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Preface

BioVision Alexandria and the World Life Sciences Forum, BioVision, are important
gatherings of opinion leaders and prominent scientists who encourage constructive
dialogue among key players in the development of life sciences. They include
members of academia, industry, research, institutions, media, and society. The
ultimate goal is to provide a platform of exchange and information to meet the
challenges facing the 21st century in life sciences, a vital step for economic
development leading to global improvement of quality of life for all.

BioVision Alexandria 2004 addressed the needs and capabilities in the new life
sciences in the lesser developed nations of the world. The main goal was to promote
the active exchange of ideas and innovative pathways to benefit the global
community. A special section was dedicated to the issues of Ethics, Patents, and the
Poor.

The overall theme of this volume is “Discovery to Delivery.” This reflects the
exciting new discoveries in genomics and other aspects of gene technology that are
finding applications in human health care, food and agriculture, and conserving
biodiversity and the environment.

However, the pathway from these exciting scientific discoveries to delivery of
products to those who need them is at times a rocky road, and the pitfalls are many.
Contributors to this volume have analyzed some of the constraints that hinder the
delivery of new biotechnologies, with safety assurance and at affordable prices.
These issues are analyzed for the sectors of food and agriculture and human
healthcare, where there are some common issues, but also some differing
perspectives.

An overarching concern is the need for fostering more capacity in science and
technology in developing countries, so as to encourage local innovations based on
mobilizing the best of global science. Centers of excellence that bring together a
critical mass of people, resources, and physical facilities can play an important role
in accelerating capacity building. This has proved to be the case in China and India,
and is likely to be an important development in African science policy in the future.

The final word for the future invokes the tradition of the Library of
Alexandria—Be Bold—-Dare to Dream

Ismail Serageldin Gabrielle Persley
Director Chair
Bibliotheca Alexandrina The Doyle Foundation, Scotland
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Foreword

H.E. Atef Ebeid

Former Prime Minister
Arab Republic of Egypt

On behalf of the Egyptian Government | welcome you to our country, and wish you
a pleasant stay and a successful conference. | wish to thank the organizers, especially
Ismail Serageldin, as well as the distinguished participants for selecting the right
topic, at the right place, and at the right time. Global cooperation is needed to help
meet the key challenges facing humanity: Poverty and the availability of affordable
medical care. Our hope lies in the contributions made by scientists, the response of
entrepreneurs, and the commitment of governments.

The papers prepared for this conference, including the assessment of the
Egyptian experience, clearly show remarkable progress in the last 50 years. We have
learned five important lessons from the presentations, in my view, and | share these
with you for further debate.

First, we learn that technology to enhance agricultural production should be
given special attention, and highest priority. Egypt, through the scientists working in
agriculture, was able to foster and achieve fast, equitable, and sustainable growth.
The yield of the five basic crops became the highest in the world in less than 15
years.

A second lesson is that the strategy for poverty reduction should address
improving the productivity of poor people’s own assets. We must direct special
attention to those who farm limited areas and own few resources. As well, safe,
effective vaccinations should reach every child and every home.

The third lesson is that limited national financial resources should not
discourage developing countries from embarking on a national program of
technological transfers. Egypt started its program at a time when annual per capita
income was less than US$1000, and it was fairly rewarded.

The fourth lesson is that with limited research resources available, we should
resist the temptation and the pressure to operate too many programs. A few effective
ones are much more rewarding than many under-funded ones.

The final lesson is that partnerships with international counterparts from
industrial countries are strongly recommended. Such alliances save time and money,
and provide opportunities for training. The hosting of international research centers
has been and will continue to be welcomed in this country.

There are important challenges ahead for scientists and governments, with
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biosafety being one of the most important. Enforcement of biosafety regulations
must be pursued vigorously. Our experience is limited, and needs to be enriched in
areas of regulation, capacity building, and coordination among supervisory agencies.
Egypt needs technical assistance as well as additional opportunities for training.
Linkages with responsible agencies and other countries will help us gain the
necessary experience.

A second important challenge is establishing partnerships between universities,
research centers, farmers and industry. Despite the availability of funds, each party
is waiting for the other to make the first step. Our people now recognize the value of
joint ventures, and we encourage more of these. Experience in other countries has
been successful and rewarding, and we should learn from them.

Another future challenge is managing national programs for the transfer of
biotechnology. Success will depend on availability, ability, accountability, and
acceptability. The availability problems are related to the existence of satisfactory
intellectual property rights, supported by effective enforcement mechanisms. We
also need to expand our knowledge of sourcing, selecting, negotiating, and
contracting.

Our abilities need to be enhanced in areas such as building local capacities for
receiving, experimenting, assessing, and training. Improved public awareness must
not be neglected, to ensure transparency and public support. A clever decision-maker
knows very well that resources are scarce, and ensures accountability by setting
priorities based on reliable cost/benefit analyses, and determining the expected time
for the recovery of investment.

Acceptability simply means that the society at large, as well as the potential
users, should be convinced and willing to use the new technologies. This needs
effective presentation of the experiences of other countries, as well as locally
successful experiments. The most important challenge is the country’s success in
widening and deepening international cooperation. All options have to be open:
buying, leasing, joint-venturing, co-funding, licensing, auditing experiments, and
direct marketing.

What really counts is the contribution to the welfare of society. The challenges
for developing countries are many. At the top is the supply of adequate food and
medicine. Only science and its applications can meet these challenges. The
government will work harder, and we will search for more ways to provide needed
facilities, and protection for intellectual property. We care about our scientists, and
we share your hopes for a better.



Foreword

Ibrahim Badran
Former Minister of Health, Egypt

The so-called hard sciences have exceeded the pace of the soft sciences by many
years. Take, for example, the science of ethics and the ethics of science. Other related
fields were forgotten for decades and were revived only after World War 1. World
medical associations became concerned after the Helsinki Declaration in the 1940s,
and the World Health Organization showed its deep concern only recently.

The great economist Shoemacher stated in his book, “Small is Beautiful,” that
life is too precious to be left to scientists, engineers, and economists. In his thesis he
stressed that, if life was left to them alone, the morality of ethics would have
disappeared soon after the industrial revolution.

It is true that science and technology are very beneficial to humans, but also
create enormous risks when used to create nuclear bombs, guided missiles, and
biological and chemical weapons. The creative geniuses who invented some of these
products later regretted their efforts.

The science of ethics and bioethics can be called the disciplined study of
morality, human reactions, and deeds. These are heavily influenced by deeply rooted
cultures, ever-expanding knowledge, and above all, the influence of spirituality.

Throughout history, science was based on knowledge, attitude and practice,
which were interwoven in a matrix of morality and fundamental ethics. This in turn
governs all relations between people and nations, through a group of laws and
principles that maintain life. Federico Mayor in his thesis on “Ethics of Life” said the
role of physiology, the science of life, must be carved out of its relationships, to be
changed from the genome and molecular biology to the modern evolutionary biology
and its relation to ethics and the environment.

A capacity building system for ethics should be developed so that a group of
specialized trained ethicists is available as a critical mass of experts to guard against
science that could be disastrous to all forms of life, including humans. This would
form a protective barrier against human error and unwanted aggression.
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Philippe Desmarescaux

Chairman
The World Life Sciences Forum, BioVision, France

| am especially pleased to witness the steady development of BioVision Alexandria,
with a challenging program, speakers, and participants of great quality.

When we launched the World Life Sciences Forum initiative in 1998, with the
former Prime Minister Mr. Raymond Barre and the Permanent Secretary of the
Academy of Science Professor Francois Gros, we sensed that the concept would
grow and expand. We also felt that BioVision would become global and encompass
as a matter of priority the North-South and South-South issues.

The results carried out in Alexandria, thanks to the steady involvement of our
Vice Chairman Professor Ismail Serageldin and his team, give us great pride and
hope for the further development of this essential platform.

Life Sciences is clearly the fastest and most challenging path toward shaping the
21st Century, to the benefit of all stakeholders. This development will only occur,
however, for the benefit of industrial and developing countries under the following
conditions:

= Dialogue is of the essence: A proper public perception leading to the shared
understanding of threats and opportunities is essential. Progress cannot be forced
upon society at large, and a continuous flow of objective information around key
issues is the only way forward.

= Bioethics should be enhanced at all stages to facilitate the acceptance of fascinating
new fields of activity.

= Concrete actions should be given top priority, especially with regard to North-
South relationships. An adapted regulatory environment, along with a real
involvement of the pharmaceutical and agri-food industries must lead to solid
partnerships. Foundations such as ours exist to catalyze and cement these
priorities, with a growing understanding that progress not equally shared is a step
backward.

BioVision is hoping to help put Science, Society, and Industry on equal footing.
We count on the active participation of BioVision Alexandria to start building a
network leading to concrete actions. It is our collective duty to reduce disagreement,
define priorities, and emphasize precautions to be taken. Diversity of opinions and
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cross-breeding of ideas will lead to unexpected opportunities, again to the benefit of
both developing and industrial nations.

We not only have the moral obligation to prepare for the future, but we have the
duty to avoid errors, by helping to ensure wealth and health in a secure environment.

The industry leaders need to realize that the developing countries are also
potential partners with surprising opportunities. The scientists need to recognize that
there is a clear continuum between the young PhD and Nobel Laureate: wisdom and
change are of the essence, regardless of age and geography. And, last but not least,
civil society representatives need to understand that a global vision is essential, and
that slowing down innovation could have damaging consequences.



Foreword

Massimo Garzelli
Head of Regional Office, UNIDO, Egypt

A Global Biotechnology Forum jointly organized by UNIDO and the Government of
Chile was held at Conception (Chile) in March 2004. The objective of the forum was
to examine the potential offered by biotechnology in its various forms, in particular
the creation of wealth and improvement of the quality of life of people in developing
countries and countries with economies in transition.

Underlying this broad objective were a humber of specific goals:

= TO examine biotechnological opportunities and challenges in developing countries.

= TO examine possible restrictions and policy issues in relation to such opportunities
and challenges, and suggest mechanisms to overcome such situations.

= TO explore means of capacity building, particularly in scientific and business skills.

= To explore potential for contributions to health care and pharmaceuticals from
biotechnology in developing countries, relating both to internal use and potential
export markets.

= To explore mechanisms of technology transfer.

This list is not exclusive, but it illustrates the kind of objectives and issues
considered and brought forward for discussion during the forum.

UNIDO has played a catalytic role in the promotion of biotechnology in
developing countries, through the establishment of the International Centre for
Genetic Engineering and Biotechnology (ICGEB) at Trieste, Italy, in 1985.

UNIDO’s specific contribution will be restricted to its mandate, and in
particular to the field of industrial biotechnology and its potential applications for
raising productivity, effective environmental management, and enhancing
sustainable livelihoods for poverty alleviation. Agenda 21 conferred an explicit
mandate on UNIDO in regard to the environmentally sound management of
biotechnology.

Operationally, the Chile Forum was structured in two parts; the first consisted
of four regional consultation meetings covering biotechnology in Africa (March
2003), Latin America and the Caribbean (July 2003), Europe (December 2003), and
Asia and the Pacific (December 2003). The regional meetings provided a backdrop
of information on the current status and level of development of biotechnology in the
industrial and developing countries, as well as potential insights for the future. These
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meetings provided the platform for the Chile Forum, with a comprehensive program
of presentations by leading scientists, industrialists, and policymakers.

Some of the points raised in the Final Statement, issued at the end of the 2004
Global Biotechnology Forum, included: the overall objective of the Global
Biotechnology Forum was to examine the potential offered by biotechnology in all
its aspects, for the creation of wealth and the improvement of the quality of life of
people in the developing countries and countries with economies in transition.

The participants examined a broad range of issues related to this objective
through structured dialogue on:

= Biotechnology meeting the needs of the poor.

= Biotechnology, biodiversity, energy, and the environment.

= Trade, regulation, biosafety, and social acceptance of biotechnology.
= Biotechnology and bioindustry.

= Biotechnology and developing countries.

The participants emphasized the importance of nations increasing their efforts to
achieve the UN Millennium Development Goals, and they also took note of the
provisions of the Monterrey Consensus. They noted that the World Food Summit of
June 2002 urged research institutions and United Nations organizations to advance
agricultural and other areas of research into new technologies, including
biotechnology. They also concluded that the introduction of such new tried and
tested technologies should be accomplished in a safe manner, within appropriate
regulatory frameworks, and adapted to local conditions to help improve agricultural
productivity in developing countries. They also noted that the World Summit on
Sustainable Development in 2002 recognized the need to provide additional financial
and technical resources to developing countries, to promote practicable measures to
capitalize on benefits arising from biotechnology.

Participants took note of the United Nations General Assembly resolution
58/200 of 23 December 2003, which reaffirmed the vital role of new technologies in
raising the productivity and competitiveness of nations, and the need, inter alia, for
capacity building measures promoting the transfer and diffusion of technologies to
developing countries and countries with economies in transition. In addition, this
resolution took note of the proposal of the Secretary General for an integrated
framework for biotechnology development within the United Nations system, and
the need for strengthening coordination between relevant organizations and bodies of
the system in biotechnology. Participants suggested that the following initiatives and
proposals could be further considered and followed up by United Nations
organizations (based on their respective mandates and approval by their governing
bodies), other international development partners, the scientific community, and the
private sector:

= Formation of a multi-stakeholder forum, involving United Nations specialized
agencies and other international bodies together with representatives of
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government, industry and the scientific community to serve as an ongoing platform
for informed dialogue on biotechnology and the way in which its benefits may be
used for the enhancement of developing countries.

= Creation of an information network and database on what biotechnology activities
are currently in progress in the countries with economies in transition and
developing countries, together with market information on a global basis, to assess
technology and market potentials for new initiatives, including partnerships.

= Enhancement of efforts for the mobilization of resources for capacity building.

= Examination of the impact of, and ways to facilitate access to, intellectual property
to promote the exploitation and dissemination of biotechnology in developing
countries.

The Forum provided valuable inputs into the United Nations-wide effort to
spread the benefits of biotechnology to developing countries. It will contribute
toward the Secretary General's system-wide integrated framework for biotechnology
development. UNIDO presented the results and recommendations of the Forum to its
Industrial Development Board in May 2004, for discussion and endorsement.
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Francois Gros

Honorary Permanent Secretary
Academy of Sciences, France

In connection with the BioVision Alexandria Forum, the Aventis Pasteur Foundation
recently decided to create a new prize. The Foundation wishes to encourage and
stimulate research activities related to solving disease problems in developing
countries. The Jury of the Foundation, or the scientific committee of the
organization, is headed by Philippe Kourilsky, who is now the president of Aventis
Pasteur. The Jury decided to award this Prize in 2004 to a young talented
microbiologist, Armelle Phalipon.

As a former director general of the Aventis Pasteur Institute, it is a privilege
to offer my congratulations to this extremely talented scientist. Armelle Phalipon
received a PhD in 1998 for work on DNA.

But let us move to a very important subject, which is the attempt to explain
on a molecular basis the phenomenon of virulence of bacteria. Armelle Phalipon
specialized in molecular genetics, and in the fight against infectious diseases. This
was done in the department headed by Professor Philippe Sonsoncity, who is a
member of our Academy of Sciences in France, and who is of course well known for
his investigation in the field. Their work was directed against infectious diseases, but
more particularly the mechanism of virulence of a particular group of bacteria,
dangerous pathogens endemic in developing countries, namely Shigella. Shigella,
contrary to most bacterial pathogens, is a type of bacteria that is used to penetrate the
cells of the infected host. They can invade the intestinal mucosa, and they can also
penetrate the epithelium cell itself. They propagate from cell to cell, liberate some
toxins causing acute dysentery, and some of the Shigella species are indeed
extremely harmful because they can sometimes cause fatal diseases that are
particularly prevalent in developing countries.

More recently, Phalipon has attempted to determine the mechanism of the
immune response against the types of dangerous bacteria that can lie hidden inside
the cell. She is trying to show that there are different types of immune defense
mechanisms that are directed against the bacteria before they penetrate the cell, and
another that is mediated by immunoglobulin molecules that attack the infection after
penetrating the cell. This work follows a tradition set many years ago by Louis
Pasteur, which is a typical example of his basic study on bacteria that can lead to
concrete ways to address and eventually solve some of the health problems in
developing countries.
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Mohamed H.A. Hassan

Executive Director
Third World Academy of Sciences (TWAS)

The “cyber-library,” so staunchly supported by Ismail Serageldin, promises to turn
millions of books, speeches, video clips, and three-dimensional images of
archaeological artifacts into an electronic archive. It will be accessible on computer
screens via the Internet in Egypt and throughout the world. The Alexandria Library
project is a noble initiative, and one that is well worth our support and attention.

The Third World Academy of Sciences is striving to be more than an institution
that functions solely for the benefit of its members. We have established regional
offices, including one at the Bibliotheca Alexandrina, to bring the Academy into
closer contact with regional issues. We have elected renowned economists and social
and political scientists as TWAS members to enable the Academy to better address
critical science-related issues of importance to society. We have published reports on
fundamental problems in the developing world that include action-oriented strategic
solutions to these problems. We have established a series of institutional networks
focusing on fundamental environmental and social problems in the South. Through
these initiatives we hope to help address issues that are of critical importance to the
people of the developing world.

Frontier research in the basic sciences is now largely dominated by the
biological sciences. As a reflection of this trend, the Third World Academy of
Sciences now awards 60 percent of its 50 yearly research grants to researchers
working in the biological or medical sciences. This program, which provides support
to young scientists in the least developed countries on the basis of merit, makes the
Academy a significant force in the development of life sciences capacity in the
South.

The Academy stands ready to explore with others—individual scientists and
scientific institutions—the broad-based issues being addressed at this conference.
With our experience and wide-ranging network of contacts, we believe the Academy
can make useful contributions.

When a student recently asked Nobel Laureate Sydney Brenner, one of the
world's foremost life scientists, what ethical standards should be adopted by his
colleagues, he had this answer: “Tell the truth and stand up for humanity.”

This simple set of principles should guide all of our efforts as we seek to
explore—and embrace—the new life sciences: the most compelling science of our
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times and one that holds great promise in public health, food production, and
environmental protection.

The pursuit of this science does raise compelling social and ethical issues that
cannot be ignored. If, as Brenner suggests, truth and compassion guide our
discussions, | am sure that we can devise strategies for putting new scientific and
technological findings in the life sciences to work in ways that benefit all people.
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Koji Omi
Member of the Japanese House of Representatives and
Former Minister of State for Science and Technology Policy Japan

The new century is widely considered to be the century of life science, as we move
into the post-genome era.

Our resources must now be concentrated in fields where Japan has advantages
in technology. We want to contribute in the most effective way, on an international
level, to solving the problems confronting humankind. Japan’s policy emphasizes
research into a genome network, analysis of single nucleotide polymorphisms (SNP),
and analysis of the structures and functions of glycogenes and sugar chains.

We have launched a genome network research project, to understand the
mechanisms by which the complete set of genes encoded in the human genome
develop various functions. We are also establishing Biobank Japan, consisting of
DNA and sera from 300,000 patients, and are extensively analyzing SNPs to isolate
genes of medical importance. This research will allow us to develop novel drugs, as
well as to establish “personalized medicine” that permits individualized treatment,
and helps us to avoid adverse drug reactions.

In recent years, we have experienced outbreaks of avian influenza, as well as
SARS, both of which occurred in Asia. Zoonotic infectious diseases are a common
concern for the international community. Japan will cooperate with the international
community to solve these problems.

New types of therapies using embryonic stem cells and cloning techniques are
considered a promising area of research. However, we must deal with the bioethics
issues. It is important that common international standards be established. | look
forward to the creation of an international consensus on life science and ethical
issues.

The explosive progress of science and technology in the past century has
brought prosperity and enriched the quality of life for humankind. However, the
advance of science and technology raises important ethical, safety, and
environmental issues. These issues are beyond the control of any single country, and
also of the scientific community alone, because many problems will need to be
resolved through the revision of social systems, international collaboration, and the
development of common rules.

BioVision Alexandria has brought together people from developing and
industrial nations to discuss many of these issues, and | hope we can contribute to
human progress through future biotechnology initiatives.
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Mamphela Ramphele

Managing Director, Human Development Network
The World Bank, Washington, D.C., USA

I have drawn a special feeling of connection to the great tradition of learning that first
flourished in Alexandria millennia ago, and continues today. | am proud to survey
the future of the life sciences from this vantage point, and engage such distinguished
colleagues over what we will make of the incredible opportunities arising from
progress in the biological sciences. | am also especially satisfied to feel that this city,
this country, and this continent, which is my continent, will draw on the strength of
its tradition to launch into the 21st century with the highest aspirations for intellectual
achievement and intellectual leadership.

We have come together at a time when half of the world’s population lives in
poverty, and more than one billion people are in extreme poverty (defined as living
on US$2/day and US$1/day). We are conscious that over 800 million people remain
food insecure. This conference takes place against the backdrop of a world in which
the international community has pledged itself to meet the Millennium Development
Goals by 2015. Most importantly, perhaps, the conference acknowledges that the
impact of science on poverty will be a result of the forethought we have and the
efforts we make to ensure its meaningful incorporation into policy decisions.

While we acknowledge the global trend toward rising incomes, and the positive
impact this will have in the developing world, we know that economic growth alone
is not the answer. Especially in areas where science has the greatest impact—health,
food security, and environmental sustainability, the increased incomes that are
predicted in the developing world will not by themselves be sufficient to allow
countries to meet their MDG targets for such things as child mortality or reversing
the spread of HIV/AIDS. This conference has endorsed the ethical responsibility of
the science community to look forward and act in ways that bring the benefits of our
expanding knowledge to the world’s poor people.

We already have too many examples of technological marvels that are, at best,
ethically neutral. We need more innovations that not only show our mastery of nature
through knowledge, but affirm our concern for human rights and dignity. And let us
not settle for progress that increases comfort for one segment of humanity unless we
also see progress that increases hope for all.

In choosing to entitle this gathering “BioVision Alexandria” our hosts have
given equal emphasis to the contribution of the life sciences and the vision we have
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of the difference they can make through social applications.

In considering the likely impact of the biosciences for the future, 1 would
propose that the first questions we need to ask in analyzing the impact of “the new
biology” are: how well do the social sciences serve as a bridge between advances in
the biology and policy? And what complementary knowledge and skills will allow
scientific knowledge to appropriately guide social policy?

As the advanced state of our current knowledge in the life sciences creates more
technical solutions for the problems of poverty, it drives us toward more elusive
guestions in the domain of social and information scientists. For example, the science
behind oral rehydration is clearly understood. The challenge now is to understand the
factors that influence its use and the ways policy can increase successful outcomes.
Much is known about the biological aspects of HIV/AIDS transmission, but how
well do we understand the issues of powerlessness and exclusion of women that seem
to be the critical determinant of new infections? As genetically modified organisms
increase the potential for new systems of micronutrient delivery, what will determine
who takes advantage of these and why?

The World Bank is fond of saying that progress against poverty is greatest in
countries that have “good policies.” Leaving the tautological aspects of this remark
aside, what | believe my economist colleagues mean to express by this statement is
that progress against poverty is greatest where policymaking is pragmatic and
evidence-based, and where it is informed by reliable data and information. Put
another way, policies are most effective when social science has become a bridge
between experience and legislation. Politics is a messy business, but a culture of
social science creates ground for political discussion in a way that greatly increases
the chances of successful policy outcomes. Our technological optimism should be
tempered by the realization that effective policy formulation calls for a critical mass
of expertise in the social and information sciences as well as natural science.
Moreover, as important as global expertise is, nothing is more powerful for local
problems than local expertise with a global perspective.
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| ntroduction to
Nobel Laureates
at Biovision Alexandria 2004

| smail Serageldin

The four Nobel Laureates who shared their perceptions and insights at
BioVisionAlexandria 2004 helped provide a seamless blend of science to understand
the dilemmas facing science and society. It is my pleasure to introduce to you the
following distinguished scientists:

= Professor Ahmed Zewail (Egypt), 1999 Nobel Laureate in Chemistry.

= Professor Jean-Marie Lehnb (France), 1987 Nobel Laureate in Chemistry.
= Professor Ryoji Noyori (Japan), 2001 Nobel Laureate in Chemistry.

= Professor F. Sherwood Rowland (USA), 1995 Nobel Laureate in Chemistry.

A common theme of all four Nobel Laureates is the more we know, the less we
understand. Future challenges require a multidisciplinary approach where branches
of science are merging together. However, the three pillars of science rBawimn:
research, Technology development, and Society valui#s,Basic research the
foundation of knowledge.

How can we harness this global community that believes in common humanity,
and is determined to pursue a greater understanding of the processes of life that
constitutes the new life sciences of this century?

An even greater understanding of the processes of life and means of acquiring
knowledge is required to bring closer to reality the promise that is implicit to science:

It will indeed one day be able to heal the sick, protect the environment, feed the
hungry, and bring dignity to work.

Science can and has the promise to do all this, but perhaps institutions and
structures in which we work are preventing the best of science from serving
humanity.

The distinguished Nobel Laureates who attended Biovision Alexandria 2004,
were invited to present talks that would reflect their scientific interests but that would
also look at areas of research that go beyond the generally accepted limits of the life
sciences. Their presentations challenged the audience to seek new ways of looking at
the world, the world of science, and the future of humankind.
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1999 Nobel, Ahmed Zewail

“...We need to understand the physics,
the mathematics and the chemistry of
biology, to make improvements in life
sciences...’/Ahmed Zewall

Professor Ahmed H. Zewail, born in Egypt in 1946, won the 1999 Nobel Prize in
Chemistry for his groundbreaking work in “showing that it is possible with rapid
laser techniques to see how atoms in a molecule move during a chemical reaction.”

Professor Zewail is Linus Pauling Professor of Chemical Physics, and Professor
of Physics at the California Institute of Technology (CalTech), and Director of the
NSF Laboratory for Molecular Sciences. He is internationally recognized for his
efforts in a field that he pioneered, femtochemistry. This technigue uses ultra-fast
lasers to probe chemical reactions as they actually occur in real time.

Because reactions can take place in a millionth of a billionth of a second,
Zewail's research has, with state-of-the-art lasers, made it possible to observe and
study this motion for the first time, thus allowing scientists to explore nature at its
fundamental level.

Specifically, Zewail seeks to better understand the way that chemical bonds
form and break. With the development of laser techniques, he and his team have been
able to obtain greater insights about the exact nature of chemical bonds. The finding
has had wide-ranging impact on chemistry and photobiology worldwide. Zewail's
current research is devoted to dynamic chemistry and biology, with a focus on the
physics of elementary processes in complex systems.

Professor Zewail's other honors include the Robert A. Welch Prize, the King
Faisal Prize, and the Peter Debye Award. From Egypt, he received the Order of the
Grand Collar of the Nile, the highest state honor; and postage stamps were issued to
pay tribute to his contributions to science and humanity.

Professor Zewalil's paper is entitled: "Time’s Mysteries and Miracles: Consonance
with Physical and Life Sciences”
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1987 Nobel, Jean-Marie Lehn

“...There is no biology without chemistry
and chemistry is the science of informed
matter. On the molecular level, it represents
storage while on the supra-molecular level it
represents processing.Jean-Marie Lehn

Jean-Marie Lehn is a French chemist, born in 1939, who received his PhD from the
University of Strasbourg in 1963. A Professor at Louis Pasteur University (1970-78)
and since 1979 at the College de France, Lehn did groundbreaking research in the
creation of artificial enzymes.

Lehn expanded on the work of Charles J. Pedersen in synthesizing crown ethers,
a class of two-dimensional, ring-shaped organic compounds that are capable of
selectively recognizing and combining with other molecules. In the course of his
efforts to synthesize three-dimensional molecules that would possess similar reactive
characteristics, Lehn created a molecule that combines with the important
neurotransmitter, acetylcholine, in the brain. This raised the possibility of creating
artificial enzymes that function better than the natural enzymes found in the human
body.

Lehn shared the 1987 Nobel Prize in Chemistry with Pedersen and Donald J.
Cram for the development and application of molecules with highly selective,
structure-specific interactions, that is molecules that can “recognize” each other and
choose other molecules with which they will form complexes.

This work laid the foundation for the active interdisciplinary area of research
within chemistry that has now come to be termed host-guest chemistry or supra-
molecular chemistry.

Professor Lehn's paper is entitlé8upra-molecular Chemistry: Some Contributions
to Life Sciences"



6 . Serageldin Chapter 1

2001 Nobel, Ryoji Noyori
“...Producing and designing drugs
implies the mastering of a full range

of key structural characteristics.
Elementary composition, atom
connectivity, configuration, and
conformation are the basis of molecular
properties and functions.. Ryoji Noyori

Ryoji Noyori, born in Japan in 1938, shared half of the 2001 Nobel Prize in
Chemistry with William S. Knowles “for their work on chirally catalyzed
hydrogenation reactions.” The other half went to K. Barry Sharpless.

Noyori and Knowles developed molecules that can catalyze important reactions
so that only one of the two mirror image forms is produced. The catalyst molecule,
which is chiral itself, speeds up the reaction without being consumed, and just one of
these molecules can produce millions of molecules of the desired mirror image form.
Their work opened up a completely new field of research in which it is possible to
synthesize molecules and materials with new properties.

The results of their basic research are being used in industrial syntheses of many
pharmaceutical products such as antibiotics, anti-inflammatory drugs, and heart
medication.

Noyori has been a Professor of Chemistry at Nagoya University since 1972, and
is currently the President of RIKEN (the Institute of Physical and Chemical
Research), Japan’s top center of excellence in the field of natural science and
technology. In addition, he is a member of the editorial boards of more than 30
international journals, and has served as Science Advisor for the Japanese Ministry
of Education, Culture, Sports, Science and Technology.

Professor Noyori's paper is entitléd&symmetric Catalysis: Roles in Biomedical
Science and Technology"
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1995 Nobel, F. Sherwood Rowland
“...this natural bridge which lies between
scientists from different countries offers
optimism for the 2L century, the ability

to make your decisions on the basis of
actually how nature operates rather than
whatever position you held when you went
into it and speaking for the academies of the
world, the Library of Alexandria can be a
beacon for all of us...'Sherwood Rowland

Sherwood Rowland, born in 1927, is an American chemist who shared the 1995
Nobel Prize in Chemistry with chemists Mario Molina and Paul Crutzen for research
on the depletion of the Earth’s ozone layer. Rowland specializes in the research areas
of radiochemistry, photochemistry, and atmospheric chemistry. Rowland, while
working with Molina, discovered that manufactured chloroflurocarbon (CFC)
propellants accelerate the decomposition of the ozonosphere, which protects the
Earth from biologically harmful ultraviolet radiation.

Rowland and Molina theorized that CFC gases combine with solar radiation and
decompose in the stratosphere, releasing atoms of chlorine and chlorine monoxide
that are able to destroy large numbers of ozone molecules. Their research initiated a
federal investigation of the problem. Research on CFCs and stratospheric ozone
eventually led, in the 1970s, to the regulation of use and manufacture of CFC-based
aerosols in the United States, Canada, and Scandinavia. The discovery of the so-
called hole in the ozone layer over Antarctica in the mid 1980s supported their theory
further. In 1987, the Montreal Protocol of the United Nations Environment
Programme became the first international agreement to control and reduce
atmospheric damage by banning CFC production after 1996. Measurements of CFCs
in the lower atmosphere confirm that the global response to this protocol has been
remarkable.

Rowland has also been investigating the effect of methane gas, which has been
steadily increasing in concentration, on the atmosphere. Methane absorbs global
infrared radiation, and increases in its concentration contribute to the “greenhouse
effect,” the gradual warming of the earth’s surface.

Rowland is currently the elected Foreign Secretary of the National Academy of
Sciences. Prizes received by Rowland include the Tyler World Prize in Ecology and
Energy and the Albert Einstein Prize.

Professor Rowland's paper is entitl&the Changing Atmosphere in 2004"






Chapter 2

Time’s Mysteries and Miracles:
Consonance with Physical and
Life Sciences

Ahmed Zewalil

Introduction

Ever since the dawn of history, humans have been the benefactors of time’s miracles,
but at the same time they have been baffled by time’s mysteries. More than six
millennia ago, the philosophy and measurement of time occupied the minds of
scholars in the land of Bibliotheca Alexandrina, and, even today we struggle with the
meaning of time. In this overview, | present some concepts and techniques developed
in the science and technology of time, and an exposé of some of the mysteries and
miracles that are in harmony with physical and life sciences.

Einstein spent a great deal of time thinking about time. In his theory of
relativity, time is relative; its passage depends on how fast we travel relative to the
speed at which light travels (300,000 km per second). In principle, time can be
dilated and even stopped. Shakespeare knew this when he said “And time that takes
survey of all the world must have a stop.”

Perhaps the most puzzling issues, which have been with mankind for millennia,
can be expressed in three questions: What is time? Why does it have a direction?
How can it be resolved? The most complex question of all is the first one, because
we really do not know what time is, and this leaves us with gray areas in the science
and philosophy of time. One definition was given by C.J. Overbelikne' is the
great gift of nature which keeps everything from happening at"dnciependent of
its definition, we know that our perception of time depends on its duration, scale, and
universality.

“Based on the Albert Einstein public lecture delivered in New Delhi, and adapted for the BioVision Nobel
Laureates Day.
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From the Microscopic to the Cosmic

All phenomena that we know of in our universe are defined by their time scales.
Enduring or ephemeral in their character, these phenomena seem to follow an
intriguing logarithmic scale of time that spans the very small (microscopic) world
and the very big (cosmic) world. The human time-scale lies almost in between, a
geometric average of the two extremes (Figure 2.1). The time of the big bang, the age
of the universe, is about 12 billion years, or tens ofsls&cond (+15 on the log
scale), recalling that one year is 32 million seconds. For the lightest atom, hydrogen,
the time scale for the motion of an electron in its first orbit is about a tenth of a
femtosecond, or a tenth of-#8&econd (-15 on the log scale). The average of the two
limits is on the scale of seconds (zero on the log scale), the human heart
beat—something to think about!
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Figure 2.1.Time scales in cosmological, geological, human and molecular events.

On this log scale, we did not consider the ultimate—shortest—time of the
universe, what is now known as Planck’s time. In his attempt to give a universality
to constants of nature, Planck in 1899 proposed that natural units of mass, length,
time, and temperature can be constructed from the most fundamental constants: the
gravitation constar®, the speed of light, and the constant of actiérn(which now
bears his name). By dimensional analysis, the shortest possible time becomes:

t(Planck) = (h G/c5)1”2

which is 16% seconds, and the corresponding length i &, obtained simply by
multiplying by c. Even before 1900, the year quantum mechanics began to emerge,
this unity in defining Planck’s time is telling of “relationships” between quantum
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mechanics ), gravity G), and relativity €¢). Implicit in this unification is the
meaning of physical laws at scales below these values, and the nature spacetime with
a universal speed of light — Einstein enters here!

Time, Light, and Relativity

Before Einstein, the great contribution by James Clerk Maxwell gave us a universal
description of the nature of light. By a unification of electricity and magnetism, light,
as a wave, propagates in space and time with electric and magnetic (electromagnetic)
disturbances. This was a brilliant contribution expressed quantitatively in Maxwell’s
equations. Einstein in 1905 was concerned about two issues that relate to the nature
of light—Is it really a wave? and, What happens to these waves if you can imagine
running with them near the spee® The first issue is not our concern here, but the
second one is.

Something is special. Whichever direction a beam of light is coming from,
independent of our own velocity for observation on Earth, we will always measure
for light. Einstein, in his special theory of relativity, gave the correct picture for
adding velocities: For a motion of an object (say a moving ball) with velocity v in a
reference frame (say a moving train) with a veloajtgn observer will see a motion
not by the expected + u velocity, but byv + u divided by the factot/+vu/c 2);
when the speeds v amndare the “normal” ones, that is, much less than c, then the
total velocity is the expected (Newtonian} u. However, if instead of the ball we
have light with speed, then the total velocity becomes- u divided by ( + u/c)
which is exactlyc. The speed of light is the same in all reference frames, in all
directions, for all observers, and every observer will experience the same natural
laws.

The consequences of these findings for time, length, and mass require some
philosophical interpretation. As the speed of light is approached, the length of a
spaceship will shrink and approach zero in the direction of the motion. Similarly,
moving objects become more massive and approach infinity when the object velocity
becomes near the speed of light. For time, the mystery continues. Moving clocks
must slow down and stop when the object velocity reaches the speed of light. In this
“Dilation of Time,” time becomes relative:

t(moving) =t(stationaryy (1-v#/c2)12

where the velocity of the moving clock is v. From the expression, we note that the
time of the moving clock gets longer (slowing down) as v increases, but we also note
that if v is made to exceex] we enter an imaginary world of time! Thus, within the
framework of this theory, the speed of light is the ultimate speed in our world and
universe.

In approaching these large scales of speed and mass, what happens to light? In
his 1911-16 papers on the General Theory of Relativity, Einstein addressed the effect
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of gravity on light. Gravity is described as distortions in the four dimensions of space
and time (three dimensions for space and one for time), and such distortions define
Newton’s “force” of gravity—spacetime is actually curved. Because of this curvature,
a beam of light passing near the sun would bend in the gravity of a massive object.
Experimentally, it was found by Arthur Eddington during the 1919 eclipse that
indeed light was bent as it passed by the sun, as predicted by the theory. In 1922,
Einstein received the 1921 Nobel Prize, not for his theory of relativity but for the
photoelectric effect, a contribution that elucidated one of the two characteristics
(duality) of light—a bundle of particles of quantized energy.

Symmetry of Time

Even if we consider the “normal world” when velocities, masses, lengths, and time
are with no corrections—Newtonian Limits—and spacetime with no curvature, we still
have problems with time, its direction and uncertainty. First let us consider the
symmetry of time. Can time go forward and backward, or does it have a direction, an
arrow?

In Newton’s world, the motion of objects, like you and me, should follow
“symmetry of time,” that is, the equations describing motion on say the human scale,
or that of the Earth around the sun, are time symmetric. There is no difference in the
way they work if we make the direction of time go “forward” or “backward.”
Newtonian mechanics are deterministic and time symmetric. Because the force is
related to the mass and the acceleratiorm@=m(d2c/dt?)), the equation works
equally well for positive and negative time. So, calculating the future of a physical
system from its present situation is the same as calculating its past physical situation
from its present one—weird and contrary to our common sense. What about
microscopic systems, for example the world invisible to the eye—the atom.

For quantum systems, the equation of motion also has invariance under time
reversal insofar as the positions of microscopic particles are concerned. This is true
despite the deceptive appearance of a first derivative in the Schrodinger wave
equation that would imply time reversal. If you can magnify a box containing a gas
and see the atoms hitting each other individually you will conclude that there is no
arrow of time for every pair of collisions. So, in Newton’s mechanics and quantum
mechanics, time flows in both directions, making the apparent confusion for the
meaning of past, present, and future! In our life, we feel the passage of time and we
also know that matter is made of atoms, so we have a dilemma.
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Arrow of Time

Phenomena in our life follow an arrow of time. A cup of hot water with a piece of
ice displays melting of the ice—the ice does not spontaneously reform again; heat
always flows from a hotter object to a cooler one, and not the reverse. An egg breaks
when it hits the floor, but it cannot be reformed from the floor. These and similar
phenomena are described by the most powerful law, or what Arthur Eddington called
the “supreme law of Nature”-the second law of thermodynamics. In one way it
describes the arrow of time. In another way, it tells us about the content of
information—there is a natural tendency for systems in change to become less ordered
or more disordered. A measure of this change is called entropy which is defined as a
negative measure of information. Entropy always increases (or at best does not
change), order decreases, information decreases, and complexity decreases.

But this loss of information and increase in entropy is for the so-called closed
systems (the ice and hot water form a closed system). In some cases, order is created
of disorder, and it appears at first that this is in violation of the law of entropy. The
tree is a good example—light from the sun, soil and water, and by photosynthesis we
have an ordered tree. The Earth is not a closed system and is a part of the solar
system-the local decrease in entropy for the tree is compensated for by the way solar
(and other) energy change its entropy, and for the solar system on a whole, entropy
is increasing according to the second law.

If entropy is always increasing in our universe and the arrow of time is well
defined from past to future, why do individual particles, constituents of matter,
follow trajectories that are symmetric in time? Put another way, why for a collection
of particles each obeying time-reversal symmetry the ensemble as a whole defines an
arrow of time? Imagine a box divided into two halves with a partition, one half
contains a gas and the other is empty. If we remove the partition the gas will move
and fill the whole box. Entropy increased and it appears that we can never reverse the
process—we cannot make the gas go into one half and then reinstall the partition to
acquire the originally ordered state. In the gas box each particle has a trajectory that
follows Newton’s mechanics. With time being symmetric, why then does the
collection of these particles make the time unsymmetrical? This is a debatable
subject and there are different views, one | find particularly interesting.

Time scales and recurrences in time

In the nineteenth century, Henri Poincaré considered this problem of a gas in a box,
with all possible arrangements of the particles. He concluded that the sijstem,

wait long enoughwill return back to the initial state. The time for this Poincaré
recurrence is vastly different depending on the system under consideration. For the
gas in the box, the recurrence time for reordering all particles is longer than the age
of the universe, but for the vibrational motions of atoms and molecules it could be a
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millionth of a millionth of a second. This concept of time scale could explain the
apparent behavior of systems, reversible or irreversible, depending on complexity
and the number of possible arrangements or configurations.

This view is perhaps most clearly demonstrated on quantum systems with time
scales short enough that we can experiment with them. If we take the same gas in the
box and replace the hypothetical particles with shaped molecules we can perform an
interesting experiment. To start with, we already know that there is no order in
orientation of molecules and entropy is maximum. We now preferentially excite
some of these molecules with their head and tails oriented roughly north and south
of the box (we can do so in the laboratory with lasers). If the laser is ultrashort in
duration (this too we can achieve in the laboratory) the induced ordered orientation
of the molecules will ultimately be maximum at time zero and will decay with time.
We call this process of degrading order dephasing, as the whole ensemble of millions
of molecules prepared becomes out of step (phase) with each other. However, if we
wait for some time, the molecules will acquire back the initial orientation giving rise
to Poincaré’s recurrences.

Such recurrences have been observed in our laboratory and on an ensemble of
millions of molecules. Furthermore, these molecules are complex in their structure
and internal motions and experts will tell you that these recurrences should not occur
in such systems. But this is not true, as the energy levels are commensurate or nearly
so even in complex systems. The recurrences are spaced long enough in time that
depending on the time scale of observation the behavior of the system will appear
differently. If the time scale of observation is too short, the system would appear
irreversible in its decay behavior, but if we wait until recurrences occur we can then
see the reversibility behavior.

Irreversibility becomes apparent if the system is not isolated. When the system
interacts with a foreign perturber (such as collisions with other molecules—a heat
bath) then such recurrences become weak and the system appears irreversibly
disordered. Thus without designed methods for introducing order (coherence) to the
system and/or without probes for observing its time evolution of disorder
(dephasing) we may be misled about the nature of the dynamics. This is critical for
defining the meaning and control of complexity and the time scale for
reversible/irreversible behavior. We shall come back to this point when we consider
measurement of time and matter’s time scale.

The above consideration of microscopic/macroscopic behavior considers the
origin of irreversible behavior in large ensembles as due to statistical “averaging.” As
such the law of entropy increase becomes a statistical law. To llya Prigogine,
however, the second law of thermodynamics is a fundamental law describing
irreversibility of nature—the gas in the box will never rearrange again and the ice in
the hot cup will never reform, no matter how long we wait. We are now entering a
risky area of interpretations and | prefer to stop here until we see further experimental
proof! What about the behavior of individual atoms in molecules and their time
scale? And, can we observe them moving with order in the ensemble?
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At the Limit of Time—Democritus’ Atom

The motion of atoms in molecules is fundamental to all dynamic changes of matter,
whether the change is physical, chemical, or biological. But these atoms move with
awesome rapidity and on ultrashort scales of time and length. On these scales, it is
not clear that we can treat them as real, classical objects. Clearly, we must measure
the passage of time for atoms on the time scale of the motion, and we must develop
the concepts for understanding localization of atoms in space and time. Can this be
achieved at the limit of time for quantum atomic motions? If we do, we will then
observe Democritus’ atom in motion and as a real object, making the transformation
from the microscopic (wave function description) to the macroscopic (particle
description) a reality in real time.

At Caltech, we have been interested in this endeavor of developing ultrafast
laser light to freeze the motion of atoms, to make a motion-picture film of molecules
with a frame resolution of a femtosecond. A femtosecond is a millionth of a billionth
of a second. In one second, light travels 300,000 km (186,000 miles), almost the
distance from the Earth to the Moon; in one femtosecond, light travels 300
nanometers, the dimension of a bacterium, or a small fraction of the thickness of a
human hair. In principle, with femtosecond timing, the atom’s motion becomes
visible, but how can we advance stop-motion photography to reach the scale of the
atom?

In the nineteenth century, the motion of animals was recorded for the first time
using light shutters and flashes. In France, Etienne-Jules Marey, a professor at the
College de France, was working (1894) on a solution to the problem of action
photography usingchronophotography a regularly timed sequence of images.
Marey’s idea was to use a single camera and a rotating slotted-disk shutter, with
exposures on a single film plate or strip that was similar to modern motion picture
photography. Marey applied his chronophotographic apparatus in particular to
humans and animals in motion, and to a subject that had puzzled people for many
years: the righting of a cat as it falls so that it lands on its feet. How does the cat do
it? Does its motion violate Newton’s laws of mechanics? Does the cat have some
special, magical physiology or a command of some weird new physics or what?

By “slicing time” and freezing the motion during the fall, in the transition state
of the righting, Marey was able to answer the questions. First, the cat rotates the front
of its body clockwise and the rear part counterclockwise, a motion that conserves
energy and maintains the lack of spin, in accordance with Newton’s laws. It then
pulls in its legs, reverses the twist, and with a little extension of the legs, it is prepared
for final landing. The cat instinctively knows how to move, and high divers, dancers,
and some other athletes learn how to move in the absence of torque (the pushing
force that gives you momentum in one direction or another). However, scientists
needed photographic evidence of the individual stopped-action steps to understand
the mystery. The answer to the puzzle was that the moving body was not rigid, and
Newton’s laws prevailed. At the time, these observations were thought-provoking
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and renowed scientists discussed in public their meaning and significance. J. Willard
Gibbs gave a talk on December 4, 1894 before the Mathetical Club at Yale with the
title “On motions by which falling animals may be able to fall on their feet.” Marey’s
work and that of Eadweard Muybridge on the horse have changed the way we think
of the behavior of animals (and humans) in motion.

For the world of atoms in molecules, if the above ideas of stop-motion
photography can be carried over in a straightforward manner, then the requirements
can be identified for experiments in femtochemistry—the field of studying molecular
motions on the femtosecond time scale. The contrdahgthandtimescales for the
motion of the cat and the atom is awesome (Figure 2.2). For a definition of 1 cm, a
cat speeding at 2 m/s requires a time resolution of 0.005 second. But for a molecular
structure in which atomic motions of a few angstroms (an angstrom, A? )0
typically characterize chemical change, a detailed mapping of the motion will require
a spatial resolution of less than 1 A (about 0.1 A). Therefore, the shutter time, or time
resolution, required to observe with high definition atoms in motion at a speed of one
kilometer per second (1000 m/s) is 0.1 A divided by 1000 m/s, which equéls 10
second or 10 femtoseconds—a million million times shorter than what was needed
for Marey’s (or Muybridge’s) stop-motion photography. Although this was a central
idea in the development of femtochemistry, we had to overcome a major dogma
regarding the uncertainty principle!

Cat in Motion Atom in Motion
CLASSICAL WORLD QUANTUM WORLD
MACROSCOPIC MICROSCOPIC
VISIBLE INVISIBLE

Length & Time Scales

(PP

0.01m 0.000 000 000 01 m
2m/s 1000 m/s
0.005 s 0.000 000 000 000 01 s

Millisecond Femtosecond

Figure 2.2.Length and time scales of atoms and cats.
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Solving the Riddle of Uncertainty—Physics

For the atom such minute time and distance scales mean that molecular-scale
phenomena should be governed by the principles, or language, of quantum
mechanics, which are quite different from the familiar laws of Newton’s mechanics
that were used in the description of the motion of the cat and horse. Werner
Heisenberg in the 1920s discovered that for quantum systems we are not allowed to
make a precise measurement of both the posikpar(d the momentunp) of a
particle at the same time. This tells us that we are losing knowledge — we do not
know exactly where it is and where it is going (future), simultaneously, that is, the
more accurately we determine one of these conjugates the more information we lose
on the other. There is intrinsic uncertainty! Similarly, if we can measure the energy
(E) of a system very precisely we cannot obtain the same precision fortjime (
simultaneously. There is uncertainty in the measurement of time depending on how
accurate the energy is, and the consequences are important for all sciences on the
ultrashort time scale.

These considerations of uncertainties led initially to the belief that the
femtosecond time resolution would not be useful. Moreover, predictions suggested
that localization of atoms in space—wave packets—would not be possible to sustain for
a long time, even on the femtosecond scale. Finally, there is a fundamental difference
in the analogy between femtosecond stop-motion action of atoms and the millisecond
photography of a cat or horse-in femtochemistry experiments one probes typically
millions to trillions of molecules, and/or repeats the experiment many times to
provide a signal strong enough for adequate images. Unlike experiments on one cat
or one horse, the picture for an ensemble of molecules would be blurred.

We accommodate this by recognizing two of the most powerful and yet
indigestible concepts: the uncertainty principle and the particle-wave duality of
matter (de Broglie, 1924). The complementary aspect of these two descriptions is
interwoven with the concept of coherence. Two or more waves can produce
interference patterns when their amplitudes add up coherently. For matter,
superpositions analogous to those of light waves can be formed from matter
wavefunctions. The Schrodinger equation yields wavefunctions together with their
probability distributions, which are diffuse over position space. But if these waves
are added up coherently with well-defined phases, the probability distribution
becomes localized in space. The resultant wave packet and its associated de Broglie
wavelength has the essential character of a classical particle: a trajectory in space and
time with a well-defined (group) velocity and position—a moving classical marble but
at atomic scale.

To see motion in real systems, localized wave packets must form in every
molecule, and there must also be a limited spread in position among the wave packets
formed in the millions of molecules studied. This is achieved by the well-defined
initial equilibrium configuration of the molecules before excitation and by the
“instantaneous” femtosecond launching of the packet. The spatial confinement of the
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initial ground state, typically 0.05 A, ensures that all molecules, each with its own
coherence, begin their motion in a bond-distance range much smaller than that of the
actual motion, typically 8 A. The femtosecond launching ensures that this narrow
range of bond distance is maintained throughout preparation. With coherent and
synchronous preparation, the motion of the ensemble becomes that of a single-
molecule trajectory.

In 1987, we reached our goal of observing, for the first time, Democritus’
atom—theorized by the Greek philosopher some 2500 years ago—in motion, and we
could describe it on the femtosecond time scale as a classical object like the cat and
horse (Figure 2.3). In reaching the femtosecond domain of the atom, with a scale of
a millionth of a billionth of a second, the time resolution of today compared to that
of a century ago, with a scale of a thousandth of a second, is like one day compared
to the age of the universe.

Eugene Wigner and Edward Teller debated the uncertainty paradox for
picosecond time-resolution in a lively exchange at the Welch Conference in 1972.
But, because of coherence, the uncertainty paradox is not a paradox even for
femtoscience, and certainly not for the dynamics of physical, chemical, and
biological changes. Charles Townes encountered objections in the realization of the
maser because of concern about the uncertainty principle, but coherence was again
the key to success. As we cross the femtosecond barrier into the attosecond regime
for studies of electron dynamics, we must recall this vital role of coherence.
Otherwise the spectre of quantum uncertainty might veil the path to new discoveries.

In retrospect, this vital role of coherence in the uncertainty paradox and the fog
that surrounded its utility should have been clear (Figure 2.3 and bibliography). We
and others have considered in detail the theoretical quantum calculations of
molecular systems and indeed confirmed the localized motions of atoms. But, the
physical origin of the behavior is simple to understand. Considering the uncertainty
in the position to béx, and similarly for the other variables, the two uncertainty
relations,

AXAp=h /2
AMAE=1[2

show that the only way to localize atoms (sni®d) is by shortening time/{).
Moreover, whenAt is on the femtosecond time scale, even a discrete quantum
system, if excited coherently, becomes effectively a continuum or quasi-continuum
of energy states, which represents a transition to the classical world.

Given that we can localize a system to an initial distana®oét time zero,
why does the system remain coherent and behave as a classical object? And, does the
time for the loss of coherence depend on the size of the object? Because the value of
n is very small, this time depends crucially on the size. To see this clearly, we must
recall that the uncertainty relation relates the uncertainty in positignt¢ the
uncertainty in momentumAp); but it is the velocity, and not momentum per se,
which tells us the future position. SinAp=m Av, it follows, from the uncertainty
relation, thatAv=r: /(2m Ax,)—the larger the size (the larger the masand also the
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larger the scale of precision in positix,) the smaller the uncertainty in velocity
(Av) and the better we are in predicting the future. Now it is straightforward to
calculate the “time of uncertainty” which tells us how long it will be before the
uncertainty in velocity will contribute as much to our lack of knowledge of where the
object is as that which came from the original position uncertafy: (

t (uncertainty)Ax,/Av=2mAx2/ h

Beyond this time scale, the uncertainty, due to our lack of knowledge of
velocity, makes us less certain of the future and the description of the object becomes
guantum, not a classical one. This simplified equation can be obtained from a more
rigorous treatment of wave packet motion, and elsewhere we did so.

The size ofy, 1 x 1027 erg-sec, means that the fuzziness required by the
uncertainty principle is imperceptible on the normal scales of size and momentum,
but becomes important at atomic scales. For example, if the position of a stationary
200-g apple is initially determined to a small fraction of a wavelength of light, say
Ax, = 10 nm, the apple’s position uncertainty will spread by about 40% only after
4 x 107 s, or 12 billion years, that is, the age of the universe! On the other hand, an
electron with a mass 29 orders of magnitude smaller would spread by 40% from an
initial 1-A localization after only 0.2 femtosecond.

From atom to man, the time and length of uncertainty determine the classical-
quantum description of motion (Figure 2.4). The time scale for future uncertainty
runs from femtoseconds for the hydrogen atom, to 300 years for biological cells, and
to more than the age of the universe for humans—we have 300 years (or more) to
behave in a deterministic classical world, so biotechnologists can be sure to improve
the human life expectancy by at least three times from the current one without the
need of new mechanics!

Figure 2.3.Uncertanities and unification through coherence.
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Figure 2.4.From Atom to Man- length scale and time of uncertanity.

The Molecular World—Chemistry

Conceptually, our work in the late 1970s on coherence phenomena and in the mid
1980s closing in to resolve reaction dynamics in real time provided the foundation
for thinking about the issues raised above. It became clear that molecules can be
made to vibrate coherently and ensembles of molecules can be made to behave in
unison. Experimentally, we needed a whole new apparatus, a whole new “camera”
with unprecedented time resolution. We needed to interface femtosecond lasers and
molecular-beam technology, which required not only a new initiative but also a
major effort at Caltech. In a relatively short time, femtochemistry research became
active in many laboratories around the world.

The breadth of applications emerging spans the very small to very complex
molecular assemblies, and all phases of matter. An example that demonstrates the
unity of concepts from small to large molecular systems came from a paradigmatic
study made at Caltech on a sibling of table salt (two atoms) and another at Berkeley
on the protein molecule of vision (hundreds of atoms). In both, the primary step
involves femtosecond motion of the atoms, and we now understand better the
remarkably coherent and highly efficient first step of vision at the atomic level.
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Complexity—Biology

An especially exciting frontier for femtoscience is in biology. At Caltech we now
have the National Science Foundation’s Laboratory for Molecular Sciences (LMS)
for interdisciplinary research on very complex systems. Among the recent new
studies published in femtobiology are those concerned with the conduction of
electrons in the genetic material, the binding of oxygen to hemoglobin (myglobin)
and its mimics, molecular recognition of protein by drugs, and the molecular basis
for the cytotoxicity of anticancer drugs, and of digestion.

A current major problem of interest is the role of water in biological
systems—biological water. The pertinent question is: How does the interaction of
water molecules with proteins and DNA influence the biological function? In a series
of papers we have reported our studies of interfacial water dynamics and the unique
role the dynamics play in the function. We are also developing new techniques to
observe the behavior and architecture of these complex molecules—in space and
time—using diffraction images, which give the 3-D location of all the atoms, all at
once. But now a fourth dimension—time—is introduced to see how complex systems
behave during the function. The new methodology, which we termed ultrafast
electron crystallography (and microscopy), is now established with many
applications (see bibliography). The impact on biology and medicine is clear.

Life is a manifestation of complexity in which atoms of the microscopic world
combine in different ways to form functional systems with enormous diversity and
unique information. And that is what makes the human “intermediate scale” (Figure
2.1) special-on one hand simple in function and on the other hand rich in complexity.
Deciphering this complexity and reducing its meaning to the atomic motions
involved is one of the most fundamental problems of this century.

Technology of Femtoscience

As for technology developments—femtotechnology—there are exciting new
developments in  microelectronics (femtomachining), femtodentistry, and
femtoimaging (microscopy) of cells and tumors, not to mention possible new
developments with intensities reaching that of the sun (in femtoseconds!) and
duration going beyond the femtosecond (attosecond), and the interface with
nanoscience and technology—marrying scales of time and length. The ability to count
optical oscillations of more than B@&ycles per second will lead to the construction

of all-optical atomic clocks, which are expected to outperform today’s state-of-the-
art cesium clocks, with a new precision limit in metrology. There is also the potential
for using powers reaching Z20watts/cna to induce nuclear fusion in clusters of
atoms through Coulomb explosion. There is also the possibility for controlling matter
on the femtosecond time scale—one day we may direct chemical reactions into
specific or new products.
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Epilogue

I wish to conclude by conjecturing on some future mysteries and miracles of time. In
the physical sciences, one advance that surely will allow us to reach the electron
domain involves measurements on the sub-femtosecond time scale. Now the average
energy is nearing the x-ray region, much above chemical and biological energies, and
the pulse width is larger than chemical binding energies. Nonetheless, such advances
will make it possible to study electron dynamics in many domains of physics and
related areas.

In the life sciences, the advent of diffraction and microscopy techniques with
atomic-scale spatial and temporal resolution will undoubtedly lead to a revolution in
structural dynamics of biomolecules, building real bridges between structures,
dynamics and functions (see bibliography).

In cosmology, Planck’s scale of time, the nature of spacetime, and the arrow of
time are subjects that will remain in need of further discovery and search for
meaning.

From the very small (atom), to the very complex (life), to the very big
(universe), despite some mysteries, new frontiers will be reached with time defining
a fundamental dimension. Perhaps the biggest of all challenges is reversal of time.
Ever since H. G. Well's novel “The Time Machine,” the human imagination has
considered the possibility of reversing the arrow of time, going back in time. In
theory we could, but the paradoxes are many. A time traveler may go back in time
and alter circumstances leading to his own existence or lack thereof. Two-way time
travel is indeed weird, and may force an entry to the world of weird physics! So
despite its miracles and the impact on our life, we still struggle with the meaning of
time.



Time’s Mysteries and Miracle:23

Bibliography

Albert, David. 2000. Time and Chance. Harvard University Press, Cambridge.

Barrow, John D. 2002. The Constants of Nature. Pantheon Books, New York.

Gribbin, John. 1998. In Search of the Big Bang (new edition), Penguin Books, New
York.

Hall, Nina. 2002. Chemistry and Biology in the New Age. Chem. Commun. (Feature
Article, Ahmed Zewalil), October 7 issue, 2185.

Hazen, Robert M., and James Trefil. 1996. The Physical Sciences. John Wiley &
Sons, New York.

Ihee, H., V. Lobastov, U. Gomez, B. Goodson, R. Srinivasan, C.Y. Ruan, and A.H.
Zewail. 2001. Direct Imaging of Transient Molecular Structures with Ultrafast
Diffraction. Science, 291, 385.

March, Robert. 1978. Physics for Poets, Contemporary Books, Chicago.

Ruan, C.Y., V. Lobastov, F. Vigliotti, S. Chen, and A.H. Zewail. 2004. Ultrafast
Electron Crystallography of Interfacial Water. Science, 304, 80.

Zewail, A.H. 2004. Femtochemistry—Atomic-Scale Dynamics of the Chemical Bond
Using Ultrafast Lasers. Les Prix Nobel, The Nobel Prizes, Almquist & Wiksell
International, Stockholm.

Zewail, A.H. 2001. The Uncertainty Paradox—The fog that was not. Nature, London,
412, 279.

Zewail, A.H. 2002. Voyage Through Time—Walks of Life to the Nobel Prize.
American University Press, Cairo (also in 12 editions and languages).

Zewalil, A.H. 2005. Diffraction, Crystallography, and Microscopy Beyond
3D-Structural Dynamics in Space and Time. Philosophical Transactions,
Royal Society, 364, 315.






Chapter 3

Science and Society: Some Reflections

Jean-Marie Lehn

I ntroduction

BioVision Alexandria 2004 provided a unigue occasion to revive the tradition of the

Museion and of its great thinkers including Euclid, Erastosthenes, Archimedes,
Hipparchos, Herophilus (already a life scientist), and many other founders of science,
who developed the rational approach to the universe and its contents, including
humans.

Hypatia, the last recorded scholar in Alexandria, the first woman in mathematics
and astronomy, a neo-Platonist philosopher, was murdered in 415 AD. In her image,
we as present-day scientists have the mission to further science and knowledge, to
spread rationality, tolerance, and understanding, to make the world a better place to
live for all human beings.

Bibliotheca Alexandrina is dedicated to the celebration of human knowledge.
BioVision Alexandria 2004 paid special attention to developing regions of the world,
and to North-South and South-South issues. We gathered for Life Sciences, but we
addressed Living Science.

Science offers most exciting perspectives for the future generations. It promises
a more complete understanding of the universe, an always greater creative power
over the structure and transformations of the inanimate as well as of the living world.
It also promises an increasing ability to take control over disease, ageing and even
over the evolution of the human species, including a deeper penetration into the
working of the brain, the nature of consciousness, and the origin of thought.

Among all the areas of knowledge that constitute science, biological sciences
and technologies are providing entirely new perspectives to our understanding and
action of the living world, for health care, food production, and environmental
control. They will have strong impact on social and personal relationships, family
structure, law, and ethical values.

The technologies of life, resulting from the extraordinary progress made in
understanding life processes and the ability to act upon them, appear to tamper with
a basic mystery and to lift and interdict with the risk of unleashing uncontrollable
forces. The potential of genetic engineering has aroused many reservations, in some
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countries more than in others. But the benefits that it can bring are countless, in
agriculture and food production for instance, but above all to human health.
Substances extracted from natural sources may be contaminated by compounds that
present risks to health. Biotechnologies may permit us to circumvent the problem.
Thus, synthetic vaccines may be safer than natural ones. The production of human
growth hormone by genetic engineering gives a product devoid of the prion that
infects the same substance of natural origin and causes the Creutzfeld-Jakob disease.
Numerous other such cases can be found, one being the production of factor VIII for
blood transfusion without risk of infection by HIV. Other examples would be the
engineering of bananas containing vaccines or of vegetables producing
contraceptives that would allow women in developing countries to control their
fertility. Stem cell research also opens fantastic perspectives to biology and
biotechnology.

Zero risk does not exist. Risk appears with life. Zero risk is a dead world. The
desire to systematically eliminate all risk also destroys opportunities and may as well
become a threat to freedom and democracy.

Our duty is to optimize the chances and minimize the risks.

Our descendants will continue to evolve intellectually, culturally, and
materially. They may, with hindsight, adopt points of view quite different from ours.
To stop this would deprive them of the possibility of further development and would
prevent them from succeeding where we failed. We must offer them all the chances
and transfer to them all the powers. This is our responsibility, and we have no right
to hand down judgments in their place. They may be wiser than we are.

Molecular Chemistry

Molecular chemistry has developed a wide range of powerful procedures for building
ever more complicated molecules from atoms linked by covalent bonds. Beyond
molecular chemistry lies supramolecular chemistry that aims at constructing highly
complex chemical systems from components held together by intermolecular forces.

Numerous receptors capable of selectively binding specific substrates have been
developed. They perform molecular recognition that rests on the molecular
information stored in the interacting species. Suitably functionalized receptors may
perform supramolecular catalysis and selective transport processes. In combination
with polymolecular organization, recognition opens ways to design molecular and
supramolecular devices based on functional (photoactive, electroactive, ionoactive)
components.

Supramolecular chemistry has relied on more or less preorganized molecular
receptors for effecting such molecular recognition, catalysis, and transport processes.
A step beyond consists in the design of systems undergoing self organization, that is
systems capable of spontaneously generating well-defined supramolecular
architectures by self assembly from their components. Self organization processes
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may be directed via the molecular information stored in the covalent framework of
the components, and read out at the supramolecular level through specific
interactions. They thus represent the operation of programmed chemical systems.

A number of investigations have been performed at the interface between
supramolecular chemistry and biology. They concern developments in areas such as:
optical sensing of biomolecular recognition, medical diagnostics based on photonic
molecular devices, modified liposomes bearing recognition groups (recosomes),
dynamic combinatorial chemistry for drug research, gene transfer methodology, and
self assembly processes.

Benefits to Developing Countries

A crucial question concerns the developing countries. Will the gap that separates
them from industrial countries get wider and wider? A continuing and aggravating
problem into the century is the unacceptable North/South imbalance and the resulting
strains. It is the responsibility of the industrial countries to offer solutions and strive
for “sustainable development” for everybody on earth.

One may hope that the accumulated knowledge and the very efficient advanced
technologies resulting from research in the industrial countries might provide means
for the less advanced ones to enter directly into a “high tech” era. This would be
based on highly advanced technologies that are more economical and much less
demanding in raw materials, resources, and energy.

For instance, a country that has an unsatisfactory telephone system will not have
to lay more wires but can directly go to cellular phones, and may thus even be at an
advantage over countries having a developed classical phone network. Telemedicine,
telesurgery are other examples; a physician in a remote area of the world will have
the possibility to obtain guidance and advice from specialists in industrial countries.

Promoting Science

Science education in our schools, colleges, and universities as well as for the general
public must be a major priority, to train the researchers and discoverers of tomorrow.
This would remove irrational fears and rejections, and develop the scientific spirit,
the scientific attitude, to fight the obscure, the deceitful, and the irrational.

Beyond the general progress of knowledge and the technological development,
the most important impact science can and must have on society is the spirit that it
implies, the scientific, rational approaches toward the world, life, and society. This
is an area in which the Bibliotheca Alexandrina can play a major role, in particular
for developing countries.

Education, science and technology may collide with tradition and hurt beliefs or
social structure. We must be prepared for that and take it into account so as to
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overcome it. The installation of a solar-powered water pump accessible to everybody
in a village of a developing country may destroy a traditional structure where power
was in the hands of those who controlled the water supply. Thus, science brings new
freedoms but mankind has to learn to live with them.

Bioethics

An important issue for scientists is ethics, and more specifically bioethics. The
scientist has a general responsibility to the truth, and only then is there responsibility
to the society and the world. Ethics is a function of time, location, and knowledge.
Pursuit of knowledge and truth supersedes present considerations on what nature, life
or the world are or should be, for our own vision can only be a narrow one. Ethical
evaluation and rules of justice have changed and will change over time.

With all the caution that must be exercised, and despite the risks that will be
encountered, carefully pondering each step mankind must and will continue along a
path, for we have no right to switch off the lights of the future.

These perspectives for the future of science, for our future, have already been
expressed in most fitting terms by the artist-scientist Leonardo da Vinci when he
wrote: “Where nature finished to produce its own species, man begins, using natural
things, with the help of this nature, to create an infinity of species.”

Prometheus conquered fire and we cannot give it back. We have to continue
from the tree of knowledge to the control of destiny.
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Chapter 4

Asymmetric Catalysis. Roles In Biomedical
Science and Technology

Ryoji Noyori

I ntroduction

In concert with the recent mapping of the human genome sequences, scientists
started to intensively investigate the structures and functions of the corresponding
proteins. One of our major goals is to develop effective pharmaceutical drugs that

prevent or cure painful diseases. Pharmaceutical drugs are precisely structured
organic compounds that are compatible with proteins or other large biomolecules in

human bodies. They mostly have a low molecular weight, <500, and are largely

synthetic rather than natural. The world pharmaceutical market has been growing
steadily, and some important drugs have achieved huge worldwide sales. For
example, Simvastatin, gH3705, manufactured by Merck Company, is an excellent

drug for hypercholesterolemia. Annual sales exceed US$5 billion.

Role of Chemistry

Our concern is: how do we efficiently discover and economically synthesize such
important compounds? The biochemical information of protein structures obviously
helps the development of potent pharmaceutical drugs. | emphasize that chemistry
plays a crucial role in the discovery, research, and production of such significant
compounds. Without chemical synthesis, the pharmaceutical industry would not
exist.

The major concern of chemists is molecules and molecular assemblies. Any
molecule, by definition, has a fixed elemental composition, a definite atom
connectivity, a single configuration, and some conformations. On the basis of such
structural characteristics, interesting and significant molecular functions emerge.
Most importantly, in principle, any molecule can be designed and synthesized as
desired. Thus, a diverse array of properties and functions can be generated by
utilizing accumulated chemical knowledge. Chemistry is a science not only
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concerned with the observation and understanding of nature but is characterized by
the capability of producing highly valuable compounds from almost nothing.

| have been interested in the molecular chirality of organic compounds (Noyori,
2002). Molecular chirality normally emerges when a carbon atom possesses four
different atoms or groups, resulting in two stereoisomers, called enantiomers (R and
S), that are mirror images of one another and have identical free energy. The
differences between enantiomers are slight, but become important when they are
involved in biological or physiological phenomena. Enantiomers often taste and
smell different. For example, (S)-glutamic acid monosodium salt is tasty, while the
R form is bitter. (R)-Limonene has the fragrance of orange, while its S isomer has
that of lemon. (S)-Carvone has a fragrance of caraway seeds, while its R isomer has
a component of spearmint and smells completely different. These phenomena are
based on precise molecular interactions between such small chiral molecules and
large protein receptors in our bodies, where the molecular chirality plays a key role.

The structural differences between them may have deleterious effects in the case
of synthetic drugs. An example of the incompatible relationship between molecular
chirality and pharmacological activity was provided by the tragic administration of
thalidomide to pregnant women in the 1960s. The commercial thalidomide is a 50:50
(racemic) mixture of right- and left-handed enantiomers. (R)-Thalidomide has
desirable analgesic properties, while its S enantiomer is a teratogenic and induces
fetal malformations. Although there still exists a controversy in this interpretation,
such problems arising from inappropriate molecular recognition in the human body
must be avoided at all costs. Thus, the selective chemical synthesis of enantiomers,
called asymmetric synthesis, is crucial in the pharmaceutical industry. However,
until recently this remained extremely difficult. In 1990, approximately 1800
pharmaceutical drugs were on the market. They come from various sources and have
different chiralities. It should be noted that 88% of the synthetic chiral drugs were
sold still in the racemic form, despite the thalidomide tragedy. Then, in 1992, Federal
Drug Administration of the USA introduced guidelines on “racemic switch,”
encouraging the commercialization of enantiomerically pure drugs produced by
practical asymmetric synthesis. As a consequence, the proportion of
enantiomerically pure drugs increased up to 40%, thanks largely to the efforts of
synthetic organic chemists.

Asymmetric Catalysis

To achieve this we require some general principles. Our method is to use a chiral
molecular catalyst that consists of a metallic element and an attached chiral ligand,
as schematically illustrated in Noyori (1994). The active metal center generates
catalytic reactivity, accelerating a reaction repeatedly, while the attached chiral

ligand controls stereoselectivity in the absolute sense. Our concerns are twofold.
First, we must address the productivity and rate of a reaction; how many times does
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the catalyst turn over and how fast is the reaction? Second, we are concerned about
the extent of enantioselectivity, which ranges from 50:50 (nonselective) to 100:0
(perfectly selective). Asymmetric catalysis is four-dimensional chemistry (Noyori,
1994). Thus a high efficiency can be achieved using a combination of both an ideal
three-dimensional structure (X, y, z) and suitable kinetics (t) (Ne&y@tli, 2004).

This is a general principle of asymmetric catalysis that is widely practiced in organic
synthesis. Indeed, we were the first to discover this principle in 1966 (Naizki

1966).

In 1980 after six years of effort, we reported for the first time the synthesis of
the BINAP/Rh complex (Miyashitat al., 1980). This beautifully shaped chiral
molecular catalyst became famous when we applied it to the industrial synthesis of
menthol, a popular fragrance. Thus, when geranyldiethylamine is exposed to a small
amount of the (S)-BINAP/Rh complex, (R)-cintonellal diethylenamine is obtainable
in >98% ee (ee = enantiomeric excess, (R - S)/(R + S)) @aali, 1982). This
reaction is highly productive and applicable to a 9-metric-ton scale. This is the result
of a fruitful academic/industrial collaboration between the universities of Shizuoka,
Osaka, and Nagoya, the Okazaki Institute for Molecular Science, and Takasago
International Corporation. Takasago produces various optically active terpenes,
including 1000 tonnes of (-) -menthol per year, corresponding to one-third of the
world's demand (Akutagawa, 1992).

Assymmetric Hydrogenation

This asymmetric allylamine-enamine double bond-shift reaction is a very important
process but is rather unconventional. Then we decided to pursue a more common
asymmetric catalysis, namely, asymmetric hydrogenatioj.isHthe simplest

molecule and a clean and abundant resourgéalsl unlimited applicability to basic

and applied science, technology, and even industry. Although the hydrogenation of
unsaturated compounds is the most fundamental chemical reaction, efficient methods
remain limited. For more than two decades since 1980, we have developed a series
of chiral BINAP/transition metal complex catalysts for asymmetric hydrogenation
(Noyori, 1989, 1990, 1992, 1994, 1996, 2002; Noyori and Ohkuma, 2001; Noyori
and Takaya, 1990). A major breakthrough occurred in 1986 when we developed the
BINAP/Ru dicarboxylate complexes (Noyat al., 1986). Ru behaves differently

from conventional Rh, allowing the selective synthesis of many enantiomeric
compounds. The enantioselection is very distinct, often >99:1 and even 100:0.

The utility of the Ru complexes is extensive. Previously we noted that the
BINAP/Rh complex catalyzes the asymmetric hydrogenation of a dehydro amino
acid derivative to yield the phenylalanine derivative in nearly 100% ee (Miyashita
al., 1980). However, the reaction was slow, and the scope of the olefinic substrates
was narrow. Fortunately when Rh was replaced by Ru, the scope could be extended
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significantly, allowing the asymmetric hydrogenation of many types of olefinic
substrate. For  example, reaction  with N-acylated benzylidene-
tetrahydroisoquinolines yielded the benzyl-tetrahydroisoquinolines in near 100% ee,
providing a general method of the asymmetric synthesis of isoquinoline alkaloids
(Kitamuraet al., 1994). Hydrogenation of the acrylic acid with an aromatic ring gave
the anti-inflammatory (S)-naproxen in 97% ee (Oéital., 1987). When geraniol

was used as a substrate, hydrogenation occurred only at the allylic alcohol part,
giving citronellol in more than 95% ee (Takastaal., 1987). It is now possible to
hydrogenate many other olefinic substrates using the new BINAP/Ru complexes.
Most importantly, the list of potential substrates can even be extended to include
various ketones (Kitamuret al., 1988). The catalyst is BINAP/Ru dichloride or
dibromide, and the presence of halogen atoms is also crucial for the catalytic activity.
B-Keto esters are the best substrates for the BINAP/Ru-catalyzed asymmetric
hydrogenation (Noyorét al., 1987). This method is superior to any other chemical

or biological synthetic procedures, and it allows the synthesis of various chiral
B-hydroxy esters. This process can be performed at a very large scale (Noyori, 1992).
For example, carbapenem antibiotics are now best synthesized by this asymmetric
hydrogenation. In the presence of the (R)-BINAP/Ru complex, racemic methyl
o-(benzamidomethyl)acetoacetate (a chrileto ester) is hydrogenated to give the
R,S-configuredB-hydroxy ester under dynamic kinetic resolution (Noyeiril.,

1989, 1995). The erythro:threo diastereoselectivity is 94:6 and the 2S,3R:2R:3S
enantioselectivity is 99.5:0.5 (99% ee). This compound is now produced in large
guantities at Takasago International Corporation. In addition, the simple asymmetric
hydrogenation of acetol to (R)-propanediol is employed for the synthesis of
levofloxacin, a very important antibacterial agent developed at Daiichi
Pharmaceutical Company in Japan.

Hydrogenation of Simple Ketones

Furthermore, we recently devised new catalysts that allow rapid, productive and
selective hydrogenation of simple ketones, which is otherwise difficult to achieve
(Noyori and Ohkuma, 2001). For example, 600 g of acetophenone can be
hydrogenated with only 2 mg of the well-designed chiral BINAP/1,2-
diphenylethylenediamine Ru catalyst (Doueetal., 1998). A single molecular
catalyst has an overall turnover number of more than two million times and a
turnover frequency of 60 times per second. The high efficiency is due to the
operation of a nonclassical metal-ligand bifunctional mechanism. Molecular
hydrogen is symmetrical. However, upon interaction with our Ru catalyst, the H-H
bond is cleaved and asymmetrically activated, and the resulting species reduces
ketones with high enantioface distinction. This process is repeated more than two
million times.
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Our method is already at a very advanced technical level and some compounds
are now produced in industries. This asymmetric hydrogenation provides a powerful
tool for producing important chiral compounds.

How do we discover such important compounds? As mentioned above,
pharmaceutical drugs are relatively small, precisely structured artificial organic
compounds. The discovery of effective drugs requires a global approach involving
the fields of chemistry, biochemistry, pharmacology, clinical medicine, and
computer science, and the use of various efficient analytical and diagnostic
instruments. The development of drugs often requires a ten-year research period, up
to 400 researchers in various fields, and an enormous cost as high as US$0.5-1 billion
per drug. In addition, a range of the latest scientific information and the most
advanced technologies are necessary.

The current most serious problem is the high cost of pharmaceutical drugs. This
is a problem in many countries. The market of pharmaceutical drugs in Japan is
currently about US$60 billion, which contributes considerably to the total expenses
for the national medical care system of up to US$300 billion. Therefore, a significant
issue is how do we decrease the high costs of developing new pharmaceutical drugs.
Without a significant decrease, modern pharmaceutical drugs can be used only in
rich, advanced countries but, unfortunately, not in developing countries. One of the
major reasons for the high cost is that currently about 90% of candidate drugs are
excluded during the clinical trials, due to their toxicity and/or unfavorable
pharmacokinetics. Although various efforts should be made to decrease such a
serious financial risk, we propose a possible scientific/technical way to achieve this
goal.

We became interested in applying our asymmetric prostaglandin synthesis
(Noyori and Suzuki, 1984, 1990) to the science of the human brain. In this context,
we have established a fruitful interdisciplinary and international collaboration with
Professor Suzuki, a long-term collaborator now at Gifu University, Professor
Watanabe, a biomedical researcher at Osaka City University, and Professor
Langstrom at Uppsala University (Takeehial., 1996; Suzukiet al., 2000b). We
found that the prostacyclin-type carboxylic acid (R = H), called (15R)-TIC, shows a
strong, selective binding to certain receptors in the central nervous system. The
unnatural R configuration is important and accessible using our asymmetric chemical
method. This was discovered duringiarvitro study using tritium-labeled (15R)-

TIC and frozen sections of a rat brain. However, this compound is not appropriate for

investigations in the human brain, sirf@eparticles from tritium cannot penetrate
human tissues. For this reason, we wanted to incorporate 11C into the aromatic group
allowing noninvasive PET studies. The very short half-lifd &, 20 minutes, is
beneficial but leads to a new chemical problem. Thus, althoughl@té; group

must be incorporated in the final step of the synthesis of (15R)-TIC methyl ester, the
total time for the synthesis, workup, purification, and sterilization should be less than
40 minutes.
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One of my students made a tremendous effort to solve this problem and found
a method of incorporating a methyl group in the aromatic ring within 5 minutes
(Suzukiet al., 1997, 2000a). This technology was then transferred to the PET center
at Uppsala University, where Professor Suzuki volunteered as a subject for testing
this new compound. ThélC-labeled (15R)-TIC methyl ester, which was
intravenously administered to his right arm, was carried by the bloodstream, passed
through the blood-brain barrier, reached his brain, and was hydrolyzed to the free
carboxylic acid, which was finally bound to,lfPeceptors in his central nervous

system. The clinical significance of this behavior is not yet clarified. Howevarm, an
vitro study indicated that this compound suppresses the death of neurons under a high
oxygen concentration.

The principle of PET is simple. AlC nucleus undergogs decay forming-1B
and a positron with a half-life of 20 minutes. The positrons collide with neighboring
electrons and disappear, resulting in the emission of intense gamma rays of 511 keV.
The measurement and computer analysis of these gamma rays result in a molecular
imaging of the drug in the human body. Notab§C has a very high specific
radioactivity and a very short half-life of approximately 20 minutes. Most
importantly, this method is noninvasive and negligibly harmful. This analysis is
performed by microdosing of a drug and also outside the living human body. The
extensive use of PET for research must be beneficial for developing new
pharmaceutical drugs. In Japan, the PET technology is extensively used for diagnosis
but, unfortunately, not at all in research for drug discovery. This noninvasive
approach is crucial for developing evidence-based medicines. In addition, | am
certain that the application of this method at an early stage of a clinical trial
contributes to a decrease in the total cost of drug development.
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Conclusion

The roles of asymmetric catalysis in biomedical science and technology are
significant (Noyori, 2002). Well-designed chiral molecular catalysts permit the
chemical synthesis of various bioactive compounds and functional materials.
Asymmetric syntheses can be performed on a very large scale, as in the case of
menthol synthesis, whereas brain research can be carried out on a very small,
subfemtomole scale. In all cases, further studies of molecular chirality promise to
yield great clinical and scientific benefits in the years to come.

References

Akutagawa, S. 1992. Practical Asymmetric Syntheses of (-)-Menthol and Related
Terpenoids. Organic Synthesis in Japan. Past, Present, and Future. Noyori, R.
(Editor-in-chief), Tokyo Kagaku Dozin, Tokyo, p. 77.

Doucet, H., T. Ohkuma, K. Murata, T. Yokozawa, M. Kozawa, E. Katayama, A.F.
England, T. lkariya, and R. Noyori. 1998. trans-[RuCl2(phosphane)2(1,2-
diamine)] and Chiral trans-[RuCl2(diphosphane)(1,2-diamine): Shelf-Stable
Precatalysts for the Rapid, Productive, and Stereoselective Hydrogenation of
Ketones. Angew. Chem., Int. Ed. Engl., 37, 1703.

Kitamura, M., Yi. Hsiao, M. Ohta, M. Tsukamoto, T. Ohta, H. Takaya, and R.
Noyori. 1994. General Asymmetric Synthesis of Isoquinoline Alkaloids.
Enantioselective Hydrogenation of Enamides Catalyzed by BINAP—Ruthenium
(Il) Complexes. J. Org. Chem., 59, 297.

Kitamura, M., T. Ohkuma, S. Inoue, N. Sayo, H. Kumobayashi, S. Akutagawa, T.
Ohta, H. Takaya, and R. Noyori. 1988. Homogeneous Asymmetric
Hydrogenation of Functionalized Ketones. J. Am. Chem. Soc., 110, 629.

Miyashita, A., A. Yasuda, H. Takaya, K. Toriumi, T. Ito, T. Souchi, and R. Noyori.
1980. Synthesis of 2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl (BINAP), an
Atropisomeric Chiral Bis(triaryl)phosphine, and Its Use in the Rhodium(l)-
Catalyzed Asymmetric Hydrogenation of a-(Acylamino)acrylic Acids. J. Am.
Chem. Soc., 102, 7932.

Noyori, R. 1989. Chemical Multiplication of Chirality: Science and Applications.
Chem. Soc. Rev., 18, 187.

Noyori, R. 1990. Chiral Metal Complexes as Discriminating Molecular Catalysts.
Science, 248, 1194.

Noyori, R. 1992. Asymmetric Catalysis by Chiral Metal Complexes. Chemtech, 22,
360.

Noyori, R. 1994. Asymmetric Catalysis in Organic Synthesis, John Wiley & Sons,
New York.



36 R. Noyori Chapter 4

Noyori, R. 1996. Asymmetric Hydrogenation. Acta Chem. Scand., 50, 380.

Noyori, R. 2002. Asymmetric Catalysis: Science and Opportunities (Nobel Lecture).
Angew. Chem., Int. Ed., 41, 2008.

Noyori, R., T. lkeda, T. Ohkuma, M. Widhalm, M. Kitamura, H. Takaya, S.
Akutagawa, N. Sayo, S. Saito, T. Taketomi, and H. Kumobayashi. 1989.
Stereoselective Hydrogenation via Dynamic Kinetic Resolution. J. Am. Chem.
Soc., 111, 9134.

Noyori, R., M. Kitamura, and T. Ohkuma. 2004. Toward Efficient Asymmetric
Hydrogenation: Architectural and Functional Engineering of Chiral Molecular
Catalysts. Proc. Nat. Acad. Sci., 101, 5356.

Noyori, R. and T. Ohkuma. 2001. Asymmetric Catalysis by Architectural and
Functional Molecular Engineering: Practical Chemo- and Stereoselective
Hydrogenation of Ketones. Angew. Chem., Int. Ed., 40, 40.

Noyori, R., T. Ohkuma, M. Kitamura, H. Takaya, N. Sayo, H. Kumobayashi, and S.
Akutagawa. 1987. Asymmetric Hydrogenation of b-Keto Carboxylic Esters. A
Practical, Purely Chemical Access to b-Hydroxy Esters in High Enantiomeric
Purity. J. Am. Chem. Soc., 109, 5856.

Noyori, R. and M. Suzuki. 1984. Prostaglandin Syntheses by Three-Component
Coupling. Angew. Chem., Int. Ed. Engl., 23, 847.

Noyori, R., M. Ohta, Yi. Hsiao, M. Kitamura, T. Ohta, and H. Takaya. 1986.
Asymmetric Synthesis of Isoquinoline Alkaloids by Homogeneous Catalysis. J.
Am. Chem. Soc., 108, 7117.

Noyori, R. and M. Suzuki. 1990. An Organometallic Way to Prostaglandins: The
Three-Component Coupling Synthesis. Chemtracts—Org. Chem., 3, 173 .

Noyori, R. and H. Takaya. 1990. BINAP: An Efficient Chiral Element for
Asymmetric Catalysis. Acc. Chem. Res., 23, 345.

Nozaki, H., S. Moriuti, H. Takaya, and R. Noyori. 1966. Asymmetric Induction in
Carbenoid Reaction by Means of a Dissymmetric Copper Chelate. Tetrahedron
Lett., 5239.

Ohta, T., H. Takaya, M. Kitamura, K. Nagai, and R. Noyori. 1987. Asymmetric
Hydrogenation of Unsaturated Carboxylic Acids Catalyzed by
BINAP—Ruthenium(ll) Complexes. J. Org. Chem., 52, 3174.

Suzuki, M., H. Doi, M. Bjorkman, Y. Andersson, B. Langstrém, Y. Watanabe, and
R. Noyori. 1997. Rapid Coupling of Methyl lodide with Aryltributylstannanes
Mediated by Palladium(0) Complexes: A General Protocol for the Synthesis of
11CH3-Labeled PET Tracers. Chem. Eur. J., 12, 2039.

Suzuki, M., H. Doi, K. Kato, B. Langstréom, M. Bjorkman, Y. Watanabe, and R.
Noyori. 2000a. Rapid Methylation for the Synthesis of a 11C-Labeled
Tolylisocarbacyclin Imaging the IP2 Receptor in a Living Human Brain.
Tetrahedron, 56, 8263.



Asymmetric Catalysis: Roles In Biomedical Science and Technology 37

Suzuki, M., K. Kato, R. Noyori, Yu Watanabe, H. Takechi, K. Matsumura, B.
Langstrom, and Y. Watanabe. 1996. (15R)-16-m-Tolyl-17,18,19,20-
tetranorisocarbacyclin: A Stable Ligand with High Binding Affinity and
Selectivity for a Prostacyclin Receptor in the Central Nervous System. Angew.
Chem., Int. Ed. Engl., 35, 334.

Suzuki, M., R. Noyori, B. Langstrom, and Y. Watanabe. 2000b. Molecular Design
of Prostaglandin Probes in Brain Research: High, Specific Binding to a Novel
Prostacyclin Receptor in the Central Nervous System. Bull. Chem. Soc. Jpn.,
73, 1053.

Takaya, H., T. Ohta, N. Sayo, H. Kumobayashi, S. Akutagawa, S. Inoue, |. Kasahara,
and R. Noyori. 1987. Enantioselective Hydrogenation of Allylic and
Homoallylic Alcohols. J. Am. Chem. Soc., 109, 1596.

Takechi, H., K. Matsumura, Yu. Watanabe, K. Kato, R. Noyori, M. Suzuki, and Y.
Watanabe. 1996. A Novel Subtype of the Prostacyclin Receptor Expressed in
the Central Nervous System. J. Biol. Chem., 271, 5901.

Tani, K., T. Yamagata, S. Otsuka, S. Akutagawa, H. Kumobayashi, T. Taketomi, H.
Takaya, A. Miyashita, and R. Noyori. 1982. Cationic Rhodium(l) Complex-
Catalysed Asymmetric Isomerisation of Allylamines to Optically Active
Enamines. J. Chem. Soc., Chem. Commun., 600.






Chapter 5

The Changing Atmosphere in 2004

F. Sherwood Rowland

I ntroduction

Each breath we take in contains about 21% oxygehd@d a much smaller amount
of carbon dioxide (C¢). The exhaled air has about 16% oxygeg) @d 5% carbon

dioxide. Green plants, on the other hand, take in air through the stomata and convert
the CG into plant matter while emitting gaseous oxygen.

Many other processes also take place with exchange of one gas or another
between the atmosphere and lakes, plants, rocks, or the oceans. Although all of these
changes are taking place continuously everywhere, the global sum of these exchange
processes is not easy to measure. The problem is made more difficult by the fact that
the atmosphere is omnipresent, and transparent, except for the clouds. The
determination of its molecular composition depended first upon devising an
experimental apparatus from which all of the air could be removed, and then devising
experimental techniques that could separately identify individual transparent gases
introduced into this evacuated space. By 1800, scientists had concluded that the
atmosphere consisted mostly of just the two gases nitroggra(d oxygen () in
the ratio of about 4 parts to 1. The experience of all travelers, that it was equally
possible to breathe in distant destinations, together with the experiments of a few
scientists, confirmed that the atmosphere was similar everywhere in its main
composition, although obviously breathing was harder at higher altitudes.

In 1804, two French scientists—Gay-Lussac and Biot—extended the study of the
atmosphere to much higher altitudes by taking an evacuated sphere up in a balloon
to an altitude of five kilometers (16,300 feet), and then filling it there. After bringing
it back to the laboratory, Gay-Lussac found its composition to be the same 4 to 1 ratio
found at the surface, although there was considerably less of both gases at the higher
altitude. A few months later, Gay-Lussac, responding to the criticisms of some
skeptics, took the balloon up alone, unencumbered by Biot, to seven kilometers
(22,700 feet), and analysis of this sample confirmed the ratio of 4 to 1, although with
even less of both gases. Our present knowledge two centuries later agrees that the
components of the atmosphere mix thoroughly, whether light such as helium or
heavy such as CgH (trichlorofluoromethane), to altitudes far above the 50-

kilometer top of the stratosphere.
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In 1896, the Swedish scientist Arrhenius, realizing that the burning of wood,
coal and oil was releasing G@ the atmosphere, calculated that a doubling of its

0.03% composition in air would cause a measurable increaSk t(Bthe globally
averaged temperature of the Earth. This opened up a discussion that has become
pertinent under the headings of global warming and abrupt climate change. As the
20th Century progressed, other studies confirmed that the atmosphere is not a simple
mixture of N,, O,, CO,, and water (KHO) vapor, but contained many additional trace

gases. If the sensitivity of measurement extends down to 0.0001%8,0th&@ only
nine kinds of molecules are detectable in the nonurban atmosphere—the four listed
above, plus methane (GHand four inert gases (argon, helium, neon, and krypton).

With a sensitivity of detection carried down to-80five more gases are
found—carbon monoxide (CO), hydrogen)Hitrous oxide (NO), ozone (Q), and

another inert gas, xenon. All of these gases except the inert ones are involved in
biological processes. Another characteristic of all 14 is that they are transparent to
visible radiation, which means not only that we cannot see them but also that they are
not absorbing any of the visible radiation from the sun. Of course, if they did absorb

some green or violet sunlight, the energized molecules would break up quickly, and

there soon wouldn’t be enough of these molecules left for us to detect.

Much of the interesting chemistry discovered in the past several decades
involves additional compounds whose atmospheric concentration never rises above
10-8. The key development then is ever-more sensitive techniques for detecting trace
gases, driving the level of successful observation down ¥ &0 even 1615, At
these levels, hundreds of different compounds are detectable in the atmosphere even
in remote locations.

Ozone at Ground L evel

One of the first sets of continuing measurements made in the same location was
initiated in the 1870s at Montsouris, near Paris, where the ozone concentration in
surface air was analyzed for twenty years. The concentration ratios were about 10
parts per billion by volume (ppbv), with little change from season to season or year
to year. The absence of any change between winter and summer certainly suggests
that the sun was not then involved in forming ozone near the ground. One hundred
years later, similar decade-long experiments carried out at Hohenpeissenberg, near
Munich, Germany, showed higher concentrations throughout the year, and
approximately twice as much (40 ppbv vs. 20 ppbv) in mid-summer versus winter.
The summertime peak indicates that now there is a solar-driven mechanism for
forming ozone near the surface.

Recent photographs of central Munich show a brown gaseous layer just above
the surface, signalling the presence of the colored molecule nitrogen dioxide (NO

This brown color is an identifying marker for high urban ozone concentrations. The
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difference between the ozone measurements of the late 19th century and those 100
years later is that we now have many human processes that provide additional gases
to the atmosphere. An especially important example involves hydrocarbons and
nitric oxide (NO) emitted in automotive traffic, which combines with the aid of
sunlight to form additional ozone, an important pollutant in metropolitan smog.
These processes in urban environments are becoming more and more prevalent
around the globe as the population of the world, and its standard of living, increase.

Increasing Atmospheric Carbon Dioxide

Probably the most significant change in the last 30-50 years for the development of
atmospheric chemistry started with the long sequence of carbon dioxide
measurements initiated high on the Hawaiian mountain Mauna Loa in 1958 by C.D.
Keeling. He also began collecting €@t the South Pole that same year. The

detection of changes with time in the amounts of, @D any other gas—in the

atmosphere requires a long, well-calibrated series of measurements using a high
precision technique. His initial GOneasurements in March at Mauna Loa showed

about 315 ppmv increasing to about 317 ppmv in May, and then dropping gradually
back to 312 ppmv in October, only to rise again toward another peak the next May.
This seasonal cycle with a high in May and a low point in October continued year
after year.

These changes are caused by the absorption of atmosphegcfo€O

photosynthesis by green plants during the spring and summer growing season, and
then its escape into the air from decomposing plant life during the autumn and
winter. But the cycle doesn’t actually reproduce itself from one year to the next.
Rather, each month in the new cycle has slightly higher carbon dioxide
concentrations than in the corresponding month the previous year, and the yearly
average slowly rises to 325 ppmv in 1970. This long-term rising background is
caused by the combustion of fossil fuels—coal, oil and natural gas—for energy
production. Keeling has continued to make these measurements for another 34 years,
as they moved upward to the present average May concentration of 380 ppmv.

Increasing Sensitivity of Detection from 106 to 1012

Keeling’'s experiments represent one avenue of advance. Carbon dioxide had long
been known as an important component of the atmosphere. His major contribution
was making measurements of high precision with enough frequency and over a long
enough period of time first to isolate the photosynthetic cycle, and then to recognize
the monotonic increase underlying it. Another avenue of scientific advance lies in the
extension of the instrumental detection sensitivity to lower and lower concentrations.
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The British scientist Jim Lovelock invented the “electron capture detector” which
increased the instrumental sensitivity for certain molecules—those such g5 CCl
which can “capture” an electron—by a factor of about one million, pushing down well
beyond the 186 level toward 1612 (parts per trillion by volume, pptv).

Lovelock’'s measurements established that the nearly inert industrial chemical
trichlorofluoromethane (CGF—also called CFC, for the chlorofluorocarbon class)

was easily detectable in the atmosphere at a concentration of about 50 pptv.
Furthermore, Lovelock made measurements on shipboard during a cruise from
England to Antarctica that demonstrated that this CFC was present everywhere in
both hemispheres. The technological uses for this synthetic molecule were growing
rapidly in the early 1970s, and most of these uses involved eventual release to the
atmosphere.

Chlorofluorocarbons and Stratospheric Ozone Depletion

This was the point in time that Dr. Mario Molina and | began to consider what would
eventually happen to such molecules in the atmosphere. We started initially with
three questions one can ask for any compound newly released to the atmosphere:
First, does it react with sunlight? The observation of color immediately signals that
the molecule has absorbed some visible sunlight because the selective removal of
some solar radiation is the process that produces the sensation of color. Molecular
chlorine (C}) is a green gas, and breaks up in sunlight in about one hour with the

release of two individual Cl atoms. The second question is: does it dissolve in water?
Another Cl-containing molecule hydrogen chloride (HCI) is transparent, and doesn’t
absorb visible solar radiation. However, HCI is water soluble and dissolves in
raindrops to form hydrochloric acid, which later rains out in a month or two,
removing the chlorine atom from the atmosphere. And finally, the third question: is
there a chemical in the air with which it can react? One of the most frequent
atmospheric reactants is the atmospheric oxidizing agent hydroxyl radical (HO)
which is especially effective with hydrocarbon compounds. Another type of
chlorine-containing molecule, methyl chloride (§H) , is also attacked by HO that

pulls a hydrogen atom from it to form a water molecule, destroying the methyl
chloride in the process. This chemical reaction takes about one year on the average.
But CCkLF and the other CFC molecules are transparent, insoluble in water, and

do not react with any atmospheric oxidizing agents. Without any of these
tropospheric removal processes, the CFCs can bounce around the atmosphere
unchanged for decades.

When Molina and | found that these common removal processes weren't
effective, we turned our consideration toward solar radiation other than the visible
range to which our eyes respond. We are all comfortable with the visible spectrum
displayed by sunlight passing through a prism-red, orange, yellow, green, blue,
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indigo, violet. Or in a numerical description, radiation with visible wavelengths
stretching from the lower energy red light around 700 nanometers (nm,%r 10
meter) to the higher energy, violet light at 400 nm. The sun also emits invisible light,
either less energetic—infrared (IR) or too energetic—ultraviolet (UV) outside the 400-
700 nm visible range. The invisible IR radiation acts as a form of heat energy,
whereas the UV energy in the 200 nm region is absorbed by molecular oxygen,
splitting it into two oxygen atoms. Each of these oxygen atoms then reacts with
another @ molecule to form the triatomic molecule, ozong)(O

Most of these processes occur in the stratosphere between 15 and 40 kilometers
altitude, forming an ozone layer that then creates the stratosphere. This is a region in
which the temperature rises with increasing altitude, and the necessary heat for this
warming is provided by the absorption of additional solar UV by the ozone
molecules. The ozone molecules are very good absorbers of UV sunlight, especially
at wavelengths shorter than 295 nm, where they are sufficiently successful in
capturing this UV light that none of it penetrates to ground level. All humans, and all
of the biological species at Earth’s surface, are protected against UV radiation below
295 nm because this “ozone shield” in the stratosphere has absorbed it all.

The CCLF molecule and the other CFCs are also protected from destruction by

this stratospheric ozone, because they are transparent to all solar radiation above 220
nm in wavelength. The only place the CFCs can find such radiation is to aimlessly
wander high up into the stratosphere at altitudes of 25 to 30 kilometers with 98% of
the atmosphere now below them. There they encounter some 210 nm UV radiation,
absorb it, and break apart with the release of a chlorine atom, e.g.
CCIzF — Cl + CCLF. This chemistry then quickly multiplies as the Cl atom attacks

ozone to form CIO and £and the CIO reacts with O atoms to form CI (agjitéack

again. This process is called a chain reaction because the Cl atom is not permanently
removed but can repeat the process over and over again—in this case, removing about
100,000 ozone molecules for every Cl atom released! The realization that the
technological release to the atmosphere of about 1 million tons of CFCs per year,
would be multiplied by 100,000 from the chain reaction, converted what had been for
us an isolated but interesting scientific problem into a major global environmental
problem—the depletion of the stratospheric ozone layer by chlorofluorocarbon
molecules.

Experimental Confirmation in the Stratosphere

Our conclusions in 1974 that the fate of the CFCs lay in UV photolysis in the

stratosphere, and was coupled with prospective severe future losses to Earth’s
protective ozone layer, were all pen-and-paper estimates made by combining the
results from several separately known experimental observations. With an annual
market value of US$2 billion for the CFCs alone, and perhaps 50-100 times that in
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their uses, the demand was quick for experimental confirmation of these calculations
in the real atmosphere. The necessary experiment was similar to that carried out by
Gay-Lussac 170 years earlier—transport evacuated spherical containers up on a
balloon, open them at the desired altitudes in the 20-35 kilometer range, and return
them to Earth for analysis in the laboratory. Two research groups, each based in
Boulder, Colorado, carried out such experiments in 1975. Because the altitude target
for the balloon was much higher than Gay-Lussac’s 7 kilometers, the balloon was
unmanned and was equipped with pressure-triggered devices set to open the spheres
at a number of different altitudes. The experimental measurements agreed very well
with our calculations made a year earlier, confirming that (1) theFC@blecule,

even though it is about five times as heavy as air, did reach the stratosphere; and (2)
the CFC molecules decomposed at the altitudes predicted for the photochemical
process.

Long Atmospheric Lifetimesfor the CFCs

The next step in confirmation of our calculations required measurements of the

amounts of the CFC molecules in the global atmosphere, and this in turn meant
obtaining surface-level air samples from a variety of latitudes in the northern and

southern hemispheres, and returning them to our laboratory for analysis. We started
out with collections from the West Indies, the U.S. west coast up to Alaska, and from

South America. Later we transferred the southern hemisphere collections to New
Zealand and other Pacific islands. Our air sample collections in 1979 showgd CCI

concentrations in both northern and southern hemispheres more than double the
amounts found in 1971 by Lovelock. Similar results were found by several other
research groups, and this increase in global concentration confirmed that these
molecules have very long atmospheric lifetimes. The best current estimates are
lifetimes of 45 years for CGlF and for the companion molecule GEJ about 100

years. After these molecules are released into the atmosphere, its natural cleansing
actions require many decades to remove the CFCs.

Increasing Methane Concentrations in the Atmosphere

My research group needed only a small fraction of the air trapped in these canisters
for the measurements on the CFCs, so we used some of the remaining air for accurate
assays of the amount of methane in the atmosphere. Although methane had been
suspected as a sometime component of air through much of the 19th century, its
presence in air in remote locations was only established in 1948. In our first methane
assays in 1978, we found about 1.6 ppmv in the northern hemisphere and 1.5 ppmv
in the southern. Then when we collected another set of canisters during the next year,
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we found slightly more methane in both hemispheres— another atmospheric gas
whose concentrations were increasing.

The sources of methane are quite varied and many of them are under the control
of mankind such as the emission from rice paddies during the flooded seasons, with
the methane actually travelling up through the plant stems rather than as bubbles
rising in the water. Cows are another important source. With each cow emitting about
200 grams per day, multiplied by 1.6 billion of them worldwide, the cumulative
amount is significant on a global basis. We have continued these global assays for
methane every three months since the late 1970s, and have watched the global
amount rise from 1.52 ppmv to the present 1.78 ppmv. Any molecule with more than
two atoms is complex enough to be a potential greenhouse gas, and over the past
century methane has been the second most important after Keeling’'s CO

The Greenhouse Effect

About half of the solar energy entering into Earth’s atmosphere comes in the visible
wavelengths with an equal amount in the nearby IR regions and a few percent of the
energy arriving as UV light. This incoming energy needs to be matched by an equal
amount of outgoing energy, or the Earth’s temperature would quickly change. (When
we talk about the long-term effects of greenhouse gases, temperature changes of
perhaps one degree Celsius over 25 years are mentioned, which corresponds to an
increase of about 0.0001°C per day-so the incoming and outgoing energies are
almost completely balanced daily.) Although the total amounts of energy in and out
are closely matched, the wavelength regions for solar emission and terrestrial
emission are quite different because these are determined by the surface temperature
of the emitting bodies—about 5800 degrees Kelvin for the sun, and 287 degrees K for
the Earth—the sun’s surface is about 20 times as hot as Earth’s. The peak in the
incoming solar irradiation lies approximately at 500 nm wavelength (yellow light),
whereas the outgoing terrestrial radiation is around 20 times longer in wavelength,
peaking near 10,000 nm, or in the usual terminology, a wavelength of 10 microns, in
the “far infrared.”

A very straightforward calculation can be made of the temperature needed for
the Earth to emit an amount of energy equivalent to that coming in from the sun, with
only two additional bits of data—the distance of the Earth from the Sun and Earth’s
albedo, the fraction (0.30) of solar energy reflected directly back to space, plus the
assumption that all of the far infrared radiation emitted by the Earth goes directly into
outer space. When this calculation is performed for the planet Mars, the estimated
surface temperature is in good agreement with the observed temperatures—almost all
of the far infrared radiation does make it into space through the very thin Martian
atmosphere. On the other hand, when the parameters for Earth are entered into the
equation, the expected temperature comes out as 255 degrees Kelvin (-18° Celsius),
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32 Celsius degrees less than the 287 K (+14°C) actually observed. This discrepancy
is the natural greenhouse effect, which was present in the years 1900 and 1800, and
long before that as well.

The modern version of the greenhouse effect discussion is not whether there is
a natural greenhouse effect, because there is, and everyone agrees that there is.
Rather they are the questions of whether carbon dioxide and methane and other gases
added during the 20th century have already increased the greenhouse effect from
32°C to 33°C, and whether their continued release during the 21st century will result
in a global average greenhouse effect of 35°C or perhaps 37°C by 2100. An
important related point is that the reality of this natural greenhouse effect is not
debated-all of the scientific community agrees that the evaluation has been done
correctly. And no one has provided an alternative explanation for its cause other than
through the greenhouse gas concentrations in the atmosphere.

Greenhouse Gas Absorption Spectra in the Far Infrared

The explanation for the natural greenhouse effect is the failure of the assumption that
all of the far infrared radiation emitted by Earth escapes to space. It doesn’t, and the
reason is that the greenhouse gases selectively absorb some of these terrestrial
emissions. And Earth has to warm up to produce enough additional far infrared
radiation to make up for that absorbed by the greenhouse gases. For each of the
greenhouse gases—carbon dioxide, methane, nitrous oxide, CFCs, etc.—there exists a
particular pattern in the far IR region of transparent wavelengths and strongly
absorbed wavelengths, and the pattern for the atmosphere as a whole is the sum of
these individual absorption patterns. The evidence that this absorption actually
occurs in Earth’s atmosphere is readily obtained with an infrared spectrometer on an
orbiting satellite looking down at the Earth beneath. Such satellites record the
outward transmission of terrestrial IR radiation in the absorptive and transparent
wavelength patterns in the far infrared. When the satellite is over the Sahara desert,
the emissions in the transparent far-IR regions correspond to a surface temperature
of 47°C, the temperature of the sand below.

However, in the major wavelength region absorbed by carbon dioxide, far less
radiation makes it into space and the observing satellite, because it has been removed
by interaction with the carbon dioxide molecules in the atmosphere. An hour later
when the satellite is looking down at the high Antarctic plateau, the transparent
region detects emissions corresponding t6G2ar colder, while the carbon dioxide
absorption region registers even less radiation than expected for this much lower
temperature. These satellites confirm the reality of the absorption of terrestrial
infrared emissions, the basis of the greenhouse effect.
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Positive Feedbacks in Global Warming

Once the Earth begins to warm from increased IR absorption by increased
greenhouse gas concentrations, there are some positive feedbacks that tend to
amplify the warming. In the Arctic Ocean, interfaces exist in which liquid water and
floating ice are in contact. As warming occurs, some of the surface ice melts and
becomes liquid water. The reflectivities of ice and water are very different: ice
reflects most of the solar radiation that strikes it, whereas water absorbs most of it.
The melting of ice causes a highly reflective surface to be replaced by an absorbing
one, so that even more heat is retained at the surface, contributing to further
warming. The same effect is attained at snow-rock interfaces on land—snow reflects
sunlight, rocks absorb it. When the snow melts, much more heat is retained by the
rocks, and additional surface warming occurs

There are many signs in the North Pole region now of disappearing snow and
ice, and rising temperatures. The Arctic Ocean especially has large areas with water
and ice in direct contact. This feedback is not as strong in the South Pole region
because Antarctica is predominantly a continent, land covered with three kilometers
of ice, and with considerably lower temperatures than fi@ that marks the
coexistence of floating ice and cold water.

Thelce Ages

Early in the 19th century geologists were puzzled by their observation in the
European Alps of very large boulders that seemed totally out of place in their
surroundings—totally different composition and appearance, often resembling other
geologic sites many kilometers away at higher altitudes. Enough of these strangers
were found that they were described as a class of out-of-place objects known as the
“erratics.” Over the last part of that century, the scientific world became convinced
that these boulders had been entrapped in glaciers that had transported them down
the mountains, and then, when the glaciers disappeared during warmer conditions,
left them stranded in these Alpine valleys. This was the beginning of the present
understanding that thousands of years ago the Earth had a much colder climate—an
Ice Age, one of a long series extending back one million years or more. At the coldest
part of the most recent Ice Age 21,000 years ago, all of Scandinavia, all of Canada,
and large parts of northern Europe plus New England and the Great Lakes region of
the United States were covered by ice two to three kilometers deep. With all of that
water frozen and piled up on the land, the oceans were about 130 meters shallower
than at present—Alaska and Siberia were connected by a broad land bridge, England
was not an island, and the Black Sea was an inland lake, among many other altered
topographic differences from the present.
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Glaciers still exist, especially in Greenland, Antarctica, the Alps, the Canadian
Rocky Mountains, and many high altitude tropical locations. At the Quelccaya
glacier in the Peruvian Andes, the predominant wind directions have a strong
alternation every year between moisture-laden winds from the Amazon, and very
dry, dusty ones from the Bolivian altiplano and northern Chile. The result as one digs
down into the glacial ice is a readily visible yearly alternation between ice and dust
layers that allows counting back in time for a thousand years or more. In Greenland
and Antarctica, the temperature alternation between summer and winter is preserved
in the isotopic composition of the water molecules, with changes in the ratios of both
180/160 and 2H/1H with the outside temperature variations. Moreover, the initial
mixture of snow and ice from a storm has large amounts of air mixed in with the
frozen water. Gradually as the years pass and more and more ice accumulates
creating strong pressures on the buried layers, much of this air is squeezed out.
Eventually, as the ice accumulates to a depth of 50 meters or more, no additional air
is driven out, and about ten percent of the ice volume is trapped in ice bubbles no
longer connected with one another. Inside these individual bubbles is ancient air,
with the molecular composition of bygone eras.

Atmospheric Composition in I ce Core Bubbles

Measurements in ice cores drilled down out of glaciers from regions with very heavy
showfall have concentrations of greenhouse gases such as carbon dioxide, methane
and nitrous oxide that show that each of these gases had nearly a constant
composition for the last 10,000 years. This period ended only relatively recently,
about 200 years ago, when all three of them began to increase in concentration, as
demonstrated by analysis of the more recently trapped bubbles. The carbon dioxide
concentrations in these ice cores were about 280 ppmv until around 1800, when a
slow rise began, reaching, as we know from Keeling’s data, 315 ppmv in 1958 and
about 377 ppmv in 2004. The increase in carbon dioxide concentration in the
atmosphere, of course, corresponds to the exponential expansion in the burning of
coal and oil for energy since the Industrial Revolution. The methane concentrations
in the air bubbles were about 700 ppbv prior to 1750-1800, and then began to rise
rapidly toward the present 1780 ppbv. At the highest point of Greenland, known as
Summit, and at Vostok, 1300 kilometers from the South Pole, ice cores have been
drilled several kilometers down, toward air bubbles that were trapped up to 700,000
years ago. During the past 420,000 years, the trapped gases exhibit a series of four
ice ages, each separated from the others by an interim warmer period. The air bubbles
trapped during the 10,000 years preceding the present 10,000 year period of stable,
warm temperatures, show very sharp drops in temperature and in the trapped
concentrations of carbon dioxide, methane, and nitrous oxide because the period
from about 20,000 years ago to 10,000 years ago represented global emergence from
the last great Ice Age. Throughout the 400,000-year ebb and flow of the Ice Age



The Changing Atmospherein 2004 49

temperatures, the amounts of carbon dioxide varied from about 190 ppmv in the

coldest periods to 280 ppmv in the warm interglacial periods for more than 400,000

years—until the substantially greater rise in carbon dioxide concentration took over

during the last 200 years. In close parallel, methane concentrations varied from about
300 ppbv in the coldest eras and 700 ppbv in the warm periods—until more than

doubling during the past 200 years.

We are now living in a period in which the concentrations of greenhouse gases
such as carbon dioxide and methane have moved into levels much higher than the
Earth has experienced for the past 400 millennia. And the causes of these elevated
greenhouse gas concentrations are mostly the consequence of the various activities
of mankind.

Smog and Urban Pollution

As is true of many cities, a startling contrast exists between photographs of Santiago,
Chile, on clear, unpolluted days, and on the much more frequent, visually impaired,
smoggy days. Smog comes from two major types of atmospheric pollutant:
particulate emissions, and gaseous pollutants, and both of these are often the
consequence of automotive traffic. A major gaseous pollutant is ozone formed by the
simultaneous presence of unburned hydrocarbons (or carbon monoxide) coupled
with nitrogen oxides, with sunlight added to the mix. Our research group has been
studying the hydrocarbon precursors to the formation of urban ozone in many cities
around the world, including Santiago, Chile. Our standard method relies on the
collection of a series of air samples in two-liter stainless steel canisters, transporting
them back to the home laboratory, and carrying out analysis of both the qualitative
presence and the quantitative amounts of about 200 different chemical compounds.
Our ability to detect components at the 10-12 level is sufficiently sensitive that
measurable amounts of most of these chemicals are found in the urban atmosphere
of almost every city. Typically, we find substantial quantities of hydrocarbons such
as methane, propane, butane, hexane, benzene, toluene, and nearly 100 others; the
well-studied CFCs CGF, CChLF,, and CC}FCCIF, and many other chlorine and

bromine compounds; some sulfur compounds; and lesser-known compounds as well
such as the alkyl nitrates (e.g. butyl nitratgHGONO,). The latter is a marker

compound, created as a minor side product from the formation of urban ozone from
the molecules butane 8,0 and nitrogen dioxide (N§. When we measure butyl

nitrate, we know that the butane pollutant has simultaneously formed much larger
amounts of ozone through its major reaction path.

In our study of pollution in Santiago, we were aided by 25 students from a local
university, who were stationed all over the city in the early morning and filled an air
canister at 5 a.m. They then returned to the same locations with other canisters that
were filled at 9 a.m. Comparison of the 5 a.m. and 9 a.m. pollution patterns around
the city readily distinguished which pollutants were traffic-related, and which were
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not. Substantial concentration increases were found during this period for carbon
monoxide and other compounds long associated with emissions from automotive
traffic. On the other hand, propanesk@) was identified in approximately equal

guantities at both 5 a.m. and 9 a.m., indicating that its presence was not enhanced by
the morning rush hour traffic. Instead, propane and butane are important components
of liquefied natural gas, used extensively in Santiago for household heating and
cooking, and stored in containers that are often not leak-tight. Such urban
measurements can provide information useful for smog-reduction efforts in each
city. Mexico City also makes widespread use of liquefied natural gas, and
identification of the importance of its leakage allowed alleviation of some of the
worst smog contributions by removal of the highly reactive butenes from the
composition.

Global Population Growth

Although urban pollution has been known for about 800 years, the size of cities and
the magnitude of their pollution have increased greatly during the 20th century. The
global population grew from 1.6 billion people in 1900 to 6.1 billion in 2000. London
was the largest city in the world in 1900 with 4.5 million inhabitants; it doubled in
size by 2000, but was now the 20th largest city globally. The contiguous cities
Tokyo/Yokohama led the 2000 list with a population of 29 million people by one
estimate, and Cairo was 15th. Only 13 cities were on the 1900 list with populations
of 1 million or more; now there are more than 350 cities over 1 million, with new
additions almost monthly. Most of those cities are also rapidly expanding their
automotive traffic, and are suffering from its accompanying smog problems.

Los Angeles ran into serious smog problems in the 1950s and soon began
introducing various kinds of regulatory controls. The progress made in cleaning up
the air in Los Angeles can be assessed from the official figures for 1965 to the
present on the number of days with violations at three progressively worse ozone
levels: 95,200, and 350 parts per billion. In the 1960s Los Angeles violated the 350
ppb standard on 50 or 60 days per year, but the last day with ozone levels higher than
350 ppb occurred in 1982, more than 20 years ago. The last violations of the 200 ppb
standard have been one each in 1998 and 2003, down from more than 100 per year
in the 1960s. And the number of days in violation of the 95 ppb standard has dropped
from about 300 per year in the 1960s to 70 or 80 now. Clearly, regulatory actions can
help greatly in reducing urban pollution events, but the Los Angeles situation with
regulatory actions that began 50 years ago still leaves much room for improvement,
with violations of the 95 ppb standard now still found during 20% of the days. There,
as in most cities, the impetus for regulation usually doesn’t become strong until the
local situation is quite bad—often from some pollution episode with serious health
problems, sometimes including multiple fatalities. In perhaps the most famous
example, London’s heavy, black fogs were not controlled until after a disastrous
several-day event in 1952.
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Aircraft Experiments and Biomass Burning

Many of the chemical reactions involved in urban smog can also be observed in
biomass burning, the clearing of forests, or the burning of agricultural waste. Satellite
observations of the Earth after dark show the bright lights of cities every night that
clouds do not obscure, and there are a few other regular nonurban light sources such
as the flaring of natural gas in the North Sea. The same satellite observations also
reveal thousands of lighted areas which last only a week or two, and these are
biomass burning locations in Africa, South America, Australia, and elsewhere.

An important mechanism for investigating the current state of Earth's
atmosphere has been the creation of large teams of atmospheric scientists to
participate in 3-month-long, aircraft-based, simultaneous studies of regional
conditions throughout the world. The overlap in time and location is an important
aspect because of the large amount of simultaneous background data that becomes
available, and is often useful in understanding the whole picture of the particular
atmospheric condition being explored. Our research group has been part of 15 such
investigations globally since 1988, many of them in the 20-year long NASA-
supported GTE (Global Tropospheric Experiment) series. GTE missions in the past
decade have often employed two large aircraft, one of them a completely rebuilt DC-
8 of commercial origin. Both aircraft are configured for our research with a
collecting tube extending beyond the fuselage through which outside air can be
pumped in to an array of more than one hundred of our usual air canisters.

On one occasion during the 1996 GTE mission in the tropical South Pacific, the
DC-8 took off from Fiji and headed on its way toward its destination in Tahiti. On
the initial climb out, the laser instruments operated by another research group on the
airplane indicated between altitudes of about 2-4 kilometers a plume of air with an
unusually high ozone content—at its highest, exceeding the 95 ppb level applicable to
Los Angeles. The DC-8 then leveled off at 10 kilometers, and for more than an hour
the laser data continued to track the high-ozone plume below. The DC-8 then
changed altitude down to one kilometer, a routine pattern change on research flights,
passing through the high ozone plume on the way. Our group filled numerous
canisters during the descent, and later analysis showed much higher concentrations
of numerous hydrocarbons at the plume altitudes than found either above or below.
Although some such plumes in theory might originate over the ocean or from isolated
islands, our experience is that those we have encountered all have origins in biomass
burning in distant continental areas.

An entirely separate system of atmospheric experimentation releases
radiosondes—balloons equipped to relay back information about their location—every
six hours over most of the world, which are then followed from below to determine
from their motions the wind directions and speeds at all flight altitudes. This system
is primarily for the use of commercial aircraft in planning flight routes, but the data
are not discarded after the route-planning value has passed. Instead these same wind
data are stored and can be used months or years later for the calculation of back-
trajectories—the path followed by each particular air parcel for the 15 or 20 days prior



52 F. S Rowland Chapter 5

to its encounter with the aircraft. On this descent, the calculated tracks for the air
parcels at altitudes above and below the ozone plume had been over the open Pacific
Ocean for more than two weeks. The plume air parcels, however, all tracked back
over Australia three or four days earlier, and eventually southern Africa 9-10 days
prior to arrival near Fiji. Either Australia or Africa were the logical sources for the
biomass burning ozone-formation precursors that had created the plume.

Analysis of the composition of all of these canisters disclosed which
hydrocarbons and other compounds were elevated in the plume in comparison to
those found above and below. Equally important, the chemical analyses also
disclosed which compounds were not elevated, including some which were well-
known to be formed in biomass burning. These compounds were certainly formed,
but reacted too rapidly in the atmosphere to survive until their capture by the DC-8
a few days later. For either an African or an Australian burning source, the plume
southeast of Fiji indicates that air parcels carrying pollution can travel many
thousands of miles with relatively little dispersal. Our analysis indicated that this
plume was more than a week old, and originated in southern Africa.

Such long distance spread of pollution is also observed in the northern
hemisphere. With prevailing west-to-east winds, regional pollution from the eastern
U.S. can reach Europe, European pollution carries to Asia, Asian pollution can cross
the Pacific to North America. In effect, the north temperate zone becomes a merged
band of ozone pollution stretching around the world between about 25°N and 55°N
latitudes. The consequence is that local pollution is not actually confined to its
immediate vicinity but becomes regional and eventually global in its effects.

The Antarctic Ozone Hole

The CFC-stratospheric ozone depletion situation was described earlier. Many
countries of the world collectively agreed in the early 1950s to an International
Geophysical Year (IGY) later in the decade, during which all would conduct a wide
variety of year-long geophysical experiments in the same time period, so that data
would overlap for comparison purposes. The IGY eventually was conducted over an
18-month period from July 1957 through December 1958. The additional six months
allowed for year-long studies even in the polar regions where favorable conditions
for logistical access are six months apart in the north and the south. Keeling's
measurements of global carbon dioxide in Hawaii and at the South Pole were
initiated during the IGY, but fortunately were transformed into permanent
installations.

The first experimental stations set up to measure the amount of ozone overhead
were established in the 1920s, and the longest record is from Arosa, Switzerland,
with near-daily measurements since 1931. During the IGY the British Antarctic
Survey (BAS) was established and began ozone measurements at Halley Bay on the
Antarctic Coast. Because the standard ozone measuring device depends for normal



The Changing Atmospherein 2004 53

use on direct observation of solar UV light, the Halley Bay data cover the months
from October through March, the sunlit months in Antarctica.

During October 1957, and succeeding Octobers for about 15 additional years,
the average recorded ozone at Halley Bay was about 300 Dobson Units (DU). One
Dobson Unit represents approximately one part in 109 of the molecules in the
atmosphere, and 300 DU is also approximately the average total ozone for the entire
world.

However, in the late 1970s the October ozone average measured over Halley
Bay began to decrease, and by 1984 the average had fallen below the 200 DU
mark—values lower than ever previously observed anywhere in the world. The
published B.A.S. report of this decline in 1985 attributed the likely cause to effects
from chlorine reactions associated with CFC accumulations in the atmosphere. This
severe drop in Antarctic ozone was quickly confirmed by NASA'’s Total Ozone
Monitoring Spectrometer (TOMS) on the Nimbus-7 satellite launched in late 1978.
The TOMS instrument provided full global coverage with more than 100,000
measurements of ozone each day in both the northern and southern hemispheres,
beginning in November 1978. In early October 1979, the TOMS instrument recorded
minimum ozone values of about 250 DU over a wide area of Antarctica, falling to
170 DU in 1983 and 120 DU in 1987. The graphic color display of this Southern
Hemisphere ozone data led to its description as the “Antarctic Ozone Hole,” and that
term has been used ever since.

After the first public announcement of the Halley Bay data, a ground-based
expedition was quickly organized to go to McMurdo, Antarctica, in August 1986,
and again in 1987, plus a second expedition in 1987 utilizing the NASA DC-8
aircraft and its very high-altitude ER-2 for flights over Antarctica . The ER-2 carried
instruments that separately measured ozone and chlorine oxide (CIO), with the latter
viewed as a marker for the importance of atomic chlorine—and chain reactions—in the
removal of ozone. On August 23 the first successful ER-2 flight from its base in
Punta Arenas, Chile, showed very high concentrations of chlorine oxide as the
aircraft flew over Antarctica at an altitude of 18 kilometers, but little change in
ozone. However, this was late winter, and sunlight was just returning to Antarctica
after the long winter darkness. By September 16, the ER-2 flight showed chlorine
oxide was again very high, and now about two-thirds of the ozone had disappeared
during that three-week interval.

The Montreal Protocol to Control CFC Emissions

The ground-based expedition to McMurdo in 1986 had indicated a chemical

explanation for this ozone loss, and the accumulated data from both ground and
airborne expeditions in 1987 clearly pointed toward chlorine from the CFCs as the
major culprit behind the Ozone Hole. These data also convinced the major nations of
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the world to support the Montreal Protocol of the United Nations, which in late 1987
called initially for a reduction in CFC production by 50% effective in 1999. In
London in 1990 this was raised to a full production ban, and in 1992 in Copenhagen
the effective date was moved up to January 1996. The less affluent nations, which
had always produced and used very small amounts of these compounds, were given
a deadline delay of ten years. Ongoing current measurements in the lower
atmosphere confirm that the Montreal Protocol is working well, with the total
organic chlorine content—the precursors for stratospheric ozone depletion—actually
decreasing slowly from a maximum in 1994—even faster than required by the
Protocol. However, a time delay of 5-10 years exists between the tropospheric
concentrations and the full effect on reduction of ozone loss in the stratosphere. The
many decades-long atmospheric lifetimes of the CFCs ensure that full recovery of the
stratospheric ozone layer will also stretch out toward the end of the 21st century.

Global Warming and Climate Change

I will review some aspects of the greenhouse effect and the climatic changes
expected in the future. In the present industrial world, the energy sources are, in order
of importance, oil, coal, natural gas, hydro, and nuclear power. About 85% of this
energy arises from the combustion of the three carbon-based fossil fuels, and the end
product of each is carbon dioxide released to the atmosphere. If we examine the
geographical sources of this carbon dioxide over the past 50 years, roughly one-
fourth each came from the United States, the Soviet Union, and its successors, the
rest of the OECD countries, and from the developing countries especially China and
India. In 2000 approximately 6 billion tons of carbon was released to the atmosphere
in the form of 20 billion tons of carbon dioxide. The population of the world in 2000
was also approximately 6 billion, making the per capita emission about one ton of
carbon per person. The largest national emission per capita was from the United
States, with 5 tons per person per year. Australia and Canada were close behind with
more than 4 tons per person per year. France, with all of its electricity provided from
nuclear energy, needed only about 2 tons/year/person. Countries such as India and
Nigeria had emissions of less than 0.2 ton/year/person. The intensity of energy usage
is closely related to the affluence of the different societies, with the exception of
those that chose to go heavily nuclear, or have access to plentiful hydro power. Any
attempt to control carbon dioxide emissions requires solving the problems associated
with future growth and development in all countries, because of the close
relationships among carbon dioxide emissions, energy use, and improved standards
of living.

Modeling of the future consequences of continued growth in the concentrations
of greenhouse gases leads to estimates of a global temperature increase by 2100 from
1.5°C to 5.4C. As discussed earlier, this increase will not be expected to occur
uniformly over the globe, but will probably rise at double this global average
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temperature rise in the high latitudes of the northern hemisphere, which are already
showing many signs of a thawing world. Such temperature changes will then be
expressed in other physical and biological effects, often quite regional in nature. For
example, the Kenai peninsula in Alaska has already suffered the destruction of about
6,000 square miles of contiguous spruce forest, attributed to warmer winter
temperatures that allowed much larger survival of its nemesis, the spruce bark beetle.
The beetle was already there, and usually was strongly suppressed by the winter cold.
When the typical winter-kill failed, the beetle multiplied and destroyed the forest.

A more global result will involve rising sea levels with two factors to consider.
The first is the warming of the oceans, which causes water to expand. The second is
the melting of landlocked ice, most of which lies over bedrock in Greenland and
Antarctica. The current estimate is as much as 1 meter sea level rise by 2100, which
would have very strong effects in the Nile delta surrounding Alexandria, in Louisiana
around New Orleans, and for many low-lying island nations such as the Maldives in
the Indian Ocean. And high-altitude glaciers are melting all over the tropics—such as
the Quelccaya glacier in Peru mentioned earlier—as well as in the temperate mountain
zones.

The recent Intergovernmental Panel on Climate Change report issued in 2001
concluded that the global temperature had risetCOd¥er the past 100 years, with
much of this increase coming in the past 20 years. Thermometers have been
distributed widely enough for valid measurements of global average temperatures
only since about 1860, and the ten warmest years in that 140-year record have all
been recorded since 1990. In the past, the energy output of the sun has varied
somewhat, and may have contributed to the “Little Ice Age” experienced by Europe
200 years ago. However, orbiting satellites have measured the energy output of the
sun over the past 25 years, and have demonstrated that solar energy variations have
not been the cause of the rapid recent global temperature increase.

Conclusion

The Earth is in a period of rapid increase in global temperature for which by far the
most likely explanation is the increasing atmospheric concentrations of greenhouse
gases, mostly as the consequence of the many activities of humans. The full climatic
consequences of a “business as usual” approach to the accelerating emissions of
greenhouse gases cannot be definitively estimated now. At the present time, the chief
approach toward regulation of carbon dioxide emissions is through the Kyoto
Protocol, which at best would only reduce the global growth rate of those emissions
by a few percentage points. For many countries, including the United States, the
emission rates of carbon dioxide continue to rise, and any substantial regulatory
action toward greenhouse gas emissions lies in the uncertain future.
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Chapter 6

The Getting of Wisdom:
The Meaning of the New L ife Sciences

|. Serageldin and G.J. Perdley

I ntroduction

Today, we live in a world where all our lives are increasingly affected by science.
Globalization and the relentless movement toward the knowledge-based societies of
tomorrow brings the promise of longer, healthier, more fulfilling lives, but also the
perils of greater inequities. There is real danger that the benefits of proprietary
science will serve to bring more and more to the privileged few, rather than serve the
needs of the billions of the marginalized poor and their children. The developing
countries also will not be able to adjust fast enough to the needs of the competitive
global economy of science-based production and knowledge-based income.

Today, a revolution is taking place in the biological sciences. It is fueled by the
ground-breaking work in molecular genetics, the enormous advances in informatics
and computing and the enormous sums being invested in research in the North. Now,
the benefits of this revolution must be harnessed in the interests of humanity, for the
poor, and for the environment.

Today, we are living in a time of unmatched opportunities. We can dream of
new scientific breakthroughs and new products that can help humanity as never
before: New higher yielding plants that are more environmentally friendly, new
remedies for killer diseases, edible vaccines, single cell proteins to feed cattle and
clean wastes, hyperaccumulating plants to take toxins out of the soil, expanding
forests, and habitats where more species will thrive and so much more.

Today, we can dream of a future of sustainable development where humans
thrive in harmony with each other and with the environment. But there is no
guarantee that the products of the new breakthroughs of science will not transgress
against nature and deeply held ethical views. Or that they will not exacerbate poverty
even as they hold the keys to its reduction.

Today is indeed an exhilarating time for the biological sciences, similar to what
physics experienced in the glorious forty years between 1905 and 1945, when all the
concepts were changed...from cosmology to quantum physics...from relativity to
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the structure of the atom.

Today, we are decoding the very blueprints of life. We are learning the
deployment and expression of genes and like physics in the first half of the last
century, we are confronted by profound ethical and safety issues, complicated by
new issues of proprietary science.

Ethics, Patents, and the Poor

BioVision Alexandria 2004 brought together a wide variety of scientists to explore
the social, economic, and ethical concerns surrounding the new life sciences, under
the broad theme of “Ethics, Patents and the Poor.” The economic context of the new
life sciences includes the income divide, the science and technology divide, and the
digital divide.

There are differing issues surrounding the acceptance of new technologies in
medicine, industry, agriculture, and the environment. Public-private partnerships
(PPPs) need to be looked at in the context of another three Ps: patents, price, and
poverty. Intellectual property rights continue to be a major issue of concern,
particularly in developing countries. What is needed is innovative property regimes
to mobilize both private investments in science and technology, and in public goods.

The social/ethical context of life sciences includes public perceptions, trends,
and trust, all of which are critical. The risks and benefits in all new
technologies—green, gene, and evergreen—must be studied and assessed. To do this
effectively, strategies must be developed for risk assessment and risk management.

In relation to agriculture, biodiversity, and the environment, an “evergreen
revolution,” as articulated by M.S. Swaminathan and others, would lead to
productivity in perpetuity, and be based on principles of ecology, economics, and
social and gender equity. There are threats to the evergreen revolution in agriculture,
including biotic and abiotic stresses (drought, salinity), climate change effects (sea
level rises, higher temperatures), and market factors that need to be resolved if this
dream is to become reality.

The benefits from an evergreen biosciences revolution are many: For example,
future rice varieties will be more productive, nutritious, have medicinal qualities,
more diversity, and produce valuable by-products. The rice genome is yielding
valuable information to help resolve some of the threats to sustainable rice
cultivation for the next millennia.

BioVision Alexandria 2004 was not only a celebration of science, but also a
celebration of partnerships, founded in a sense of common humanity. We recognize
the inequalities at the start, and promote capacity building throughout the world. We
also recognize that this requires action in the developing countries as well as an
outstretched hand from the industrial North. We must act on policy, on human
resource development, on institutions and autonomy, on recognizing the balance
between the public and the private, and their complementarity, and on finding
appropriate financing mechanisms.
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Challengein Food and Agriculture

Many biotechnological applications provide benefits to sustainable and/or organic
agriculture—in areas such as soil fertility, water quality, plant and animal health,
postharvest food quality, and the environment. Transgenic technology is generally
unacceptable to most organic growers, and is not a market-certified technology for
most organic agriculture. It is important, however, that consumers have a choice.
These issues are of great concern, and must be addressed through engagement of
civil society in science and ethical discourse.

Partner ships from discovery to delivery

The key to a successful partnership is to identify a major opportunity or problem to
address, then identify partners that can contribute toward a solution, and who can
benefit from the partnership. It is essential to map out the discovery to delivery chain.
Another key to success is early involvement and communication with stakeholders.
This means “no surprises” later in the process. Regulatory and trade issues need to
be addressed, as well as plant breeding and seed production systems for delivery.
Effective partnerships are those that deliver new knowledge, new approaches, and
benefits to the participants and to society.

Banks with a difference

Community stakeholders should be aware of the numerous “banks” involved in a
successful partnership. These include gene banks—field gene banks, seed banks (in
situ on-farm conservation, ex situ on-farm conservation, botanical and zoological
gardens), water banks, and grain banks. They also include “biosphere trusts,” which
pay attention to conservation, enhancement, sustainable use, and equitable benefit
sharing in a specific biosphere. Examples include partnerships between indigenous
people and scientists. Participatory plant breeding involves communities and science
partners, gives access to genetic resources, and enables access to benefits by farmers.

Common elements of successful partnerships

The partnerships share common objectives, and a clear focus. They involve people
more than institutions, there are shared rewards, and reinvestment is required. There
is also a need for constant communication, transparency, and time and space are
required. Some questions arise: Why are there not more successful partnerships?
What are the risks? Who is responsible for liabilities? Is there a strong fear of failure?
Can successes be cloned?
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Partnerships need clear objectives, and a determined focus to bring products to
people and markets. Intellectual property will be generated in the process, and will
need to be managed. There will be a need for a constant flow of accurate and timely
information.

The purpose of development-related partnerships is to provide better livelihoods
for poor people, by improved management of natural resources, and better
stewardship of the environment. There are many rewards from working together
toward an agreed outcome. Clear recognition of the role of women in agriculture and
other sectors is essential. Faith and local beliefs and customs play an important role
as well in developing and maintaining successful partnerships.

Challengesin Health Alliances

In addressing human health, there are an increasing number of health alliances, for
example on HIV/AIDS, malaria, TB, and access to vaccines for orphan diseases.
These alliances are based on ethical principles, take a multidisciplinary approach,
involve members of the community, and public/private partners. Sustainable funding
and capacity building are essential to success. These alliances differ in some respects,
but they do share the common objective of mobilizing human, financial and scientific
resources to address human diseases. They can also influence health systems through
patient power. Health alliances are increasingly drawing on the discoveries from the
Human Genome Project and using these to develop treatments for infectious diseases
and genetic disorders.

Capacity Building in Science and Technology

The capacity to understand, interpret, and use new life sciences is essential in all
countries, for individuals, communities, and institutions. It is vital in a world of 6
billion people, two-thirds of whom live on less than US$2 per day. Political support
is essential for science to thrive, and to mobilize financial and policy support.

There is urgency in promoting science and technology worldwide. Science and
technology capacity is essential for social and economic development. Several UN
agencies, academies of science, and others are committed to enhancing the capacity
of developing countries in science and technology. Increased research capacity will
enable all countries to access and safely use new technologies, including
biotechnology. Capacity building in developing countries is critical, including
establishing centers of excellence that meet international standards, and are able to
be directed at solving the problems of the resource poor. We need to “think globally,
and act locally.”

The next steps will require strong leadership from politicians, business leaders,
scientific leaders, and leaders of civil society. We need “humanistic science leaders”
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capable of mobilizing science and technology to promote economic and social
equity, people who might be called the “new scholars of Alexandria.”

Centers of excellence in science and technology

It is important to foster centers of excellence to concentrate financial and human
resources, preferably using a regional approach to their creation and reach. For
example, in Africa the New Partnership for Africa’s Development (NEPAD) aims to
stimulate the creation of centers of excellence in several areas of science and
technology, including the biosciences (see www.biosciencesafrica.org).

The Inter-Academy Council stated in 2004 that “capacity building in science
and technology is common sense, but maybe too sensible for the development
community to pay attention.” It also points out that no country is too poor for science,
and that there is a basic need for science capacity in the South, including applied
science. Political vision is important, and reliable data are needed to set baselines and
to determine priority programs. Scientists need to be involved in curriculum
development to foster interest among children in science. Investing in science
teachers should be a priority.

The scientific community must address the questions of meeting infrastructure,
information technology, and other needs for developing countries. It should also
support excellence in science through competitive grants, merit, and results. It is vital
to support centers of excellence, and not to try to do everything everywhere. There
should be adequate reward for excellence and results.

The “brain drain” is both a threat and an opportunity. There can be a "brain
gain" through mobilizing the diaspora as partners. This would enable scientists to
function effectively in their own countries. It would be possible to foster “south-
south” collaboration from scientifically capable countries to others, and to support
excellence in science.

Next Steps

Concerted actions are required to address the following issues:

= Priority for science and technology at national, regional, and global level.

= Focus on and support for excellence in science and technology, including fostering
“centers of excellence.”

= Promote capacity building in science and technology in developing countries.

= Ensure wise use of resources for science and technology.

= Seek to profit and gain from the diaspora, encouraging scientists to contribute to
their communities through creative partnerships.
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We must seek to foster optimism and commitment for science and society in the
future. Future leaders are the key, in science, in society, and in politics. We recognize
that there are risks and benefits in science, that may be téiPnemhethean
Science” (Serageldin and Persley, 2000). To quote Albert Camus: “We live in a
world where children suffer. If | do not help to reduce the number of suffering
children, who else in the world will do this?”

Concluding Thoughts

Steven Jay Gould said it well, in his book the “Rock of Ages”, when he referred to
non-overlapping magisteria. In it he said that magisteria were “certain rules of which
domains of knowledge authority obtain.” We find that much of our lives is governed
by different magisteria. Science is certainly one and it has its rules and its
methodology.

But religion and philosophy are a different domain. If you ask, what is? Science
will answer. If you ask, what should | do? That is not a scientific question.

Arts and beauty are a third magisterium. Certainly you cannot judge them either
by the questions of morality and religion or by the domain of science alone.

But having recognized that other domains exist, science as we know it, as we
practice it today, is an essential part of driving forward the global reality within
which we all live. The word “scientist” is very new. It entered the English language
only in 1840. In 1900, the Head of the Patent Office in the U.S.A. suggested that the
office be closed because it was clear that all possible inventions had already been
recorded. Fifty years later, Thomas Watson famously predicted that the global
market of computers would never exceed half a dozen or so. So we have not been
very good at predicting the future, but perhaps we can get inspiration from looking
at the past.

Generally we consider that science has had alternating periods of superior
certainty and then anxious uncertainty as things become unraveled. Dunn eloquently
complained in 1611 how the new “Copernican notions were creeping into everyone’s
mind and what is worse they may even well be true!” That was the ultimate! “So the
new philosophy calls all in doubt. The element of fire is quite put out. The sun is lost
and the Earth and no man’s wit can well-direct him where to look for it. And freely
men confess that is the world spent when the planets and the [fermemon] they seek
so many new and then see that this is crumbled out against these atomies. And in
these constellations then arise new stars and old do vanish from our eyes.”

To these anxieties, Newton would bring the ordered universe, and the apparent
finality of the (principia) was impressive. It led some to believe that you could, if you
knew the position of all the molecules at one point, predict where they would be
forever into the future.

It was not to be, and it was not to last, and fissures would arise in that elegant
structure. And then again, from 1905 to 1919, Einstein gave a glimpse of hope for a
new unified theory. But others would cast doubts.
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Science advances through bold conjectures and patient empirical analysis. And
today it is appropriate that we should celebrate two such brilliant examples.

In 1944, Erwin Schroedinger, a Nobel winning physicist, crossed over into
biology and gave outstanding lectures entitled “What is Life?” These were later
published under the same title, in which he speculated about life and predicted that
the molecule that transmits information necessary for the perpetuation of life, would
have a long structure. And that “the aperiodic crystals would play a key role in the
creation of order from order.” His own words—the fundamental mechanism for
heredity and cell replication. This was a bold and shrewd conjecture that was to be
vindicated by the epoch-making discovery of the double helix by Watson and Crick
in 1953.

Also in 1944, experiments by Oswald Avery, Collin McLoid and Maclin
McCarthy showed that a certain nucleic acid, DNA, was the chemical basis for
specific and apparently heritable transformations in organisms. This contradicted the
then contemporary wisdom suggesting that genes were proteins, even as they were
discrete units of heredity, which also control metabolic function. It was an empirical,
experimental scientific achievement which regretfully has not been recognized by a
Nobel prize to this day.

We salute the spirit of scientists, past and present, who through their dedication
and vision are making possible the dawn of a new biology, and a new world, and a
new scientific age in the 21st century.

The Getting of Wisdom

To use the words of Daniel Brucestein, the eminent former Librarian of Congress,
“Data is running ahead of meaning for most of us.” Now data when ordered becomes
information, which when interpreted becomes knowledge and which when combined
with reflection and experience hopefully yields wisdom. Wisdom will help us deal
with the kinds of dilemmas highlighted in our discussions: to select the wisest course
of action, to bring the greatest good to the greatest number, without reducing the
benefits of any.

We are overwhelmed by a veritable tidal wave of data and information, with
precious little knowledge and scarcely any wisdom in an arena where in these
dangerous times. Nobelist Walcot said, “where any group can scream injury and
litigate against the dead, sue history, demand compensation.” It is indeed a dangerous
time. People struggle and scream. But it is not he who screams loudest that is
necessarily right. The great menace to progress is not just ignorance, but the illusion
of knowledge.

Science can contribute much. For if anything has categorized the scientific
enterprise, it is the method by which it takes out the spurious from the real; the
method by which it improves the accuracy of its analysis. Why are scientists not
present enough in this arena? Perhaps it is the nature of their enterprise and for which
they have been trained. Perhaps the modern quests for discovery and understanding
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yields ever more questions as we provide one answer after another. Our
achievements indeed should be measured not in the finality of the answers, but in the
fertility of the questions that are raised by our enterprise and our quest. So, let us
enjoy the quest together. Let us not seek an ending to it.

We believe that the scientific method and the valleys of science are central to
the modernization and development of societies throughout the world. And the
promotion of science per se is an integral part of the modernization process. Without
it, the social transformation that is implicit in modernization will not take place.

We hasten to add that modernization is not synonymous with copying any
particular society. Although there is a central core of universal values that truly any
modern society must possess. And these are very much the values that science
promotes. Rationality, creativity, the search for truth, adherence to codes of behavior,
and a certain constructive subversiveness.

Values are not rules, but they are in Bronowski’s beautiful phrase: “those deeper
illuminations in whose light justice and injustice, good and evil, means and ends are
seen in fearful sharpness of outline.” It is a critical thought, in the context of the
intolerant debate, that permeates so much of the public discourse in many countries
today, where people are judged by the color of their skin, or the God they choose to
worship, or the ethnic group they were born into, or their gender. All would agree
that the essence of development is a deep humanism, itself defined by a set of
profound values that require the scientific outlook and values of science.

The great tradition of Moslem and Arab science did so much for humanity for
a thousand years, as the bearers of the torch of knowledge and rationality, as
promoters of knowledge like no other — people such as El Khawarezmi, El Razi, Ibn
El Nafis, Ibn Sina, Ibn Rushd. These are stellar lights in the history of science and in
the history of knowledge. They are our forbearers and we should be their proud
disciples. We need to recapture that great tradition. It is our tradition, our history, and
our legacy.

We all know that effective pursuit of science, requires the protection of
independence. Without the independence of inquiry, there can be no true scientific
research. The safeguards that independence requires are also obvious: free inquiry,
free thought, free speech, tolerance, and the willingness to arbitrate disputes on the
basis of evidence.

These are not just scientific values. These are societal values worth defending,
not just to promote the pursuit of science, but to have a better and more humane
society. A society that is capable of adapting to change and embracing the new. A
tolerant society. Science in its broad context, if not in its details, is accessible to all
thinking people because it applies universal tools of the intellect to its distinctive
material.

We now extend an invitation to those who function mostly in other magisteria:
religion, philosophy, or art, who bring a different sensibility to what is at hand. Let
us not have a polarized dichotomy. Indeed dichotomies must interpenetrate and not
struggle to the death of one side, because each of their opposite poles captures one
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property of an intelligible world. As Goethe said: “the more vitally these two
functions of the mind are related, like inhaling and exhaling, the better will be the
outlook for the sciences and their friends.”
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Chapter 7

Evergreen Revolution:
Shifting to an Era of Precision Farming in
Rice-Based Systems

M.S. Swaminathan

I ntroduction

Rice researchers and farmers must move quickly to an era of precision farming,
which helps to reduce the cost of production and improve productivity on an
ecologically sustainable basis. They should launch a movement to achieve an
evergreen revolution in rice farming systems based on ecologically sustainable and
location-specific precision farming technologies. Precision farming methods, which
can help to enhance income and yield, need to be standardized, demonstrated, and
popularized, if a reduction in the cost of production is to be achieved without
reduction in yield. A responsive, field-specific management approach will require
farmers to monitor crop growth stage, nitrogen status, and pest pressure to precisely
identify when N top-dressing, insecticide, or fungicide applications are required.
Farmers need to monitor crop growth, and N status, and have access to predictions
of growth stage, crop stage, and yield potential from crop simulation models that use
real-time weather data and weather projections. This information is crucial for
estimating the N fertilizer requirement and the proper timing of N top-dressing and
prophylactic treatment against endemic diseases when weather conditions are
conducive to disease progression. The revolution in information technology should
make it possible for smallholder rice farmers in Asia to access needed information.
Without access to such information, it will not be possible to sustain the rate of yield
gain needed to meet the demand for rice. A precise match of genotype to
environment is needed, while utilizing field-specific tactics to ensure that input
requirements are met without deficiency or excess in time and space.
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Small Farm Management

Institutional structures, which will confer upon farm families with smallholdings the
advantages of scale at the production and postharvest phases of agriculture, are
urgently needed. For example, thanks to the cooperative method of organizing milk
processing and marketing, India now occupies the first position in the world in milk
production. Strategic partnerships with the private sector will help farmers’
organizations to have access to assured and profitable marketing opportunities.

There are great opportunities for achieving higher yields per unit of land, water,
and time, provided rice farmers are encouraged to shift to precision farming methods.
The five vital management areas of research, development, and extension, which
need attention from the point of view of achieving environmentally sustainable
advances in rice productivity, are:

= Soil health and fertility.
= Water.

= Integrated plant health.
= Energy.

= Postharvest.

Soil health and fertility management

Several studies have shown that the recovery of applied urea in lowland rice can be
as low as 20% during the main growing season. In addition, about one-third of
applied N is immobilized in the soil. Throughout South Asia, about one-third to one-
half of fertilizer N applied to rice crops is lost by leaching, ammonia volatilization,
denitrification, and surface runoff. In the USA, global positioning satellites (GPS)
are being used to measure soil health properties, such as soil salinity. Use of
chlorophyll meters in the management of nitrogen is becoming more widespread.
The Silsoe Research Institute in the UK has developed “plant-scale husbandry.” This
technology involves the use of a high-tech tractor to operate nozzles, which can
release precise doses of herbicides, pesticides and fertilizers to plants. Silsoe
researchers feel that this method could help reduce the use of chemicals by 90%.
Nutrient use efficiency in India could be achieved with the following methods:

= Significant amounts of N could be saved by using a leaf color chart.

= One time application of slow-releasing N fertilizer was better than four applications
of urea.

= Combined use of inorganic fertilizer and organic manures such as FYM and
compost (up to 25%) was better than sole mineral fertilizers.

= Pre-Kharif (July to October planting season) legume gave 500 kg grain and
supplied significant quantities of N to Kharif rice.
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= Crop residue incorporation under rice-rice cropping system improved yield and soil
properties.

Pulses and oilseeds in rice farming systems

A minimum of 20 kg of nitrogen will be needed to enable the rice plant to produce
1 tonne of rice. At this rate, it will be environmentally disastrous, particularly with
regard to groundwater quality, if farmers supply all the needed nutrients for high
yields through mineral fertilizers. Pulses and oilseeds are very important for their
contribution to human and animal nutrition, as components of indigenous cropping
systems, and as restorers of soil fertility. They should be promoted in rice-based
production systems of South and Southeast Asia, and interventions introduced that
would lead to increased rice and legume production. Inclusion of legumes in the
system helps to conserve the natural resource base, particularly soil fertility and
groundwater. They can play a significant role in enhancing the factor productivity of
a production system. Substantial increases (Greenland, 1997) in the production of
rice and pulses can be achieved by promoting high-yielding and short-duration
varieties of legumes, and fine tuning management practices. There is a need to
explore the feasibility of endowing the rice plant with endosymbiotic nitrogen
fixation capacity, because it has significant impact on the global economy and helps
improve the environment.

Rice Scientists should foster an “evergreen” revolution in rice through
partnerships for the development and dissemination of precision farming
technologies. The major goals that were proposed for the FAO-sponsored
International Network for an Evergreen Revolution in Rice are:

= Initiate an integrated gene management program.

= Improve productivity per unit of input, particularly of nutrients and water, thereby
reducing the cost of production.

= Substitute to the extent possible knowledge and farm produced inputs for capital
and market-purchased chemicals.

= Enhance the ecological and social sustainability of high-yield technologies.

= Increase farmers’ income and opportunities for skilled employment.

= Establish an information grid and “information villages” for empowering women
and men engaged in rice farming, with new knowledge and skills, thereby
conferring on rice farmers the strengths of a knowledge society.

Water management

Due to scarcity and competition for water, more research is needed that ties together
management of scarce water resources, agronomic practices, and development and
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selection of suitable rice varieties. New technology and management practices are
needed to increase rice productivity in many of the water-stressed areas bypassed by
the green revolution. Water management practices for rainfed and drought-prone
areas include a combination of breeding for drought tolerance, and managing limited
water supplies to ensure that adequate water is available at critical stages of growth,
such as flowering and grain filling. Through better management practices at the farm
level, there appears to be ample scope for increasing the productivity of water. There
may be a need for systems that produce rice in aerated soil that is saturated with
water only when heavy rainfall causes ponding, or after intermittent flood irrigation.
Flush irrigation to saturate soil and then allowing soil moisture depletion until a
subsequent irrigation would allow even further increase in water-use efficiency. We
have no option but to produce more food, feed grain, fiber, fuelwood, and other
agricultural commodities per unit of arable land and irrigation water. Arable land and
irrigation water are shrinking resources. Therefore, we should move quickly to
initiate integrated efforts to develop and master technologies, which can help to usher
in an evergreen revolution, or sustainable advances in productivity.

Integrated plant health management

Five diseases (blast, bacterial blight, sheath blight, tungro, and grassy stunt) and four
insects (brown planthopper, green leafhopper, stem borer, and gall midge) are of
major importance for rice production in tropical and subtropical Asia. Most of the
modern varieties contain strong resistance to one or more of these major disease and
insect pests. Three genes were successfully transferred for resistance to bacterial
blight to new plant type lines via molecular marker-assisted backcross breeding.
Development of varieties with durable resistance to bacterial blight caused by
Xanthomonas oryzae pv. oryzae and for blast caused Wyyricularia oryzae was
possible as resistance genes have been tagged with molecular markers. Several
examples of transgenic rice plants with agronomically important genes are available.
In several cases, durable resistance to blast is believed to be associated with
guantitative or polygenic inheritance. Under these conditions, there is little or no gain
in fitness for a pathogen variant to overcome only a fraction of the polygenes.
Breeders should aim at incorporating quantitative or polygenic resistance into rice
varieties. Rice plants transformed wihcillus thuringiensis (Bt) were highly toxic
to striped stemborer and yellow stemborer. Sources of resistance to some diseases
have been identified within cultivated rice germplasm. However, sources of
resistance to sheath blight are not available, and there are only a few sources for
resistance to tungro disease. A coat protein gene for rice stripe virus was introduced
into two japonica varieties, exhibiting a significant level of resistance to virus
infection that was inherited by the progenies.
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Modern biotechnological tools are available to overcome some of the
constraints of conventional tools. Several useful elite lines and improved cultivars
were developed using different biotechnological tools.

Energy management

Since fossil fuels are not unlimited, alternate sources of energy must be explored.
Renewable sources of energy such as solar, wind or organically produced biogases
must be promoted. Increasing hydroelectric power from large dams greatly
influences the environment and affects biodiversity. Efficient and environmentally
friendly means of providing energy need to be explored, such as blending methanol
from sugarcane.

Postharvest management

The scope for reducing postharvest losses remains unclear, which are as high as 20%
on a global scale, ranging from 9% in the USA to 40-50% in some developing
countries. There is an urgent need to reduce postharvest losses.

Research Strategies and Priorities

Strategies should include integrated gene management (IGM), integrated efforts in
feeding and breeding rice for higher productivity, information empowerment, and
overcoming hidden hunger caused by micronutrient deficiencies. Rice could also be
promoted as a substrate for oral vaccines.

Integrated gene management
The IGM program in rice should be based on the three goals of the Convention on

Biological Diversity (CBD): conservation, sustainable use, and equitable sharing of
benefits.

Conservation

In this area, rice research organizations should strive to strengthen the continuum in
situ, in situ-on farm, and ex situ methods of conservation of agrobiodiversity.
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National rice research systems should have well-defined plans and programs in
the areas of ex situ preservation in gene banks and in situ on-farm conservation by
farmers, through participatory breeding and market linkages. The 100,000-plus
strains available today in rice are the result of the conservation ethics of farm and
tribal families. Most of them are from Asian countries. India is the largest contributor
to this collection followed by Laos. | am a strong proponent of recognizing and
rewarding farmers for their invaluable contributions to conservation of farm varieties
that are essential for rice improvement (Swaminathan, 2003a, b).

Sustainable use

The vast ex situ collections in the genebanks are utilized in a limited way. Value
addition through participatory breeding and varietal selection, characterization, and
evaluation could promote their utilization. Farmers’ knowledge about the samples
collected and conserved would also promote their use. Lao farmers assign names to
varieties that describe the most important traits—maturity, types of endosperm
(glutinous or nonglutinous), adaptation (wetlands, drylands, and garden lands), and
others. Some of the names like forgot husband (very tasty), dog stares at it (poor
eating quality), and aroma (aromatic flowers) help to identify appropriate accessions
from the vast collections. We should promote a system of integrated standard and
molecular breeding and distribution of novel genetic combinations to rice breeders,
to develop location-specific varieties designed to promote ecologically desirable
agricultural practices. Molecular linkage maps have made it possible to identify and
study the effects of the individual loci that control a quantitatively inherited trait.
Such quantitative trait loci can help to improve characters controlled polygenically.

We should prevent nutritious crops becoming “lost crops,” by having more
participatory breeding and by creating an economic stake in their conservation, and
by including them in crop rotations in rice-based cropping systems. A distinctive
contribution should include enlarging the composition of the food basket by
including minor and underutilized crops, which are often rich in micronutrients, in
rice farming systems. Such crops are often ecologically well adapted and can be of
considerable significance to household nutrition security.

Equity in sharing benefits

= Strengthen steps to prevent misappropriation of germplasm held in trust under
agreement with FAO.

= Assist FAO in finalizing the revised international undertaking on genetic resources
and assist in getting it included as a protocol under CBD.

= Work with FAO in promoting a multilateral system of exchange of genetic
resources in crops of importance to food and nutrition security.
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= Intensify efforts in gathering information relevant to the equitable sharing of
benefits with the conservers of genetic resources and holders of traditional
knowledge, so that the concept of Farmers’ Rights becomes a reality.

= Promote the integration of the principles of equity and ethics in the use of genetic
resources and information at the international level.

Integrated effortsin feeding and breeding rice for high productivity

Recent estimates of rice demand indicate that a compound annual growth rate of
1.25% is needed to meet expected rice consumption by 2020. The projected increase
in rice demand must be met entirely by greater output per unit area on existing rice
land. Meeting projected rice demand will depend on sustaining an adequate rate of
gain in average rice yields on existing irrigated land. With increasing population,
global rice production needs to be increased from the 1995 level of 460 million
tonnes to 980 million tonnes by 2020.

At current levels of nitrogen use efficiency, this will involve a doubling of the
10 million tonnes of nitrogenous fertilizers that are currently being used each year for
rice production worldwide. There is a heavy loss of applied nitrogenous fertilizers
because rice cannot make use of the N supplied. Improved water management and
agronomic practices will help to reduce losses. In addition, three basic approaches
have been proposed to solve this problem. One is to regulate the timing of N
application based on the needs of the plants, thus partly increasing the efficiency of
the use of applied nitrogen. The second is the introduction of integrated nutrient
supply systems involving green manures, biofertilizers, compost, and other forms of
organic manures, along with the minimum essential quantities of mineral fertilizers.

Increase the ability of rice to fix its own nitrogen

New frontiers of science offer exciting opportunities to investigate the possibilities
of incorporating N fixation capacity in rice. It is now well over 100 years since the
existence of microorganisms capable of biological fixation of atmospheric nitrogen
was experimentally proved, and nitrogen-fixing capacity of legume-rhizobia
symbiosis was established. Since then, this symbiotic system has been well
understood and exploited as an effective means of raising the nitrogen status of soll
and for providing nitrogen for crops and pastures. Optimism that nonleguminous
crops could similarly benefit was fueled in the 1970s and 1980s with the discovery
of several nitrogen-fixing organisms forming specific association with nonlegumes.
Several approaches, including the use of molecular mapping and breeding methods,
have raised fresh hopes that success in this field could be achieved in the near future.
Several discoveries in this area suggest that symbiotic nitrogen fixation can be
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extended to nonlegumes. The transfanibfenes, together with others necessary for
functional nitrogen fixation into chloroplasts, was believed to be the best strategy to
achieve this. However, the complexity of gene regulation remains a major hindrance
in achieving a functional nitrogen fixing transgenic system. Significant advances
have been made in recent years in the induction of nodule-like structures in rice roots
by rhizobia, and establishing an endophytic system in rice. These results, along with
recent technical advances involving the induction of nodular structures on the roots
of cereal crops such as wheat and rice, offer the prospect that dependable symbiosis
with free-living diazotrophs, such as azospirillum, or with rhizobia can eventually be
achieved. Ultimately, we should package all such opportunities into an integrated
soil health care and fertility system. This is a vital component of an evergreen
revolution. Yuan (1998) has described the opportunities for the spread of hybrid rice.
Research on feeding for high yield should proceed concurrently with breeding for
high yield. Otherwise, large doses of mineral fertilizers will have to be applied, with
harmful long-term ecological consequences, to realize the yield potential of “super-
rices.”

Knowledge and infor mation empower ment

A global knowledge system for rice would offer tremendous opportunities to
improve the efficiency and effectiveness of networks. Information empowerment
holds the key to successful ecological rice farming. The following steps will be
useful:

= Develop an interactive, two-way learning system.

= Train value-adders who can convert generic information into location-specific data.

= Develop a system that can reach farm and rural women, in particular, in terms of
information and skill empowerment.

= Harness modern information technology to spread awareness and understanding of
dying wisdom and traditional knowledge systems, particularly water harvesting
and coping with unfavorable weather conditions.

= Establish “information villages” in principal rice-growing areas to take the benefits
of modern information technology to rice-farming families, in areas of new
material, management practices, and marketing opportunities. This will be an
essential prerequisite for initiating an era of precision farming in rice.

Over coming hidden hunger caused by micronutrient deficiencies

The challenge of micronutrient deficiencies in the diet is growing. lodine, vitamin A,
and iron deficiencies are serious in many parts of the developing world. Globally,
iron deficiency affects over one billion children and adults. Recent analyses from the



Evergreen Revolution: Shifting to an Era of Precision Farming in Rice-Based Systems 79

United States Institute of Medicine highlight the effect of severe anemia resulting in
one in five maternal deaths. Maternal anemia is pandemic and is associated with high
morbidity and mortality rates; anemia during infancy, compounded by maternal
undernutrition, 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. There is not enough appreciation of the serious adverse implications to future
generations arising from the high incidence of low birth weight (LBW) 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. 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.

Wherever rice is the staple, a multipronged strategy for the elimination of
hidden hunger should be developed by rice scientists. IRRI has undertaken research
on enriching rice genetically with iron and other micronutrients. Fortification,
promotion of balanced diets, new semiprocessed foods involving an appropriate
blend of rice and micronutrient rich millets, as well as genetic improvement, could
all form part of an integrated strategy to combat the following major nutritional
problems in predominantly rice-eating families:

= Protein-energy malnutrition.

= Nutritional anemia (iron deficiency).

= Vitamin A deficiency.

= lodine deficiency.

= Dietary deficiencies of thiamin, riboflavin, fat, calcium, vitamin C, and zinc.

| suggested that the International Rice Commission could include nutrition
security aspects as an integral part of the International Network (Swaminathan
2003b). We must fight the serious threat to the intellectual capital of developing
countries caused by low birth weight children and hidden hunger. Some of the
research areas worthy of attention in this context are described below.

Challenges Ahead

While we can and should rejoice about the achievements of farmers, scientists,
extension workers, and policymakers, there is no room for complacency. We still
face several new problems, of which the following are most important:

= Increasing population leads to increased demand for food and reduced per capita
availability of arable land and irrigation water.
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= Improving purchasing power and increasing urbanization lead to higher per capita
food grain requirements due to an increased consumption of animal products.

= Marine fish production is tending to become stagnant and coastal aquaculture has
resulted in ecological and social problems.

= Damage to the ecological foundations of agriculture, such as land, water, forests,
biodiversity, and the atmosphere is increasing; and there are distinct possibilities
for adverse changes in climate and sea level.

= Dramatic new technological developments are taking place, particularly in
biotechnology, but environmental, food safety, and social implications are not yet
fully understood.

= Gross capital formation in agriculture is now tending to decline in public and
private sectors. The rate of growth in rural nonfarm employment has been poor.

Since land and water will be shrinking resources for agriculture, there is no
option in the future but to produce more food and other agricultural commodities
from less per capita arable land and irrigation water. In other words, the need for
more food has to be met through higher yields per unit of land, water, energy, and
time. It would therefore be useful to examine how science can be mobilized to raise
further the ceiling to biological productivity without associated ecological harm. We
refer to the emerging scientific progress on the farms as an “evergreen revolution,”
to emphasize that the productivity advance is sustainable over time, since it is rooted
in the principles of ecology, economics, social and gender equity, and employment
generation.

The green revolution based on traditional breeding practices has so far helped
to keep the rate of growth in food production above the population growth rate. The
green revolution was, however, the result of public good research, supported by
public funds. The technologies of the emerging gene revolution based on molecular
genetics, by contrast, are spearheaded by proprietary science, and can come under
monopolistic control. How can we take the fruits of the gene revolution to the
unreached?

Major challenges that will confront crop scientists during the next 20 years or
so include:

Ecology

Ecological sustainability of high productivity will be an important determinant in
relation to the choice of technologies. For example, if hybrid wheat can enable us to
produce 8 to 10 t/ha, over 300 kg of nitrogen will be needed by the crop. It is obvious
that if the nutrient needs of hybrid or other high-yielding wheat or rice varieties are
to be met entirely through mineral fertilizers, there will be serious environmental
problems, including nitrate pollution of groundwater. Hence, success in achieving
high productivity on a sustained basis will depend upon our ability to develop new
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methods of feeding the plant. Research on breeding and feeding the plants should be
carried out concurrently by a team of breeders, physiologists, agronomists, and soll
scientists.

Equity

The Convention on Biological Diversity stipulates that plant exploration, collection,
and introduction should be based on the principles of prior informed consent and
equity in benefit sharing. FAO has also developed an International Treaty on Genetic
Resources in Food and Agriculture. Therefore exchange of crop genetic resources in
the future will be possible only based on Material and Knowledge Transfer
Agreements.

Concernsrelating to genetically modified organisms

Molecular genetics and recombinant DNA technology have opened new
opportunities in agriculture, medicine, industry, and environment protection. The
ability to move genes across sexual barriers has led to heightened interest in the
conservation and sustainable and equitable use of biodiversity, since biodiversity is
the feedstock for plant, animal, and microbial breeding enterprises.

Considerable advances have been made during the last 25 years in taking
advantage of the new genetics in the areas of medical research, production of
vaccines, sero-diagnostics and pharmaceuticals for human and farm animal health
care. The production of novel bioremediation agents, for example the development
of a newPseudomonas strain for clearing oil spills, is also receiving priority attention
because There has also been substantial progress in agriculture, particularly in the
area of crop improvement using molecular marker-assisted breeding, functional
genomics, and recombinant DNA technology. A wide range of crop varieties
containing novel genetic combinations are now being cultivated in the USA, Canada,
China, Argentina, and elsewhere. A strain of cotton containing Bemellus
thuringiensis gene (Bt Cotton), which has resistance to bollworms, is now under
cultivation. Besides cotton, the largest areas in the world under genetically modified
varieties are in corn, soybean, and canola (James, 2004).

There is little doubt that the genetics has opened opportunities for enhancing the
productivity, profitability, sustainability, and stability of major cropping systems. It
has also created scope for developing crop varieties tolerant/resistant to biotic and
abiotic stresses, through an appropriate blend of standard and molecular breeding
techniques. It has led to the possibility of undertaking anticipatory breeding to meet
potential changes in temperature, precipitation, and sea level because of global
warming. There are new opportunities for fostering pre-breeding and farmer-
participatory breeding methods to continue the merits of genetic efficiency with
genetic diversity.
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Although the benefits are clear, there are also many risks when we enter the
territory of the unknown and unexplored. Such risks relate to potential harm to the
environment and to human and animal health. There are also equity and ownership
issues in relation to biotechnological processes and products. The following issues
are the major areas of concern to the public and policymakers.

= What is inherently wrong with the technology? Is the science itself safe, for
example the use of selectable marker genes conferring antibiotic or herbicide
resistance?

= Who controls the technology? Will it be largely in the private sector? If the
technology is largely in the hands of the private sector, the overriding motive
behind the choice of research problems will be private profit and not necessarily
public good. If this happens, “orphans will remain orphans” with reference to
choice of research priorities. Crops that are being cultivated in rainfed, marginal
and fragile environments may continue to remain neglected.

= Who will have access to the products of biotechnology? If the products arising from
recombinant DNA technology are all covered by intellectual property rights, then
the technology will result in social exclusion and will lead to a further enlargement
of the rich-poor divide in villages.

= What are the major biosafety issues? There are serious concerns about the short-
and long-term impact of genetically modified organisms (GMOs) on the
environment, biodiversity, and human and animal health.

Thus, there is need for transparent and truthful risk-benefit analysis in relation
to GMOs, on a case-by-case basis. In the coming years, Indian farmers will have to
produce more food and other agricultural commodities to meet home needs, and to
take advantage of export opportunities, under conditions of diminishing arable land
and irrigation water, and expanding abiotic and biotic stresses. The enlargement of
the gene pool with which breeders work will be necessary to meet these challenges.
Recombinant DNA technology provides breeders with a powerful tool to enlarge the
genetic base of crop varieties, and to pyramid genes for a wide range of economically
important traits. The safe and responsible use of biotechnology will enlarge our
capacity to meet the challenges ahead, including those caused by climate change. At
the international level, the Cartagena Protocol on Biosafety provides a framework for
risk assessment and risk aversion. At the national level, there is need for a regulatory
mechanism that inspires public, political, and professional confidence.
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Expansion of proprietary science

The world is witnessing an expansion of proprietary science governed by intellectual
property rights. The green revolution was the outcome of public-good research.
Unfortunately, public-good research supported from public funds, in contrast, is
shrinking. What will be the impact of such a situation on international varietal or
other trials organized by the international agricultural research centers of the
Consultative Group on International Agricultural Research? Is the golden age of
cooperative research ending? How can we find a balance between public good and
private profit? Will the fruits of the gene revolution triggered by molecular breeding
be available to resource-poor farmers?

Climate change and safeguarding genetic diversity

Will molecular breeding based on intellectual property rights lead to a high degree
of genetic homogeneity in farmers’ fields? We know that genetic homogeneity will
enhance genetic vulnerability to biotic and abiotic stresses. Hence, we should foster
an integrated program of pre-breeding and participatory breeding. Pre-breeding will
help to generate novel genetic combinations, whereas participatory breeding with
farm families will help to combine genetic efficiency with genetic diversity.
Numerous location-specific varieties can be developed in this manner. This will be
the most effective way of meeting challenges arising from potential changes in
temperature, precipitation, and sea level as a result of global warming arising from
the growing imbalance between carbon emissions and absorption.

Conclusion

Scientists and policymakers must continue to work together and share ideas and
material, if the challenge of sustainable food security is to be met. The Biovision
Alexandria 2004 conference demonstrates to the world the power of partnership. We
hope this marks the beginning of a new era of international partnership among
scientists dedicated to the cause of harnessing the best in science, to contribute to the
achievement of the UN Millennium Development Goals in the area of hunger and
poverty.
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Chapter 8

Harnessing New Science for Sustainable
Agriculturein Dry Areas

Adel El-Beltagy

I ntroduction

There is a survival paradox facing the world today: feeding the ever-increasing
population, while preserving the health of the earth, amidst expanding natural
resource constraints. Predictions are that global food requirements will double by
2020.

Close to 5 billion or 80% of the world’s population live in developing countries,
and an estimated 1 billion inhabit the dry areas. Of the 690 million people living in
the dry areas of the West Asia and North Africa (WANA) region, some 76% have a
mean per capita income of less than US$2 a day, and about 42% live on US$1 a day.

Doubling food production by 2020 needs expansion of agricultural land, but
most of the world's prime land is already under cultivation. The world’s land area
occupies about 13 billion hectares, 3.36 billion of which is rangeland, and only 1.44
billion is arable. Of this small arable area at our disposal to feed the world, 240
million hectares are irrigated. According to UN estimates, more than 50% of the
world’s irrigated land faces some form of degradation problems.

This scenario is worsened by desertification. The world loses more than 6
million hectares of land yearly to desertification. Over 100 countries and 20% of the
world's population are affected. These deserts differ from the “natural” ones in that
they are created by people. Their origins can be traced, and they can be controlled, if
the causes are recognized early enough. The continued loss of vegetation as a result
of land degradation also depletes the world’s biodiversity, which holds precious
genes for developing new crop varieties for the future. It also reduces the ability of
the landscape for carbon sequestration, with the consequent long-term effects of
global warming and climate change.

In the dry areas, the key natural resource is, of course, water. Globally, about
97.5% of water is salty. Fresh water in lakes, reservoirs, and rivers amounts to only
0.007% of the total. Irrigation accounts for 67% of water withdrawn from the
hydrological cycle, and industry 23%. The world data on water resources indicates
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that the WANA region faces the most serious threat of water shortages. The average
annual per capita renewable water supply in WANA countries is now less than 1500
m3 (less than one-fourth of the world average). This level is expected to fall to less
than 700 by 2025. In 1990 only 8 of the 23 WANA countries had per capita water
availability of more than 1000 inthe threshold for water poverty level. It is
projected that at least 19 WANA countries will reach the acute water poverty level
by 2050.

Yet another challenge, especially for the dry areas, is drought. It is one of the
major abiotic stresses limiting productivity of field crops in rainfed agriculture.
Drought is unpredictable and its severity depends on many factors, including the
amount and distribution of rainfall during the cropping season, evaporative demand
of the atmosphere, and the capacity of the soil to conserve moisture. Selection and
breeding for drought tolerance becomes even more complex due to the interactions
of drought with other abiotic stresses such as heat and cold, and even biotic stresses
that reduce the ability of plants to withstand drought.

Given these challenges, the world community faces a tough choice; we either
invest in the available tools of science to enhance food security, or perish. Knowing
that the land area cannot be expanded and the ongoing global climate change will
demand new crop varieties that can withstand the abiotic and biotic stresses of the
future, new tools of science, particularly those in biotechnology and information
technology, offer great promise in safeguarding the global future food security.

ICARDA and the CGIAR

The International Center for Agricultural Research in the Dry Areas (ICARDA)
argues optimistically that human ingenuity can find ways to deal with the scarcity of
natural resources. ICARDA is one of the 15 international agricultural research
centers under the umbrella of the Consultative Group on International Agricultural
Research (CGIAR). ICARDA’s mission is to improve the welfare of people in the
dry areas of the developing world, by increasing the production and nutritional
quality of food, while preserving and enhancing natural resources. The Center
pursues this challenge through research, training, and dissemination of information
in partnership with national agricultural systems and governments.

ICARDA has global and regional mandates. It has a global responsibility for the
improvement of three important food crops (barley, lentil, and faba bean) and
sustainable management of natural resources in the dry areas, especially enhancing
on-farm water-use efficiency. The Center’'s regional responsibility focuses on the
improvement of wheat, chickpea, and forage and pasture crops in Central and West
Asia and North Africa (CWANA).

Our strategy is to engage national agricultural research systems in the region
and advanced agricultural research centers from all over the world into a research
continuum that ensures that tools of modern science are harnessed to meet the
challenges of agriculture in the dry areas. There are numerous examples to show that
it is working.
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Genetic resour ces characterization

Biodiversity conservation at ICARDA responds to the Leipzig Global Plan of
Action for the Conservation and Sustainable Utilization of Plant Genetic Resources
of National Agricultural Research Systems (NARS), and to the CGIAR stripe review
of plant genetic resources. ICARDA holds the largest gene bank in the
Mediterranean region, with about 131,000 accessions that represent approximately
20% of the germplasm in CGIAR centers. Particularly important are the landraces
and wild relatives that have evolved under harsh conditions over millennia. About
70% of our collections are now geo-referenced. This collection-site information
combined with climatic layers in GIS (global information systems) allows targeted
collection and a rapid exploitation of accessions with tolerance to drought and heat
to meet the anticipated effects of climate change. ICARDA has been freely sharing
these resources with global partners. On average, the Center distributes 35,000
samples yearly. Overall, the shift from collection @adsitu conservation of plant
germplasm to its characterization, evaluation, and documentation will help to utilize
the biodiversity held at ICARDA.

A number of DNA fingerprinting techniques (microsatellites or Simple
Sequence Repeat (SSR), Amplified Fragment Length Polymorphism (AFLP) and
Single Nucleotide Polymorphism (SNP) markers) are used for fingerprinting plant
genetic resources at ICARDA (Sasanuehal., 2002, 2004; Udupat al., 1999;
Eujaylet al., 2002; Chabanet al., 2004). Expressed-sequence tags (EST) databases
provide opportunities for gene discovery, and such databases also provide a novel
source of microsatellites (SSRs) that are physically associated with coding regions of
the genome (EST-derived SSRs; Eujatyl ., 2002). Genomic SSRs as well as EST-
derived SSRs are currently being used to genotype germplasm collections @Jdupa
al., 1999).

Intraspecific and interspecific genetic variation was investigated in seven
diploid Aegilops species using the amplified fragment length polymorphism (AFLP)
technique (Sasanume al., 2004). Of the seven species, the cross-pollinating
Aegilops speltoides and Ae. mutica showed high levels of intraspecific variation,
whereas the remaining five self-pollinating species showed low |&\ehicornis,

Ae. searsii and Ae. speltoides formed one, whileAe. caudata and Ae. umbellulata

formed another cluster in the dendrograms. Relationships among the species inferred
were more consistent with the relationships inferred from studies of chromosome
pairing in interspecific hybrids, and previous molecular phylogenetic reconstructions
based on nuclear DNA, than they were with those based on molecular plasmon
analysis. This suggests that the nuclear genome has evolved differently from the
cytoplasmic genome in the gendegilops.
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Ecoregional haplotyping

In order to examine how molecular polymorphism in barley landraces, sampled from
five different ecogeographical regions of Syria and Jordan, is organized and
partitioned, genetic variability at 21 nuclear and 10 chloroplast microsatellite loci
was examined (Russedt al., 2003). Chloroplast polymorphism was detected, with
most variation being ascribed to differences between the five regions (Fst 0.45) and
to within sites within each region (Fst 0.44). Moreover, the distribution of
chloroplast polymorphism is structured and not distributed randomly across the
barley landraces sampled. From a total of 125 landrace accessions (five lines from
each of five sites from each of five regions) genotyped with 21 SSRs a total of 244
alleles were detected, of which 38 were common to the five regions sampled. Most
nuclear variation was detected within sites. Significant differentiation between sites
(Fst 0.29) was detected with nuclear SSRs, and this partially mirrored polymorphism
in the chloroplast genome. Strong statistical associations/interactions were also
detected between the chloroplast and nuclear SSRs, together with nonrandom
association (linkage disequilibrium) of alleles at both linked and unlinked SSR loci.
These results showed that so-called “adapted gene complexes” and the assembly of
favorable interacting alleles into synergistic complexes arising from gametic-phase
disequilibrium, is highly relevant to the evolution of landraces.

Tilling

We are employing ECOTILLING technology, a variant of the better known
TILLING method (Targeting Induced Local Lesions In Genomes; Cahal.,

2004) for high-throughput detection of allelic variations such as SNPs in pathogen or
abiotic stress resistance genes. We use ECOTILLING to search for natural allelic
variation in segments of resistance genes in selected core collections. ECOTILLING
detects allelic variants of genes by amplification of the same part of a gene from up
to eight different individuals from naturally occurring plant accessions in the same
polymerase chain reaction (PCR) mixture. During the final elongation step of the
PCR reaction, the two DNA strands re-anneal and either form homoduplexes if all
DNA strands are perfectly complementary, or heteroduplexes if mutations are
present in one or the other DNA strand that result in mismatches within the newly
formed DNA double strands. These mismatches represent allelic variants of a gene.
The amplified gene fragments are then subjected to digestion with the endonuclease
CEL | and denaturing PAA gel electrophoresis. Allelic variant of genes of interest
can be identified (Comai al., 2004) with the technique and be sequenced.
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Genome mapping

DNA molecular marker techniques allow construction of linkage maps for crops.
Together with statistical techniques, these linkage maps can be used to locate and
estimate phenotypic effects of quantitative trait loci (QTL) and the genes responsible
for the expression of agronomic traits. For a homozygous population derived from a
cross with parents contrasting in response to, for example, water, QTL analysis
reveals the approximate map location of loci associated with performance under
dryland conditions. This is then amenable to marker-assisted selection using DNA
markers flanking the identified QTLs.

A genetic linkage map has been developed for recombinant inbred lines (RILS)
of the cross ‘Arta’ xHordeum spontaneum 41-1 (Baumet al., 2003). One-hundred
and ninety-four RILs, randomly chosen from a population of 494 RILs, were mapped
with 189 markers including one morphological tratir (= brittle rachis locus). The
linkage map extended to 890 cM. Agronomic traits such as grain yield, biological
yield, days to heading, plant height, and cold tolerance were evaluated at the
ICARDA research stations Tel Hadya and Breda in 1996-97 and 1997-98. QTLs for
agronomic traits related to drought resistance were localized. For the most important
character, “plant height under drought stress,” QTLs on 2H, 3H, and 7H were
detected. The “plant height” QTLs, especially the one on 3H, showed pleiotropic
effects on traits such as days to heading, grain yield and biological yield. QTLs were
also identified for other traits associated with adaptation to the Mediterranean
environment such as cold tolerance, days to heading, and tiller number. The
identification of QTLs for agronomic traits is a first step to analyze and to dissect
complex characters such as adaptation to drought tolerance.

A durum-dicoccoides genetic linkage map was constructed using 124
microsatellites, 149 AFLPs, and six seed storage proteins (SSP) in a population of
114 recombinant inbred lines (F8) (Eloueffial., 2001). The population has been
obtained from a cross between a durum cultivar Omrabi5 and Triticum
dicoccoides600545 and backcrossed to Omrabi5. The map consists of 14-durum
chromosomes plus an unknown group, and shows a good synteny to the previously
published wheat maps. Yellow pigment was measured in the population in three
different locations during three seasons. Analysis of QTLs was based on simple and
simplified composite interval mapping (SIM and sCIM). Three QTLs for yellow
pigment were detected on the chromosomal group 7 (7AL and 7BL telomeres)
explaining 62% of the total variation. On 7BL, a major microsatellite (Xgwm344)
explained by itself 53%, whereas on 7AL, the other two QTLs have contributed 13
and 6%. All determined QTLs showed a strong genetic effect and a weak QTL x E
effect. The QTLs effect was consistent across all environments and showed a large
effect. Consequently, promising QTLs will be used in the marker assisted breeding
program to enhance the selection efficiency for yellow pigment.
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Tissue culture techniques: grass pea

Grass pedlLathyrus sativus) is the most drought-tolerant legume that is used as feed
and food in many countries such as Ethiopia, Bangladesh, China, India, and Nepal.
Consumption of grass pea seeds in large quantities by humans and animals can lead
to “lathyrism” or paralysis of the legs, because of the presence of a neurotoxin in the
seeds. Recently, existing protocols for explant cultule edtivus have been used

at ICARDA (Abd-EI-Moneimet al., 2000). Somaclones showed high variation for
morphological traits as well as for 3-ODAP. Somaclonal lines were identified that
expressed consistent lower levels of the neurotoxin. These are being multiplied in
Ethiopia after testing.

Transformation technology

Since the mid 1980s, it has become possible to isolate genes from any class of living
organism and introduce them into most of our crop plants (Dale, 2000). This provides
a wider choice of genes for crop improvement than is available by conventional plant
breeding. In 2003, there were over 50 million hectares of transgenic crops grown
across the world (James, 2003), and about 70% of the GM crops were herbicide
resistant. Without entering into a controversial GM debate, there are a number of
cases where the testing of GM materials seems to be justified (for example, herbicide
resistance to control parasitic weédobranche ssp., in legumes; fungal and insect
resistance in legumes).

Progress in transformation of large-seeded legumes has been extensively
reviewed (Somerst al., 2003). Historically, both microprojectile bombardment and
Agrobacterium have been used for DNA delivery into either embryogenic or
organogenic cultures of some species that have been subjects of extensive research.
Although transformation systems are available now for chickpea, lentil, and faba
bean, their efficiency needs to be improved. Efficient transformation and
regeneration systems are available for cereals such as wheat (Pellegehakchi
2002) and barley (Murrast al., 2004).

ICARDA is exploring the possibility of using genetic transformation to achieve
improved tolerance to fungal, drought and other abiotic stress resistance. Chickpea
transformation is being done in cooperation with the University of Hannover,
Germany. Lentil transformation is being done in cooperation with the Centre for
Legumes in Mediterranean Agriculture (CLIMA), Australia. Cereal transformation is
being carried out jointly with the Agricultural Genetic Engineering Research
Institute (AGERI) in Cairo, Egypt.
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National and regional biosafety frameworks

ICARDA actively promotes the development and establishment of national and
regional biosafety regulations. By early 2004, Egypt and Syria were the only
countries in the region that had established biosafety regulations. In several other
countries preparations for the development of biosafety regulations are underway.
ICARDA is engaged in the development of genetically modified crops to increase
biotic and abiotic stress resistance in its mandated crops (barley, lentil, and faba
bean). ICARDA’s policy is guided by international biosafety practices and the
regulations of the Syrian Arab Republic for the development and deployment of
genetically modified organisms (GMOs). ICARDA is promoting biosafety
regulations together with national, regional and international organizations (Baum,
al., 2001). ICARDA will use as much as possible “plant genes” for its genetic
engineering approach. Selectable markers are currently being used, but will soon be
replaced with biologically imperceptible markers as soon as alternative appropriate
technologies become available. On a case-by-case basis, ICARDA will evaluate
potential risks associated with development and deployment of GMOs. For transfer
of GMOs to national programs, ICARDA will follow national or regional
regulations. ICARDA will not deploy GMOs in any country lacking such
regulations. Only well characterized GMOs that have been field tested at ICARDA
and that have been inspected by national program scientists will be considered for
distribution to NARS.

Functional genomics for drought tolerance

Developments in large-scale, high-throughput technologies and robotics now allow
researchers to simultaneously profile vast numbers of different genes or proteins in
parallel. Microarrays are at the center of the revolution of biotechnology for
functional genomics, allowing researchers to screen tens of thousands of genes
simultaneously in multiple tissues under a myriad of experimental conditions. This
is significantly different from the classical idea of investigating one (or a few) genes
at a time.

Considerable complexity has been demonstrated by the analysis of drought
responses by transcript profiling using microarrays. Cold, drought and salinity stress
regulated many genes Arabidopsis (Sekiet al., 2001). Many genes were affected
by drought and salinity (119 up-regulated, 31 down-regulated), and a smaller number
by drought and cold. A relatively large number (22 up-regulated, 17 down-regulated)
are affected by all stresses (Setkal., 2001). Similarly, barley data showed up- and
down-regulation at a given treatment overlapping only partially with genes regulated
by a different stress (Oztiigk al., 2002).
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ICARDA is developing drought microarrays (in collaboration with the Institute
for Genome Research, TIGR, IPK-Gatersleben, Germany; and AGERI, Egypt) to
help characterize the different pathways to stress tolerance, and elucidate their
interdependent genetic control. We believe this will enable us to pyramid several
unigue mechanisms of drought tolerance in our legume and cereal crops for the
rainfed regions of CWANA, and will lead to improved crop yield stability and
reliability.

CGIAR Generation Challenge Programs

ICARDA is a consortium member participating in the CGIAR-sponsored Generation
Challenge Program “Unlocking Genetic Diversity in Crops for the Resource-Poor.”
This Challenge Program will produce a new, uniquilic platform for accessing

and developing new genetic resources using molecular technologies and traditional
means. The Challenge Program’s development goal is to increase food security and
improve livelihoods in developing countries. This will be achieved by unlocking the
genetic potential and enhancing the use of public genetic resources in plant breeding
programs, through the concerted generation, management, dissemination, and
application of comparative biological knowledge. The Generation Challenge
Program contributes to this goal by creating an integrated platform for dissecting
genetic diversity in plant genetic resources, identifying important genes to reduce the
impacts of environmental and biotic stresses on crop productivity, enhancing yield,
and improving nutritional quality of crop products. Beyond this, the Generation
Challenge Program will identify, manipulate, and validate gene expression resulting
in plants with potential value far beyond present-day crops. These plants, through
seeds or vegetative propagules, will be transferred to breeding programs. The
Generation Challenge Program will generate new, science-based enabling and
intermediate technologies. A technology transfer plan will be designed to ensure that
the products of research will be delivered to and used by plant breeders and farmers.
Further information is available at www.generationcp.org.
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