the Russian selection process, namely, genetic
engineering.

Colorado beetle resistant potato varieties have passed all field
and biosafety trials (Fig. 1) and were recognised by the Russian
state authorities as being as safe as traditional ones and have been
registered for food use:

* BT potato ‘Elizaveta’ Centre ‘Bioengineering’ RAS, Russia (2005,
for an unlimited period).
¢ BT potato ‘Lugovskoy’ Centre ‘Bioengineering’ RAS, Russia

(2006, for an unlimited period).

Three GM potato lines have received approvals by the Russian
State Seed Committee (the date of priorities November 2004).

Development of Russian sugar beet varieties, resistant
to viral infection

Sugar beet (Beta vulgaris L.) is another important cultivar of present
day Russian agriculture. It is used as raw material, and its gross crop
in 2008 was about 29.0 million tons for Russia; about 13.7 million
tons for Ukraine, and for Kazakhstan — 0.3 million tons. It is also a
traditional and basic domestic source for the production of sugar
in the Russian Federation.

N .vsky,
GM modified

Lugovskoy,

FIGURE 1
Field tests of transgenic potato, resistant to Colorado beetle.

Over half of sugar beet cultivation costs are caused by weed
control, but weediness still leads to a 25-30% average yield. In
addition, losses of up to 10-11% in sugar beet yield (in Russia)
are associated with the infection of beet yellows virus and beet
necrotic yellow vein virus. Recently, a group of scientists of the
Centre ‘Bioengineering’ of the Russian Academy of Sciences
have created GM sugar beet lines tolerant to herbicides on
the basis of phosphinotricine [4] (Fig. 2). Another major
research direction is development of new virus resistant sugar
beet lines.

These new crops — GM potatoes with their unique border
identifiers and all GM sugar beet lines — are protected by 22
patents.

FIGURE 2
Control plants (on the left) and transgenic plants (on the right) of sugar beet
after treatment with herbicide ‘Basta
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Rising petroleum prices during 2005-2008, and passage of the 2007 U.S. Energy Independence and
Security Act with a renewable fuel standard of 36 billion gallons of biofuels by 2022, encouraged massive
investments in U.S. ethanol plants. Consequently, corn demand increased dramatically and prices
tripled. This created a strong positive correlation between petroleum, corn, and food prices resulting in
an outcry from U.S. consumers and livestock producers, and food riots in several developing
countries.Other factors contributed to higher grain and food prices. Economic growth, especially in Asia,
and a weaker U.S. dollar encouraged U.S. grain exports. Investors shifted funds into the commodity’s
future markets. Higher fuel costs for food processing and transportation put upward pressure on retail
food prices.From mid-2008 to mid-2009, petroleum prices fell, the U.S. dollar strengthened, and the
world economy entered a serious recession with high unemployment, housing market foreclosures,
collapse of the stock market, reduced global trade, and a decline in durable goods and food purchases.
Agricultural commodity prices declined about 50%.Biotechnology has had modest impacts on the
biofuel sector. Seed corn with traits that help control insects and weeds has been widely adopted by
U.S. farmers. Genetically engineered enzymes have reduced ethanol production costs and increased
conversion efficiency.
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Introduction
This article analyzes the U.S. corn-based ethanol industry, its
impacts on food prices, and the role of biotechnology.

Recent economic history

Rising petroleum prices during 2005-2008 and the passage of the
2007 U.S. Energy Independence and Security Act with a renewable
fuel standard of 36 billion gallons of biofuels by 2022, generated
incentives for a massive investment in U.S. corn-based ethanol
plants. Most of these approximately 200 ethanol plants are located
in the Midwestern United States (Fig. 1). Since the early 2000s,
ethanol production has increased sixfold from about 2 to 12
billion gallons (Fig. 2).

As petroleum prices increased in early 2008 and more ethanol
plants came on-line, corn demand for ethanol increased drama-
tically and prices increased threefold to nearly $8.00 per bushel.
Although this nominal price surpassed the record prices experi-
enced in the early 1970s, adjusted for inflation they were not
record high (Fig. 3). The simultaneous occurrence of the increase
in world demand for petroleum and U.S. policy incentives to
produce corn-based ethanol resulted in a strong positive correla-
tion between petroleum prices, corn prices, and food costs result-
ing in an outcry from U.S. consumers and livestock producers,
food riots in several developing countries, and debate about U.S.
energy policy, especially biofuel mandates and subsidies.

Others factors contributed to higher commodity prices. Eco-
nomic growth, especially in Asia, increased U.S. grain export
demand [1]. A weak U.S. dollar encouraged U.S. grain exports,
and drove up petroleum prices expressed in dollars. Investors
shifted funds from capital markets to commodity future markets
causing commodity prices to rise sharply. While the ethanol boom
influenced food prices, some of the increase in retail food prices
could be attributed to the higher fuel costs for transportation of
raw materials to the processing plants and food to the retail
outlets.

O  Expansions/New Construction

©  Currently in Production

FIGURE 1
U.S. ethanol plant locations. Source: www.renewable-ag.com.
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FIGURE 2
U.S. ethanol production (gallons). Source: Fastech LLC, March 2009.

From mid-2008 to mid-2009, economic conditions changed
dramatically. Petroleum prices fell from $140 to $50 per barrel.
The U.S. dollar strengthened, the world economy entered the most
serious recession since the 1930s with high unemployment, hous-
ing market foreclosures, collapse of the stock market, a reduction
in global trade, and a decline in durable goods and food purchases,
especially away-from-home food consumption. Agricultural com-
modity prices declined about 50%. Despite the lower cost of corn
for ethanol production, less liquid fuel demand due to the global
recession eroded profit margins in the ethanol industry (Fig. 4).

Production of corn-based ethanol
Ethanol is an alcohol produced by yeast from sugars through
fermentation [2]. Fuel ethanol is ethanol that has been highly
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FIGURE 3

Deflated commodity prices and indices, 1970-2008 (2002 = 1). Source: Abbott et al., What's Driving Food Prices, Farm Foundation, July 2008.

S/gal.
0.60

- AN
A1 ¥ A
Iy XAy

o\ - W

T
0.00 ’ - \.\/V
210
020
9707 11720107 22108 4/16'08 6/29/08 9/11/08 11/24/08 2/6/09
FIGURE 4

Ethanol producer net returns. Source: Glauber, USDA Chief Economist,
February 2009.

Waste
biomass

15t generation com-based ethanol production

Future 2" generation biomass-based ethanol production

concentrated to remove water and blended with gasoline (Fig. 5).
All cars and trucks in the United States with gasoline engines can
burn a 10% blend of ethanol with gasoline. Flex-fuel vehicles can
burn up to an 85% blend of ethanol.

Corn is a valuable feedstock for ethanol because it contains a
large amount of carbohydrates. A modern ethanol plant can
produce approximately 2.7 gallons of ethanol from one bushel
of corn plus about 17 pounds per bushel of distillers dried grain
with soluble DDGs. (Note: There are 56 pounds per bushel of
corn grain.) DDGs are a primary co-product of ethanol produc-
tion which can be fed to livestock. Over 70% of the ethanol
plants in the United States use a dry-grind process. Wet milling is
primarily used to produce high fructose corn syrup for food uses
such as sweeteners for soft drinks and baked goods. In a dry mill,
the corn is ground, and a heat-stable enzyme and water are
added. This slurry is cooked, converted to corn mash and
another enzyme is added. Then the fermentation process begins.

FIGURE 5

Ethanol production process. Source: Enzyme Use for Corn Fuel Ethanol Production, Novozymes, July 2007.
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TABLE 1

Renewable fuels standards

Year Renewable Advanced Cellulosic Biomass-based Undifferentiated Total RFS
biofuel biofuel biofuel diesel advanced biofuel

2008 9 9

2009 10.5 0.6 0.5 0.1 1.1

2010 12 0.95 0.1 0.65 0.2 12.95

2011 12.6 1.35 0.25 0.8 03 13.95

2012 13.2 2 0.5 1 0.5 15.2

2013 13.8 2.75 1 1.75 16.55

2014 144 3.75 1.75 2 18.15

2015 15 55 3 25 20.5

2016 15 7.25 4.25 3 225

2017 15 9 55 35 24

2018 15 1 7 4 26

2019 15 13 8.5 4.5 28

2020 15 15 10.5 4.5 30

2021 15 18 13.5 4.5 33

2022 15 21 16 5 36

Source: Renewable Fuels Association.

After fermentation the liquid portion is distilled producing
ethanol of 92-95% purity. The remaining water and solids is
centrifuged to separate the liquid from the solid. The solid
material is the DDGs. The residual water is recycled into the
beginning of the dry-grind process.

Government mandates

The U.S. Energy Independence and Security Act of 2007 contains a
renewable fuel standard with a target of 36 billion gallons by 2022
(Fig. 6). The conventional biofuel category encompassing ethanol
from corn grain is mandated to increase to 15 billion gallons by
2015 and remain at that level. Except for modest amounts of
biodiesel from vegetable oils such as soybean oil, most of the rest

of the mandated renewable fuels must come from biomass or
cellulosic feedstocks (Table 1).

The food vs. fuel debate

Factors driving food prices are complex. Some are related to long
term trends while others are caused by recent market events and
policy decisions [3].

Rapid economic growth in developing countries such as India
and China over the past decade has increased demand for raw
materials ranging from petroleum and steel to agricultural com-
modities. When per capita income rises, countries experience a
dietary transition with increased demand for animal protein
which requires livestock feed such as corn and soybeans.

Billion Gallons
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35 A
30 +
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Biofuel
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2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Advanced
Biofuel

FIGURE 6

U.S. renewable fuel standard. Source: Steve Meyer, Paragon Economics Inc., March 20009.
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Lack of investments in agricultural research, especially public
research, in recent years has contributed to a slower rate of global
agricultural productivity growth at a time when global agricultural
commodity demand has been increasing. This has put upward
pressure on food prices.

Since 2001, world grain stocks have declined due to world
demand growing faster than production [1]. With tight stocks
(see Fig. 7), commodity prices have become more inelastic and
risen even more rapidly as consumer concerns about future food
supplies increased. Weather concerns such as a drought in Aus-
tralia and a late, wet spring and flooding in the U.S. Midwest in
2008 added to the price increases. By mid-2008 grain supplies
reached minimal ‘pipeline’ levels, and prices rose to ration the
short-run use of the limited supplies until the 2008 harvest
occurred. The last time the ‘stocks-to-use’ ratio for grains, includ-
ing corn, was as tight as in 2008 was in 1972-1973 when the
United States sold large volumes of grain to the former Soviet
Union and the Nixon Administration put in place wage and price
controls because of inflation and food 