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Foreword

It has been many years since leading members of the plant genetic resources community got together to
critically review the latest scientific and technological developments and collectively map out action for the
future. Thus, after wide consultation with many of our partners, in June 2000 in Kuala Lumpur, Malaysia,
IPGRI, together with the Malaysian Palm Oil Board (MPOB), convened the International Conference on
Science and Technology for Managing Plant Genetic Diversity in the 21st century (SAT21).

The conference brought together more than 230 participants from over 60 countries. Most of the
papers presented at the conference are included in these proceedings. The final chapter provides a synthesis
of the major outcomes and recommendations of the conference and their implications for future research. I
believe that the value of SAT21 was enormous, extending well beyond the conference’s assessment of the
state of knowledge and exploration of priorities for the future. As always at such events, a major benefit was
undoubtedly the informal sharing of information among participants, and the forging of friendships and
networks with the potential to lead to new, productive research partnerships. An international steering
committee was established in Kuala Lumpur to explore various options for maintaining the momentum
achieved at the conference. One such option is the creation of an international genetic resources society
which would organize future conferences at regular intervals. For IPGRI, SAT21 has provided new under-
standings and helped us forge new partnerships that will be invaluable in our efforts to achieve our vision,
as described in our strategy, Diversity for Development. This vision foresees collective, concerted action by
farmers, forest dwellers, pastoralists, scientists, development workers and political leaders in harnessing the
full potential of the earth’s plant genetic diversity to eradicate poverty, to achieve food security and to pro-
tect the environment. The conference addressed the key scientific and technical aspects of this vision: the
wise management of plant genetic resources, which is the material to which farmers and scientists apply
their skills in the service of development.

I would like to thank here all the individuals and institutions involved in organizing the conference, in
particular our co-organizers, the Malaysian Palm Oil Board (MPOB), and co-sponsors: the Ministry of
Science, Technology and Environment, Government of Malaysia (MOSTE), the Food and Agriculture
Organization of the United Nations (FAO), the Canadian International Development Agency (CIDA), the
German Federal Ministry for Economic Cooperation and Development (BMZ), the Forest Research
Institute of Malaysia (FRIM), the Malaysian Agricultural Research and Development Institute (MARDI),
the Universiti Putra Malaysia (UPM), the Australian Agency for International Development (AusAID), the
US Agency for International Development (USAID), the Industrial Credit and Investment Corporation of
India (ICICI) and the Technical Centre for Agricultural and Rural Cooperation (CTA).

I would also like to thank all the members of the International Programme Committee for their

xiii



Xiv Foreword

valuable input to the programme, the IPGRI Task Force and the Local Organizing Committee for all their
hard work and dedication in handling the logistics, and a special word of thanks must go to Ms Patti Sands
who worked so tirelessly to help make the conference a success. Finally, I would like to express my thanks
to the editors of this volume who have put together what I believe will be, for many years to come, an
invaluable reference text on the science and technology of managing plant genetic resources.

Geoffrey Hawtin
Director General, IPGRI



Jack Hawkes: Plant Collector, Researcher,
Educator and Visionary

M.T. Jackson
Genetic Resources Center, International Rice Research Institute (IRRI),
Makati City, Philippines

In 1938, Jack Hawkes persuaded his superiors at
the Empire Potato Breeding Station in Cambridge,
UK, to sanction a visit to Leningrad to meet with
Russian scientists working on potatoes and their
taxonomy. Jack was scheduled to join an expedi-
tion late that same year to collect potatoes in the
Americas. While in Leningrad, he met N.I. Vavilov
and I suppose that was the start of a life-long
interest in genetic resources and their use.

Jack graduated with first class honours from the
University of Cambridge in 1937, and received his
PhD in 1942 from the same university. His thesis
was one of the first studies on the diversity and
taxonomy of potatoes, based on the materials he
had collected during 1938 and 1939. He contin-
ued to work in Cambridge until 1948 when he
moved with his wife Barbara and two daughters to
Colombia, where his twin sons were born. In
Colombia, he helped establish a national potato
programme and, with his younger colleague
Nelson Estrada, he developed a breeding strategy
involving crosses between tetraploid and diploid
potatoes that remains until today an important
method to broaden diversity in potato breeding. In
1952, he accepted a Lectureship in the
Department of Botany at the University of
Birmingham. In the 1960s he was first given a
Chair, and then appointed Mason
Professor of Botany and Head of Department. Jack
remained in the department (although it changed
its name) until his retirement in 1982.

Personal

JacK’s contribution to the taxonomy and biosys-
tematics of potatoes has been enormous. Over sev-
eral decades he returned to Central and South
America several times to collect wild potatoes. With
his Danish colleague, J.P. Hjerting, he published
important monographs on the potatoes of
Argentina, Brazil, Paraguay and Uruguay (in 1969)
and Bolivia (in 1989). He established crop plant
evolution and taxonomy studies as important disci-
plines at Birmingham. He led a major project that
culminated in the publication of a computer-
mapped flora of Warwickshire, the very first ven-
ture of this type. With colleagues in the university’s
Medical School, he applied serology to understand
species relationships among potato species, another
pioneering approach.

I first met Jack in early 1970 when, as an
undergraduate student, I applied for a place on the
Master’s course on genetic resources conservation
and use that he had just initiated. Like many of his
students, I was infected by Jack’s enthusiasm for
the study of crop plants and their evolution, in
which he brought together so many of his inter-
ests, particularly archaeology. The early 1970s were
heady days; we were pioneers in the emerging
discipline of genetic resources conservation. Jack
invited many of the leading lights of the genetic
resources conservation movement, among them
Erna Bennett and Jack Harlan, to Birmingham, to
interact with his students. Through Jack I later met
Sir Otto Frankel.

XV



XVi M.T. Jackson

I interacted with Jack professionally on our
work and interests in potatoes over 20 years before
moving on to rice. I made only one small collecting
trip with him, in the Andes of central Peru in 1975.
It was an eye-opening experience to collect with
someone so knowledgeable about potatoes, their
taxonomy and ecology. It seemed as though Jack
could almost smell the potatoes without seeing
them. We always found small populations in just
the places he expected.

Jack’s  contribution to genetic
conservation and use has been outstanding. His

resources

leading contribution as an educator and visionary
has been the training he provided to students,
most coming from developing countries. Today,
many of these former students occupy important
positions in national and international pro-
grammes, as both administrators and researchers.
There now exists a cadre of trained scientists who
understand the technical issues and challenges of
genetic conservation.

It has been my pleasure and privilege to work
with him; I am proud to have him as my mentor

and friend.



The Evolution of Plant Genetic Resources
and the Work of O.H. Frankel

J.G. Hawkes
School of Continuing Studies, University of Birmingham, Edgbaston, Birmingham, UK

It is a curious aspect of human thought processes
that undl we find the right words to encapsulate
them, we do not seem to make progress with them.
Let me try to explain this.

If we consider the collection of plant diversity
we automatically cast our minds back to the genius
of the Russian scientist, N.I. Vavilov. Before his
time plant breeders made selections and hybrids
from the old landraces of their own countries.
Now, of course, we realize that a wider range of
genetic diversity might well be much more useful
in providing genes for disease and pest resistance.
Until Vavilov this concept was hardly considered.
We have not only come to recognize the need for
conserving the genetic diversity of our ancient crop
plants, we have also recognized the value of the
genetic diversity of related wild species. Some
crops, such as wheat and barley, do not have many
wild ancestral species related to them. Others, like
potatoes, have almost too many related wild
species. The cultivated potato, Solanum tuberosum,
is ‘backed up’ by some 200 wild species, many of
them carrying genes for adaptation and disease
resistance that are not known in the cultivated
species. This is just one example of the value
of wild species related to crops and bearing
extremely valuable resistance genes unknown in
the crop itself.

By the 1950s breeders were providing farmers
with high-yielding and more pest- and disease-
resistant varieties. This was of course excellent, but
the breeders did not at first realize that these new

varieties were replacing the very genetic diversity
that they would need as a basis for further
advances in the future. Indeed, it was not until the
late 1960s and the early 1970s that this paradox
became evident and the importance of conserving
what were then called ‘plant genetic resources’ or
‘crop plant genetic resources’ was recognized.

The leader of this movement, to which I had
the honour to belong at its early stages, was
undoubtedly O.H. Frankel. I had the greatest good
fortune to meet Otto Frankel and to work with
him at various Food and Agriculture Organization
(FAO) conferences, the first being in 1967 at FAO’s
headquarters in Rome, Italy. At FAO, Otto had
met Erna Bennett, and they worked together to
organize the 1967 conference. I took part in that
conference and was asked to join their newly
formed Panel of Experts to organize a world net-
work of genetic resources institutions. Another
panel member was Jack Harlan, whom I also got to
know very well.

What were my reactions to these three people?
Otto was fiery, complex, practical and a whole mix-
ture of other attributes. He did not suffer fools
gladly and said exactly what he thought to whoever
he talked to. He was, at the same time, loyal, hon-
est and friendly. I admired him tremendously. He
and Erna Bennett used to fight like cat and dog,
but she, again, was honest, fierce and outspoken.
Jack Harlan, on the other hand, was quiet and
much less outspoken but, like the others, was a
really excellent scientist. I liked and respected all
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three of them and I believe the feelings were
mutual. I learned a great deal from their experi-
ences and ways of thinking. In his excellent 1999
obituary of Otto, Lloyd Evans quoted Otto, who,
when asked how he and his wife got on together in
Canberra, Australia, after his retirement, replied,
“We dont mind. We make our own environment.’
And this is what Otto had done all his life.

Aside from his interactions with Jack Harlan,
Erna Bennett and me, Otto really invented the con-
cepts of genetic conservation of plants useful to
man, something that had not previously been
clearly thought out. It was also a concept of real
value to humanity at a time when the old varieties
and landraces of crops were being quickly replaced
by new high-yielding varieties throughout the
world, and particularly in developing countries.

One aspect of this concept of plant genetic
resources conservation struck me very forcefully at
our FAO meetings. We knew what ought to be
done, but who was going to carry it out? Perhaps
some four or five of us knew about genetic
resources but this was a worldwide problem, need-
ing many trained scientists from many countries,
particularly from the developing world. We needed
geneticists, plant breeders, botanists and seed physi-
ologists at least, and in large numbers, but at that
time there were not enough of them to carry out
these tasks. What could be done?

This was where I believed I could help, by estab-
lishing in my Department of Botany at Birmingham
‘Conservation and

a Master’s course in the

Utilization of Plant Genetic Resources’. I talked to
the Faculty of Science about this and it was agreed
to, as long as I did not ask for more money! I
assured them that I would use my own departmen-
tal resources, which I did to begin with. When the
course flourished, I was then able to obtain funds
from FAO and other bodies. The first intake of
postgraduate students took place in 1969. Otto
thought I would not be able to continue for more
than a year or two for lack of students. How wrong
he was! The course still continues, long after my
retirement, and is now in its 31st year. Counting the
students who come for only short parts of the
course, nearly 1000 students have graduated from
the course. So much for Otto’s predictions!

I feel very proud that I was able to set in motion
such a training course from which these students,
mostly from the developing world, have benefited.
More importantly, the course has played an impor-
tant role in conserving the genetic diversity of crop
plants and their wild relatives. I know that Otto
and Erna would have valued that. And Otto, who
was born in 1900 and at 98 survived throughout
almost the whole of the 20th century, was, I know,
happy that by his efforts and the efforts of those of
us who have been associated with him, our task has
largely been successful.

Genetic resources exploration, conservation and
use are now well known throughout the world, and
have been of the utmost value to humanity. The
value and use of wild and cultivated genetic
resources to breeders have come of age.
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Foreword

It has been many years since leading members of the plant genetic resources community got together to
critically review the latest scientific and technological developments and collectively map out action for the
future. Thus, after wide consultation with many of our partners, in June 2000 in Kuala Lumpur, Malaysia,
IPGRI, together with the Malaysian Palm Oil Board (MPOB), convened the International Conference on
Science and Technology for Managing Plant Genetic Diversity in the 21st century (SAT21).

The conference brought together more than 230 participants from over 60 countries. Most of the
papers presented at the conference are included in these proceedings. The final chapter provides a synthesis
of the major outcomes and recommendations of the conference and their implications for future research. I
believe that the value of SAT21 was enormous, extending well beyond the conference’s assessment of the
state of knowledge and exploration of priorities for the future. As always at such events, a major benefit was
undoubtedly the informal sharing of information among participants, and the forging of friendships and
networks with the potential to lead to new, productive research partnerships. An international steering
committee was established in Kuala Lumpur to explore various options for maintaining the momentum
achieved at the conference. One such option is the creation of an international genetic resources society
which would organize future conferences at regular intervals. For IPGRI, SAT21 has provided new under-
standings and helped us forge new partnerships that will be invaluable in our efforts to achieve our vision,
as described in our strategy, Diversity for Development. This vision foresees collective, concerted action by
farmers, forest dwellers, pastoralists, scientists, development workers and political leaders in harnessing the
full potential of the earth’s plant genetic diversity to eradicate poverty, to achieve food security and to pro-
tect the environment. The conference addressed the key scientific and technical aspects of this vision: the
wise management of plant genetic resources, which is the material to which farmers and scientists apply
their skills in the service of development.

I would like to thank here all the individuals and institutions involved in organizing the conference, in
particular our co-organizers, the Malaysian Palm Oil Board (MPOB), and co-sponsors: the Ministry of
Science, Technology and Environment, Government of Malaysia (MOSTE), the Food and Agriculture
Organization of the United Nations (FAO), the Canadian International Development Agency (CIDA), the
German Federal Ministry for Economic Cooperation and Development (BMZ), the Forest Research
Institute of Malaysia (FRIM), the Malaysian Agricultural Research and Development Institute (MARDI),
the Universiti Putra Malaysia (UPM), the Australian Agency for International Development (AusAID), the
US Agency for International Development (USAID), the Industrial Credit and Investment Corporation of
India (ICICI) and the Technical Centre for Agricultural and Rural Cooperation (CTA).

I would also like to thank all the members of the International Programme Committee for their
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valuable input to the programme, the IPGRI Task Force and the Local Organizing Committee for all their
hard work and dedication in handling the logistics, and a special word of thanks must go to Ms Patti Sands
who worked so tirelessly to help make the conference a success. Finally, I would like to express my thanks
to the editors of this volume who have put together what I believe will be, for many years to come, an
invaluable reference text on the science and technology of managing plant genetic resources.

Geoffrey Hawtin
Director General, IPGRI



Jack Hawkes: Plant Collector, Researcher,
Educator and Visionary

M.T. Jackson
Genetic Resources Center, International Rice Research Institute (IRRI),
Makati City, Philippines

In 1938, Jack Hawkes persuaded his superiors at
the Empire Potato Breeding Station in Cambridge,
UK, to sanction a visit to Leningrad to meet with
Russian scientists working on potatoes and their
taxonomy. Jack was scheduled to join an expedi-
tion late that same year to collect potatoes in the
Americas. While in Leningrad, he met N.I. Vavilov
and I suppose that was the start of a life-long
interest in genetic resources and their use.

Jack graduated with first class honours from the
University of Cambridge in 1937, and received his
PhD in 1942 from the same university. His thesis
was one of the first studies on the diversity and
taxonomy of potatoes, based on the materials he
had collected during 1938 and 1939. He contin-
ued to work in Cambridge until 1948 when he
moved with his wife Barbara and two daughters to
Colombia, where his twin sons were born. In
Colombia, he helped establish a national potato
programme and, with his younger colleague
Nelson Estrada, he developed a breeding strategy
involving crosses between tetraploid and diploid
potatoes that remains until today an important
method to broaden diversity in potato breeding. In
1952, he accepted a Lectureship in the
Department of Botany at the University of
Birmingham. In the 1960s he was first given a
Chair, and then appointed Mason
Professor of Botany and Head of Department. Jack
remained in the department (although it changed
its name) until his retirement in 1982.

Personal

JacK’s contribution to the taxonomy and biosys-
tematics of potatoes has been enormous. Over sev-
eral decades he returned to Central and South
America several times to collect wild potatoes. With
his Danish colleague, J.P. Hjerting, he published
important monographs on the potatoes of
Argentina, Brazil, Paraguay and Uruguay (in 1969)
and Bolivia (in 1989). He established crop plant
evolution and taxonomy studies as important disci-
plines at Birmingham. He led a major project that
culminated in the publication of a computer-
mapped flora of Warwickshire, the very first ven-
ture of this type. With colleagues in the university’s
Medical School, he applied serology to understand
species relationships among potato species, another
pioneering approach.

I first met Jack in early 1970 when, as an
undergraduate student, I applied for a place on the
Master’s course on genetic resources conservation
and use that he had just initiated. Like many of his
students, I was infected by Jack’s enthusiasm for
the study of crop plants and their evolution, in
which he brought together so many of his inter-
ests, particularly archaeology. The early 1970s were
heady days; we were pioneers in the emerging
discipline of genetic resources conservation. Jack
invited many of the leading lights of the genetic
resources conservation movement, among them
Erna Bennett and Jack Harlan, to Birmingham, to
interact with his students. Through Jack I later met
Sir Otto Frankel.

XV
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I interacted with Jack professionally on our
work and interests in potatoes over 20 years before
moving on to rice. I made only one small collecting
trip with him, in the Andes of central Peru in 1975.
It was an eye-opening experience to collect with
someone so knowledgeable about potatoes, their
taxonomy and ecology. It seemed as though Jack
could almost smell the potatoes without seeing
them. We always found small populations in just
the places he expected.

Jack’s  contribution to genetic
conservation and use has been outstanding. His

resources

leading contribution as an educator and visionary
has been the training he provided to students,
most coming from developing countries. Today,
many of these former students occupy important
positions in national and international pro-
grammes, as both administrators and researchers.
There now exists a cadre of trained scientists who
understand the technical issues and challenges of
genetic conservation.

It has been my pleasure and privilege to work
with him; I am proud to have him as my mentor

and friend.



The Evolution of Plant Genetic Resources
and the Work of O.H. Frankel

J.G. Hawkes
School of Continuing Studies, University of Birmingham, Edgbaston, Birmingham, UK

It is a curious aspect of human thought processes
that undl we find the right words to encapsulate
them, we do not seem to make progress with them.
Let me try to explain this.

If we consider the collection of plant diversity
we automatically cast our minds back to the genius
of the Russian scientist, N.I. Vavilov. Before his
time plant breeders made selections and hybrids
from the old landraces of their own countries.
Now, of course, we realize that a wider range of
genetic diversity might well be much more useful
in providing genes for disease and pest resistance.
Until Vavilov this concept was hardly considered.
We have not only come to recognize the need for
conserving the genetic diversity of our ancient crop
plants, we have also recognized the value of the
genetic diversity of related wild species. Some
crops, such as wheat and barley, do not have many
wild ancestral species related to them. Others, like
potatoes, have almost too many related wild
species. The cultivated potato, Solanum tuberosum,
is ‘backed up’ by some 200 wild species, many of
them carrying genes for adaptation and disease
resistance that are not known in the cultivated
species. This is just one example of the value
of wild species related to crops and bearing
extremely valuable resistance genes unknown in
the crop itself.

By the 1950s breeders were providing farmers
with high-yielding and more pest- and disease-
resistant varieties. This was of course excellent, but
the breeders did not at first realize that these new

varieties were replacing the very genetic diversity
that they would need as a basis for further
advances in the future. Indeed, it was not until the
late 1960s and the early 1970s that this paradox
became evident and the importance of conserving
what were then called ‘plant genetic resources’ or
‘crop plant genetic resources’ was recognized.

The leader of this movement, to which I had
the honour to belong at its early stages, was
undoubtedly O.H. Frankel. I had the greatest good
fortune to meet Otto Frankel and to work with
him at various Food and Agriculture Organization
(FAO) conferences, the first being in 1967 at FAO’s
headquarters in Rome, Italy. At FAO, Otto had
met Erna Bennett, and they worked together to
organize the 1967 conference. I took part in that
conference and was asked to join their newly
formed Panel of Experts to organize a world net-
work of genetic resources institutions. Another
panel member was Jack Harlan, whom I also got to
know very well.

What were my reactions to these three people?
Otto was fiery, complex, practical and a whole mix-
ture of other attributes. He did not suffer fools
gladly and said exactly what he thought to whoever
he talked to. He was, at the same time, loyal, hon-
est and friendly. I admired him tremendously. He
and Erna Bennett used to fight like cat and dog,
but she, again, was honest, fierce and outspoken.
Jack Harlan, on the other hand, was quiet and
much less outspoken but, like the others, was a
really excellent scientist. I liked and respected all
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J.G. Hawkes

three of them and I believe the feelings were
mutual. I learned a great deal from their experi-
ences and ways of thinking. In his excellent 1999
obituary of Otto, Lloyd Evans quoted Otto, who,
when asked how he and his wife got on together in
Canberra, Australia, after his retirement, replied,
“We dont mind. We make our own environment.’
And this is what Otto had done all his life.

Aside from his interactions with Jack Harlan,
Erna Bennett and me, Otto really invented the con-
cepts of genetic conservation of plants useful to
man, something that had not previously been
clearly thought out. It was also a concept of real
value to humanity at a time when the old varieties
and landraces of crops were being quickly replaced
by new high-yielding varieties throughout the
world, and particularly in developing countries.

One aspect of this concept of plant genetic
resources conservation struck me very forcefully at
our FAO meetings. We knew what ought to be
done, but who was going to carry it out? Perhaps
some four or five of us knew about genetic
resources but this was a worldwide problem, need-
ing many trained scientists from many countries,
particularly from the developing world. We needed
geneticists, plant breeders, botanists and seed physi-
ologists at least, and in large numbers, but at that
time there were not enough of them to carry out
these tasks. What could be done?

This was where I believed I could help, by estab-
lishing in my Department of Botany at Birmingham
‘Conservation and

a Master’s course in the

Utilization of Plant Genetic Resources’. I talked to
the Faculty of Science about this and it was agreed
to, as long as I did not ask for more money! I
assured them that I would use my own departmen-
tal resources, which I did to begin with. When the
course flourished, I was then able to obtain funds
from FAO and other bodies. The first intake of
postgraduate students took place in 1969. Otto
thought I would not be able to continue for more
than a year or two for lack of students. How wrong
he was! The course still continues, long after my
retirement, and is now in its 31st year. Counting the
students who come for only short parts of the
course, nearly 1000 students have graduated from
the course. So much for Otto’s predictions!

I feel very proud that I was able to set in motion
such a training course from which these students,
mostly from the developing world, have benefited.
More importantly, the course has played an impor-
tant role in conserving the genetic diversity of crop
plants and their wild relatives. I know that Otto
and Erna would have valued that. And Otto, who
was born in 1900 and at 98 survived throughout
almost the whole of the 20th century, was, I know,
happy that by his efforts and the efforts of those of
us who have been associated with him, our task has
largely been successful.

Genetic resources exploration, conservation and
use are now well known throughout the world, and
have been of the utmost value to humanity. The
value and use of wild and cultivated genetic
resources to breeders have come of age.



1 The History of ex situ Conservation
and Use of Plant Genetic Resources

G.T. Scarascia-Mugnozza' and P. Perrino?
"National Academy of Sciences, the Forty, Rome, Italy; >?National Research Council,
Germplasm Institute, Bari, Italy

Introduction

Information on the history of plant genetic
resources conservation and use can be found in sev-
eral reports, catalogues and newsletters published
by different institutions (Food and Agriculture
Organization (FAO), International Board for Plant
Genetic Resources (IBPGR), International Plant
Genetic Resources Institute (IPGRI), Consultative
Group on International Agricultural Research
(CGIAR) and others). Recent developments in the
maintenance, management and sustainable use of
biodiversity, in general, and of plant genetic
resources in particular led to the publication of
special issues on the history of conservation and
agricultural use of plant germplasm (Scarascia-
Mugnozza, 1995, 1998; Pistorius, 1997).

Plants have travelled, during human migrations
and along the ancient caravan routes, from conti-
nent to continent. Moving from the Old to the
New World and vice versa, they have made many
important contributions to agricultural and eating
habits around the planet (FAO, 1959).

Movement of plants from place to place and
from people to people implies the use of germplasm
as a food but also for improving agricultural pro-
duction and for increasing diversification. Starting
from the beginning of agriculture, man has stored
plants and seeds from one cycle of cultivation to
the next in different ways, some of which are
known to us and are still used today. Storage of

© IPGRI 2002. Managing Plant Genetic Diversity

germplasm also took place during migration. As
agriculture progressed and human population
increased, the need to store plants and seeds ex sizu
grew and involved even longer distances and lapses
of time than the short break between seasons of
cultivation or time needed to migrate. In a broad
sense, ex situ conservation of germplasm is a prac-
tice that humans have used since the beginning of
agriculture, to expand cultivation and/or to colo-
nize new lands and to ensure the spread of agricul-
ture around the world.

This chapter aims to trace a historic profile of ex
situ plant germplasm conservation with a main
emphasis on the aspects most relevant to protection
of genetic diversity and its use for agricultural
development.

History of ex situ Plant Germplasm
Conservation

From the beginning of agriculture, farmers have
domesticated hundreds of plant species and within
them genetic variability has increased owing to
migration, natural mutations and crosses, and
unconscious or conscious selection. This gradual
and continuous expansion of genetic diversity
within crops went on for several millennia, until
scientific principles and techniques influenced the
development of agriculture. This happened at the
beginning of the 20th century, when Mendel’s laws

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 1
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were used. The spread of new and more productive
crop varieties, which were genetically less heteroge-
neous than primitive populations, paradoxically
started the well-known process of ‘genetic erosion’.
In fact, in the 1920s and 1930s, N.I. Vavilov
and Jack Harlan began to notice that traditional
crop varieties, or landraces, were being lost from
cultivated fields around the world. Since then,
scientific efforts to conserve plant genetic diversity
also focused on collecting material and placing it in
ex situ storage. In this chapter, we have divided all of
the efforts made by humans on ex situ germplasm
conservation into the following sections:

® conservation and use of crop germplasm before
the 1967 FAO/IBP (International Biological
Programme) Technical Conference;

® plant genetic resources developments since
1967;

® exsitu collections and genebanks;

® genetic resources: maintenance, use and regulation.

Conservation and Use of Crop
Germplasm before the 1967 FAO/IBP
Technical Conference

Before 1967, the international exchange of genetic
resources functioned mainly among the network of
plant introduction stations in western Europe, the
USA, Australia, New Zealand and eastern Europe
(mainly the Soviet Union). There were only a few
genebanks (introduction stations) that exchanged
genetic material. The oldest and most famous of
them, with worldwide scope and adequate evalua-
tion facilities, were:

1. The All-Union Institute for Plant Industry, in
Leningrad (now St Petersburg), Russia (1920).

2. The Commonwealth Potato Collection at
Cambridge, UK (before the Second World War).

3. The collections for research programmes of the
Rockefeller Foundation in the USA (1943).

4. The National Seed Storage Laboratory (NSSL)
at Fort Collins, Colorado, USA (1958).

Most of the other seed banks were inadequate
with regard to the later requirements of interna-
tional agricultural research and most collections
were considered erratic or unreliable. Moreover,
most collections required frequent regeneration. In
spite of the circumstances under which most of the
collections, of truly international scope, were held

in the 1950s, the overall picture on a regional level
showed promising initiatives.

For example, in West Africa, plant quarantine
regulations were initiated in the late 1950s. The
Inter-African Phytosanitary Convention of 1954
was the umbrella of the Organisation of African
Unity. Ghana established a Plant Exploration and
Introduction Service. In the 1960s, universities in
Nigeria and Cote d’Ivoire started collecting activi-
ties. In Latin America, plant exploration started in
the 1950s and 1960s. Argentina started a National
Service, Venezuela began maintenance of papaya
and oil crops, Colombia focused on potato and
grasses, and Costa Rica and Mexico on cacao. Most
of these activities had a strong interaction with the
Rockefeller Foundation. In Asia, India started col-
lecting pulses, cruciferous and forage crops in the
late 1960s. Other collections were started by the
International Rice Research Institute (IRRI) in the
Philippines and other countries. In Japan, the
National Seed Storage Laboratory was opened in
1966 (Ito, 1972). Australia introduced much
germplasm in the late 1960s, although a Plant
Introduction under the
Commonwealth Scientific and Industrial Research
Organization (CSIRO), was established in 1930.

However, the collection of plant genetic resources
was more significant in North America and Europe
as well as the activities undertaken by FAO.

Service, Australian

North America

Official government recognition of the importance
of agricultural development first came in 1827,
with President John Adams. Only in 1898 was a
great impetus provided through the creation of the
Office of Foreign Seed and Plant Introduction. In
the early 1960s, this office was renamed the New
Crop Research Branch, with its headquarters
located at the USDA Plant Industry Station in
Beltsville, Maryland.

Owing to increasing demands for food and fibre
and the industrialization of agriculture, crop
improvement between 1900 and 1930 was mostly
concerned with adaptation and yield factors of new
varieties. However, even before the Second World
War, breeders had problems related to disease resis-
tance, quality, planting and harvesting methods,
and reactions to plant protection or weed control
practices. Therefore, germplasm material in US
genebanks was mainly collected for short-term use
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in specific breeding programmes or for tests regard-
ing agricultural diversification.

Once the demand of researchers was satisfied,
the germplasm was stored at the NSSL at Fort
Collins, Colorado. This laboratory was created in
1958 and was the first genebank with long-term
seed storage equipment.

Advanced and well-organized collection of
germplasm was coordinated by the Rockefeller
Foundation in the USA in the 1940s and 1950s. A
programme for the improvement of basic crops,
primarily maize, wheat and potato was started. This
was called the Mexican Agricultural Program, and
was guided mainly by N.H. Borlaugh (1970 Nobel
Peace Prize winner). Later on, this programme gave
rise to the so-called ‘Green Revolution’. Similar
projects were carried out in Guatemala, El Salvador,
Venezuela, Brazil, Uruguay, Argentina, Costa Rica,
Cuba, Colombia, Peru and Chile, under the auspices
of US and American Land-Grant Universities. These
collections, according to some scientists, formed the
basis for a global network recommended by the FAO
Panel of Experts in the early 1970s.

An important initiative of the USA was, then,
the establishment of four Plant
Introduction Stations, at Ames (lowa, 1947),
Geneva (New York, 1948), Experiment (Georgia,
1949) and Pullman (Washington, 1952) and one
inter-regional programme on potato. The stations
were coordinated by the New Crops Research
Branch at the Agricultural Research Stations (ARS)
in Beltsville. Thus, the NSSL at Fort Collins,
Colorado, was used for long-term storage and
preservation of valuable plant germplasm propa-
gated by seed, while the four smaller Regional
Stations were used to maintain stocks for ongoing

Regional

breeding work.

Europe

In the 1920s the USSR went through a rapid
industrialization of its agricultural sector. Vavilov
made successful collecting expeditions during the
1920s and 1930s, not only in the USSR, but also
in over 50 countries in Asia, the Americas,
Northern Africa, Europe and the Mediterranean
basin. In all, 50,000 seed samples, mainly of
wheat, rye, oat, pea, lentil, chickpea and maize,
were collected and provided the basis for the estab-
lishment of modern genebanks in the USSR
(Plucknett ez al., 1987).

Vavilov’s ideas led him to establish the well-
known concept of the 12 Vavilovian centres of crop
diversity. Plant breeding approaches after Vavilov’s
death urged the USSR to collect new material. In
the early 1960s, Zhukovsky (from the N.I. Vavilov
All-Union Scientific Research Institute of Plant
Industry, VIR, Leningrad) complained about the
lack of a continuous introduction of new material
of cotton, maize, potato, bean, pumpkin, tomato,
pepper, tobacco and groundnut. In fact, despite
efforts had
considerable gaps (especially from Latin America,
Australia, the Balkans and the Iberian Peninsula).
In the 1960s, Zhukovsky was the only Russian
contacting FAO in order to organize expeditions to
Latin America to introduce potato species resistant
to virus degeneration, races of Phytophthora, nema-
todes, Colorado beetle, Epilachna and other pests
(Whyte, 1958).

Germplasm activities were also initiated at the
Institut fiir Kulturpflanzenforschung, founded in
1942 at the Tuttenhof domain, near Vienna. The
first director was Hans Stubbe. During the Second
World War, in 1945, the Institute was moved to
Quedlinburg and in 1946 to Gatersleben (German
Democratic Republic). In 1948, it was integrated
into the German Academy of Science in Berlin,
renamed in 1968 Zentralinstitut fiir Genetik und
Kulturpflanzenforschung, under the direction of
Rudorf Mansfeld (1949-1960) and S. Danert
(1961-1970).

In Western Europe, there was a general need for
an international central organization. An attempt
to solve the problem of maintaining genetic stocks
of potato species and varieties in their original
integrity and free from diseases was made by the
British Commonwealth, which had established the
Commonwealth Potato Collection (and by the
USA  with its IR-1, Inter-Regional Potato
Introduction Project at Wisconsin). However, for
several reasons, such as lack of updated reports, and
because breeders had discarded more promising
lines, this initiative did not work (Hawkes, 1961).

The aforementioned situation was typical for
other crops. For example, in Italy, since the begin-
ning of the century, the improvement of Triticum
species was based, by N. Strampelli and later on by
others, on the collection and use of the wide

Vavilov’s the institute’s collections

genetic diversity available in landrace populations
and also on distant germplasm, for example from
Japan (Scarascia-Mugnozza and Porceddu, 1972;
Porceddu, 1972). This European experience led to
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the conclusion that an international station could
be the solution to the problem of conservation.

The European Society for Research and Plant
Breeding (EUCARPIA) was established in 1956 in
the Netherlands. In the early 1960s it was the first
organization to promote a collecting network. It
started off with a more generalist ecogeographical
orientation (ecoregional genebanks). In 1962, the
third EUCARPIA General Congress, in Paris,
emphasized the danger of loss of genetic resources.
In 1966, EUCARPIA delegates advised the
European plant breeding institutes to start a collabo-
ration through regional genebanks on the continent.

The proposal resulted in the establishment of
the following four sub-regional genebanks:

® North Western Europe. The bank was estab-
lished at the former Institute of Crop Science
and Seed Research of the Federal Agricultural
Research Centre (FAL) at Braunschweig-
Vélkenrode, West Germany. Today, the
genebank is part of the Federal Centre for
Breeding Research of Cultivated Plants (BAZ).
Dieter Bommer was the main initiator.

® Central and Eastern Europe. In the original
plan, more than one genebank would be
needed, for example, in Leningrad (already
existing) and Gatersleben (already existing).
Hans Stubbe (1942), O. Schwarz (1946), R.
Mansfeld (1949), S. Danert (1961) and C.O.
Lehmann (1970) were the main actors.

® Southern Europe, including the Mediterranean
region. The genebank was established at Bari, Italy.
The main instigator was G.T. Scarascia-Mugnozza.

® Scandinavia. The bank was established at Lund,
Sweden, as a cooperative effort among the
Nordic countries (Denmark, Finland, Iceland,
Norway and Sweden). The main instigators
were Ebbe Kjellqvist and Stig Blixt.

Although none of the genebanks acted as a
sub-regional centre, they were all very active and
successful. In the 1970s, a special section of
EUCARPIA, the Genebank Committee, formally
linked to the section Wild Species and Primitive
Forms, was established (Hawkes was the first
Chairman). There were annual meetings of mem-
bers and genebank directors from Eastern Europe.

FAO

In the 1950s and early 1960s, the other major actor
in the conservation of genetic resources was FAO.

Several World Catalogues of Genetic Stocks (wheat,
rice, maize, batley) were set up in the late 1950s,
while the FAO Plant Introduction Newsletter was
seen as a key initiative and intermediary between
breeders of the world. In the 1960s, the FAO Plant
and Protection Service dealt with a continuous
stream of enquiries for samples of seed or vegetative
material for use by breeders. FAO genetic resources
policies show a significant distinction between
planning and actual programming. A strong call for
immediate action in conservation, particularly for
landraces and wild relatives, had already been made
during the 10th Session of the FAO Conference in
Rome, November 1959. The need for a truly inter-
governmental initiative to streamline germplasm
conservation and distribution was recognized dur-
ing the 1961 Technical Meeting on Plant
Exploration and Introduction, but was not worked
out during later years. The dominance of breeders
in the 1960s had a double impact: (i) conservation
and use were closely linked; and (ii) storage in the
first instance took place in industrialized countries
and was tied to plant breeding institutes. Naturally,
the history of FAO in the collection and exchange
of germplasm is much richer in events (Pistorius,
1997).

The 1961 Technical Meeting on Plant
Exploration and Introduction was the first initia-
tive on a multilateral basis with the aim of
extending initiatives in the field of plant intro-
duction. For this purpose it was suggested that:
(i) National and Regional Introduction Stations
should be set up under the aegis of FAO; and (ii)
Exploration Centres should be built in regions of
greatest genetic diversity and serve as centres for
research on environmental interaction and add
and wild relatives

knowledge on landraces

(Rudorf, 1961).

A pilot Exploration Centre was established in
1964, at Izmir in Turkey, which started under a joint
project between the Turkish government, the UN
Development Programme/Special Fund and FAO. It
also acted as Regional Centre for Afghanistan, Iran,
Iraq, Pakistan, Syria and Turkey, and organized
germplasm  collection, conservation and evaluation.
For some reason the Izmir Centre began to work
successfully only later, in the middle of the 1970s,
and played its main role at national level
(FAO/UNDP, 1970; Frankel, 1985). A FAO-Unit of
Crop Ecology and Genetic Resources was established
in Rome, in 1967, under the guidance of
R. Pichel and E. Bennett.
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Plant Genetic Resources
Developments since 1967

1967 FAO/IBP Conference

The 1967 FAO/IBP Technical Conference on the
Exploration, Utilization and Conservation of Plant
Genetic Resources, held in Rome and organized by
the International Biological Programme (IBP) and
FAO, was an early occasion for a group of experts,
later referred to as the Panel of Experts on Plant
Genetic Resources, to define a global strategy for
the conservation of plant genetic resources.

In particular, the rising concern about possible
genetic erosion of landraces and wild relatives due
to modern agriculture, and the more general,
increasing need of the agro-industry for a steady
flow of new germplasm, convinced the members of
the Conference to give more consideration to the
generalist approach of conservation. New cold-
storage techniques,1 developed in the 1960s, made
long-term ex situ storage possible.

The alternative of in situ conservation was
brought forward as well, although this met consid-
erable opposition from the scientists who empha-
sized the direct use of genetic resources in
mainstream breeding programmes.

The scientific arguments for 7z situ conserva-
tion, as complementary and as an alternative to ex
situ, were mostly based on genecological premises.
In any case, soon after the 1967 Conference, 7 situ
conservation did not materialize and remained
merely a theoretical dispute among breeders and
geneticists. In general, the debates dealing with
arguments on genetics, single—gene resistance versus
polygenic resistance, socio-economic implications
of single-gene resistance, genecological ideas and
breeding strategies, led to conclusions in favour of
ex situ conservation (FAQ, 1969).

The report of the 1967 Conference (‘Genetic
Resources in Plants — Their Exploration and
Conservation’) confirmed a general consensus on
the need for more facilities and efforts for both in
situ and ex situ conservation. During the following
decade, as already mentioned, ex situ conservation
became the dominant conservation strategy.

The 1967 FAO/IBP Technical Conference gen-
erated some important guidelines for the establish-
ment of a global network for ex siru long-term
conservation. The conversion of these guidelines

into practical action took place quickly. A Panel of
Experts on Plant Exploration and Introduction
(established in 1965) generated a Plan of Action
presented during the 1973 FAO/IBP Technical
Conference on Plant Genetic Resources (Rome,
12-16 March), published under the tite Crop
Genetic Resources for Today and Tomorrow (Frankel
and Hawkes, 1975).

The most important achievement of the Panel
of Experts (which met six times from 1966 to
1975) was the formulation of basic criteria for con-
servation and use of genetic material. These were:
(i) that plant material was to be made available
immediately and without restriction to all breeders
requesting it; and (ii) that genetic variability had to
be maintained for future generations in long-term
storage under conditions of maximum physical and
genetic security (FAO, 1969).

During the Third Session of the Panel of
Experts, in Rome, 1969 (FAO, 1969), the Panel
pointed out a few regions in the world and the cor-
responding native crops that needed immediate
attention: the Near East (wheat, etc.), the Sudanian
zone of Africa (Oryza glaberrima, etc.), southern
and eastern Africa (forage grasses), Ethiopia (vari-
ous local varieties), South and Central America
(cotton, etc.), South-East Asia (tropical fruits, etc.)
and Oceania (yam).

This priority list was very broad and not practi-
cal. In its last formal meeting (March 1975), the
Panel made a modified ranking. It recommended
that the FAO first had to look for cooperation with
the Germplasm Laboratory at Bari, to coordinate
further exploration in the west and central
Mediterranean regions. Ethiopia was given second
priority, and the third was for some tropical crops.
These modified criteria illustrate a shift from a
crop-oriented to a region-oriented approach.

A third important result of the Panel was a cate-
gorization of ex situ collections: base collections (for
long-term conservation), active collections (for
research and distribution) and working collections
(usually maintained at plant breeding institutions).

These developments led to the planning in 1973
of another joint FAO/IBP Technical Conference on
Crop Genetic Resources. This differed from the one
in 1967 in that it did not formulate scientific para-
meters for the conservation and use of plant genetic
resources. However, the book that came out of it

(Frankel and Hawkes, 1975) formulated practical

'There is a rich literature on research and results of methods for sampling, conservation techniques in low temperature

chambers, for engineering aspects of units for long-term conservation of germplasm, for methods of rejuvenation, and so on.
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action plans on: optimal sampling strategies in
genetic conservation, sampling techniques for ex situ
collections, methods of exploration in seed crops,
vegetatively propagated crops and tree species, and
long-term storage of seed and pollen.

Genetic erosion issue reaches the
global scale

Although the Panel of Experts had been very con-
cerned about the negative consequences of genetic
erosion, the issue received little public attention in
the 1960s. The early 1970s, however, saw an
unexpected recognition of the issue as the world
witnessed two serious consequences of genetic
erosion. In 1970, a serious outbreak of southern
corn-leaf blight in the USA reminded the scien-
tific world that genetic variability was not always
enough if the cytoplasm is entirely of one kind. In
the same year, a catastrophic outbreak of coffee
rust caused great losses in Brazil with higher coffee
world market prices as a consequence. These cases
provoked publicity on a global scale, generating a
flow of information on other, ongoing cases of
genetic erosion. The Panel presented all these
facts.

In 1972, within the agricultural community of
the USA, the Agricultural Board and the National
Research Council published a report, Genetic
Vulnerability of Major Crops, which attracted much
attention, within both scientific circles and circles
of agricultural non-governmental organizations
(NAS, 1972). The key lesson of the 1970s was that
genetic uniformity is the basis of vulnerability to
epidemics and, more generally, to biotic and abiotic
stresses. The situation poses substantial challenges
to scientists and to the nation involved (NAS,
1972).

Clearly the market wants uniformity. The irony
is that the uniformity of crops facilitates epidemics
and could be a synonym of vulnerability and crop
damage; unfortunately the scientist, not the mar-
ket, tends to receive the blame.

The United Nations Conference on
Human Environment (UNCHE, 1972)

The UNCHE was held in Stockholm in June 1972.
The influence of the ideas of the FAO Panel of

Experts became significant in the clear division of

labour between iz situ and ex situ conservation. It
was stated that both are needed, but it became clear
that genetic resources with an agricultural value had
to be conserved in ‘national or regional genetic
conservation centres ex situ, such as the NSSL,
USA or the VIR, USSR.

Wild relatives of crop species, on the other
hand, would be maintained in their ‘natural envi-
ronment’ (in situ) for which the UNESCO Man
and Biosphere Programme was recommended to
fulfil the important role. To establish a network of
ex situ genetic resources, the UNCHE recom-
mended ‘that the appropriate UN agency establish
an international liaison unit for plant genetic
resources’ and ‘to provide the secretariat for peri-
odic meetings of international panels and seminars
on the subject; a conference on germplasm might
be convened to follow up the successful FAO/IBP
conference of 1967’.

Plans for a global network of genebanks

After Stockholm 1972 and the 1973 FAO/IBP
Technical Conference there was no direct impact in
terms of more collections and storage activities.
But, there was a rapidly growing network of several
International ~ Agricultural ~ Research  Centres
(IARC:), belonging to the CGIAR network. The
‘establishment of a mechanism to encourage, coor-
dinate and support action to conserve genetic
resources and make them available for use’ suggested
during a meeting (1972) of the Panel in Beltsville,
Maryland, was submitted to the CGIAR Technical
Adviser Committee (TAC). This move had tremen-
dous consequences for the position of scientists,
governments and international agencies (FAO, first
of all) in the conservation of genetic resources.
The plan embraced four elements:

® To create a coordinating centre (which later
became the International Board for Plant
Genetic Resources — IBPGR).

® To stimulate the establishment of genebanks in
international centres already existing in develop-
ing countries (those already established were:
IRRI, in 1960, International Maize and Wheat
Improvement Centre (CIMMYT), in 1966,
International Centre for Tropical Agriculture
(CIAT), in 1967, and International Institute for
Tropical Agriculture (II'TA), in 1968).

® To establish genebanks in new international cen-

the West African Rice Development

tres:
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Association (WARDA, 1971), the International
Potato Centre (CIP, 1971), and the International
Crops Research Institute for the Semi-Arid
Tropics (ICRISAT, 1972). After 1972, to these
organizations already existing, some others, like
the International Livestock Centre for Africa
(ILCA, 1974) and the International Centre for
Agricultural  Research in  the Dry Areas
(ICARDA, 1976) were also included in the net-
work.

® To establish new ‘regional’ genebanks in the
Vavilovian centres of crop diversity; following
an ‘ecogeographical approach’, the centres
would serve as a global division of labour in col-
lection efforts.

While the scientific orientation of the FAO
Panel embraced general incentives to conserve
genetic resources, the institutional orientation of
CGIAR was to extend its mandate in considering
genetic erosion as a threat to the further develop-
ment of the Green Revolution.

The establishment of IBPGR

The IBPGR, established in 1974, was administra-
tively integrated into FAO, but technically it was
autonomous. The establishment of IBPGR acceler-
ated the formation of a world network of genebanks.
In this context, IBPGR had a precise and important
task: ‘to promote and assist in the worldwide effort to
collect and conserve the plant germplasm needed for
future research and production’ (TAC, 1972).
IBPGR replaced the activities of the Panel of Experts.

However, IBPGR might never have existed, or
at least not in its present form, if FAO had not seen
the need for conserving the genetic resources of
crops and had not set up a Panel of Experts to
provide the necessary scientific basis for this to be
undertaken (Frankel, 1985). IBPGR, on the other
hand, offered FAO the financial support and man-
power to build up and coordinate a new world
network of genebanks.

IBPGR also managed to create and maintain
standard criteria for the upkeep of collections. The
institutions in the network that preserve genetic
material on a long-term basis, form the core of
IBPGR’s international network. By 1984 it consisted
of 40 collections in about 30 countries. Under the
impulse for the preservation of their genetic
resources and the need to establish ad hoc structures,
several developing countries were pushed to reorga-

nize their national agriculture systems, including
institutes or research groups for the attainment and
maintenance of genetic resources collections.

The direct link with CGIAR implied that
conservation strategies were defined as direct
requirements for international agricultural research,
in its need for landraces (and wild relatives) threat-
ened by replacement by major crops, instead of
those for local populations in developing countries.
This ‘supply function’ also implied that conserva-
tion tended to focus on major crops (most of all,
rice, maize, potato, wheat and sorghum) and con-
stituted a clear break with the FAO Panel of
Experts’ initial view.

Political and scientific issues and the
establishment of the FAO Commission on
Plant Genetic Resources

The term ‘genetic resources’ refers to the genetic
information contained in the genes, the terms ‘bio-
logical diversity/biodiversity’ encompass all species of
plants, animals and microorganisms, including
ecosystems and ecological processes. In the late
1960s and 1970s a group of 77 developing countries
proclaimed a New International Economic Order
(NIEO) in several fora, including FAO. Other dri-
ving forces were non-governmental organizations
(NGOs) and the Rural Advancement Foundation
International (RAFI). The NGOs’ constant lobbying
within FAO against the Norths dominance in the
exchange and use of genetic resources and against the
neglect of the rights and needs of small farmers,
helped to shape the genetic resources issue as it stood
throughout the 1980s. The International Coalition
for Development Action (ICDA), renamed Genetic
Resources Action International (GRAIN), was also
an important source of information for NGOs. In
the late 1980s, GRAIN published New Hope or False
Promise? Biotechnology and Third World Agriculture
(Hobbelink, 1987).

Scientists within the CGIAR network tried to
convince NGO critics that the results from the
research mostly benefited developing countries.
RAFI and GRAIN reacted by saying that the
CGIAR centres were the main driving forces
behind the Green Revolution, the creators of
monocrop cultures and the main contributors to
genetic erosion.

During the 20th Conference, in 1979, a num-
ber of developing countries started to ask for
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information about the following issues (Esquinas-

Alcdzar, 1989):

® Who owns the genetic resources collected with
international money and stored in countries
other than those in which they were collected?
Who will guarantee their long-term security?

® What guarantee is there for continued free
exchange of material in ex situ collections?

® How can countries benefit from the plant genetic
resources that their farmers have produced,
improved and conserved over millennia, as they
currently lack the technical and financial capacity
to use these resources for their own benefie?

Throughout the 1980s, FAO remained the prin-
cipal forum in which developing countries tried to
pursue their interests, which comprised attempts to
support the establishment within FAO of an inter-
national legal framework to set global standards and
rules for the conservation and exchange of genetic
resources, with the aim that genetic resources would
remain available in the public domain.

During the 21st Conference, on 25 November
1981, Resolution 6/81 was approved, which in its
statement (e) emphasizes the lack of an ‘interna-
tional agreement for ensuring the conservation,
maintenance, and free exchange of genetic
resources of agricultural interest contained in exist-
ing germplasm banks’. This resolution became one
of the most hotly debated in the history of FAO.
The genetic resources issue, having been a matter of
discussion by experts during most of the 1970s,
suddenly in 1981 received worldwide press cover-
age. NGOs were actively in favour, while industri-
alized countries, particularly the USA, UK and
Australia heavily opposed the resolutions.

Nevertheless, the 22nd FAO Conference (1983)
approved the proposal for
Undertaking, which includes 11 articles and the
establishment of the FAO Commission on Plant
Genetic Resources (CPGR). In spite of the limited
support from industrialized countries for the
Undertaking, the 22nd FAO Conference was con-
sidered a major victory for developing countries.
The first session of the CPGR took place in March
1985 and since then it has met every 2 years. The
discussion on the alternative FAO genebank net-
work (point 2 of Resolution 6/81) proved that the
idea of establishing a physical genebank at FAO
headquarters was not feasible. The proposal for an
international network of storage facilities, in the
frame of CGIAR appeared more workable.

an International

Global System on Plant Genetic
Resources (1983)

The adoption of the FAO International
Undertaking on Plant Genetic Resources (1983)
confirmed and strengthened the establishment of
network. Article 7 of the
Undertaking asked for coordinated action by all

an international

institutions involved in the conservation of genetic
resources to develop a Global System on Plant
Genetic Resources for Food and Agriculture (Fig.
1.1), whose objective is to ensure the safe conserva-
tion, and promote the availability and sustainable
utilization of plant genetic resources for present and
future generations, by providing a flexible framework
for sharing the benefits and burdens (FAO, 1995b).
The Global System is a means to effectuate the
decisions of CPGR, but would also consist of ix
situ conservation areas and an ex situ network of
active and base collections, and form a core to
strengthen FAO’s political position in the collec-
tion, conservation, evaluation and documentation,
as well as the use of genetic resources. The CPGR
and the Undertaking are the main support for the
Global System. This falls into three main elements:

1. International agreements: (i) Code of Conduct
for Plant Germplasm Collection and Transfer; (ii)
Code of Conduct on Biotechnology; and (iii) Basic
agreements on genebanks.

2. Three network systems (global mechanisms): (i)
the world Information and Early Warning System
on Plant Genetic Resources; (ii) a network of ex situ
genebanks (since 1994, also including the CGIAR
collections); and (iii) a network of in situ and on-
farm conservation areas.

3. Global Instruments: (i) State of the World’s
Plant Genetic Resources; (ii) Global Plan of Action
for the Conservation and Sustainable Utilization of
Plant Genetic Resources for Food and Agriculture

(GPA); and (iii) International Fund (FAO, 1996b).

The establishment of IPGRI

In 1989-1990, the CGIAR, following a proposal
by its Technical Advisory Committee, supported
‘the establishment of IBPGR as an international
organization independently managed and prefer-
ably located near FAO headquarters in Italy’ (TAC,
1986). The International Plant Genetic Resources
Institute (IPGRI), as successor of IBPGR, was for-
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Fig. 1.1. The global system for the conservation and utilization of plant genetic resources for food and

agriculture (source: FAO, 1995b).

mally established on 9 October 1991, and ratified
by the Italian Parliament in March 1994.

IPGRI does not have research facilities but
operates primarily as a catalyst and facilitator, con-
tracting most of its research to partner organiza-
tions. In this way, IPGRI works to enhance
strategic and adaptive research aimed at solving key
genetic resources problems. IPGRI is also a special-
ized development agency that provides direct tech-
nical support to national plant genetic resources
programmes. Its way of working is based on strong
linkages with many partners, a proactive, bottom-
up approach and needs-driven objectives. The flexi-

bility of this approach allows the Institute to
respond to changing needs and circumstances and
to take a broad view of biodiversity issues in general
and the conservation and use of plant genetic
resources in particular. The Institute’s partners are
found at all levels of genetic resources work:
national plant genetic resources programmes,
research institutes (international and regional),
organizations, universities, herbaria and botanical
gardens, the private sector, non-governmental orga-
nizations, community-based organizations includ-
ing farmers and women’s groups (various IPGRI
newsletters, Scarascia-Mugnozza, 1999).
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The Development of ex situ
Collections and Genebanks

Size of collections worldwide

At present, over 6 million accessions are stored ex
situ throughout the world (Plucknett ez al., 1987;
Scarascia-Mugnozza, 1995, 1998; FAO, 1998;
FAO WIEWS database): some 600,000 are main-
tained within the CGIAR system, the remaining
5.4 million accessions are stored in national or
regional genebanks (Table 1.1). Nearly 39% are
cereals, 15% food legumes, 8% vegetables, 7% for-
ages, 5% fruits, 2% roots and tubers, and ¢. 2% oil
crops. Spices and medicinal, aromatic and orna-
mental species are rarely found in long-term public

collections (FAO, 1996a).

For wheat, rice, potato, cassava, banana/plan-
tain, sorghum, yam, sweet potato, chickpea, lentil
and bean, the largest ex situ collections are held by
the TARCs; for other crops the largest collections
are in national institutions. Minor crops are poorly
represented in ex situ collections; for example, there
are only about 12,000 accessions of all species of
yams (0.21%) and less of coconut (0.16%) and
many others. However, recently some genebanks
have begun to accept regional responsibility for
long-term storage of some minor crops: rice bean,
moth bean and amaranth at the National Bureau
for Plant Genetic Resources (NBPGR) in India;
winged beans at the Institute of Plant Breeding
College of Agriculture (IPB-UPLB), Laguna, in the
Philippines and at the Thailand Institute of
and Technical (TISTR),

Scientific Research

Table 1.1. Ex situ collected and stored accessions, by crop, maintained in national and CGIAR

genebanks.?

CGIAR

National collections  centres Total? % % %
Crop (a) (b) (c) alg b/g c/g
Cereals 1,971,000 362,000 2,333,000 37 60 39
Food legumes 758,000 132,000 890,000 14 22 15
Vegetables 481,000 — 481,000 9 — 8
Forages 350,000 58,000 408,000 6 10 7
Fruit 279,000 — 279,000 5 — 5
Roots and tubers 77,000 24,000 101,000 1 4 2
Oil crops 95,000 95,000 1.8 1.7
Banana 2,500 2,500 0.4 < 0.1
Sugar crops 45,500 45,500 0.8 0.7
Beverages 43,000 43,000 0.8 0.5
Condiments 17,700 17,700 0.3 0.3
Cacao crops 9,400 9,400 0.2 0.2
Rubber 31,000 31,000 0.6 0.5
Fibre crops 76,300 76,300 1.4 1.3
Narcotics and drugs 28,000 28,000 0.5 0.5
Shelter crops 10,000 10,000 0.2 0.2
Ornamentals 23,200 23,200 0.4 0.4
Medicinal plants 2,300 2,300 <0.1 <0.1
Dyes 1,000 1,000 <0.1 <0.1
Perfume crops 600 600 <01 <0.1
Building materials 400 400 <01 <01
Others 1,100,600 21,500 1,122,100 20 4 19
Total (g) 5,400,000 600,000 6,000,000 100 100 100

2 Ex situ collections consist of seed genebanks, field genebanks and in vitro genebanks.
b Seed genebanks (5,435,000 accessions); field genebanks (527,000 accessions); in vitro genebanks
(38,000 accessions). Considering duplicates within and between collections, the total number of

accessions is estimated to be from 1 to 2 million.

Sources: Plucknett et al., 1987; Scarascia-Mugnozza, 1995; FAO WIEWS database, 1996; FAO, 1998.
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Bangkok; faba beans at the International Centre for
Agricultural Research in Dry Areas (ICARDA),
Aleppo, in Syria; and adzuki beans at the National
Institute of Agrobiological Research (NIAR),
Tsukuba, in Japan. It is interesting to note that, for
many export crops and commodities, large percent-
ages of the global collections are concentrated in a
few countries: oil palm accessions in Zaire (83%),
most rubber accessions (76%) in Malaysia and
coconut (22%) in Sierra Leone (FAO, 1998).

According to the type of genetic variation
within ex situ collections, about 32% are advanced
cultivars, 24% are landraces or old cultivars, 5%
are advanced landraces and 8% are wild or crop
relatives (FAO, 1998).

Some countries are consolidating national col-
lections (in situ and ex situ) of indigenous genetic
resources, which are of potential importance largely
to the country itself. Quantitative estimates for 24
countries (Table 1.2) show that only a few coun-
tries (for example, Ethiopia, Cyprus and China)
store high percentages of indigenous plants, of size-
able collections, although it is impossible to say
how representative current ex sizu collections are of
total diversity in the respective countries. However,
landraces of cereals are probably better represented
than those of pulses, root crops, fruit and vegeta-
bles, excluding potato and tomato (FAO, 1996a).

Coverage of wild relatives is limited, and that of
forest ornamentals, aromatic and medicinal species
is minimal. Worldwide, there are gaps in the collec-
tions of minor crops and under-utilized species,
especially for landraces and wild relatives from their
centres of diversity and cultivation. Targeted collec-
tion of selected species and assessments of the
genetic diversity of landraces are, therefore, priori-

ties (Padulosi, 1996).

Storage facilities

Methods for germplasm conservation are determined
by a number of factors: purpose (programmes to
conserve genetic diversity for posterity or for present
and short-term use), storage behaviour (type of
seeds: orthodox, recalcitrant or intermediate) and
resources (financial, human and institutional capaci-
ties and technologies) (Table 1.3) (FAO, 1996a).

By the end of the 1970s, there were about 54
seed stores. Today, besides the genebanks of the
IARC:, there are over 1300 national and regional
genebanks and seed storages on field collections,

Table 1.2. Indigenous accessions in national
genebanks. (From 24 Country Report, FAO, 1998.)

Country Percentage
Europe
Bulgaria 12
Czech Republic 16
Republic of Moldova 40
Romania 71
Slovakia 8
Belgium 75
Africa
Cameroon (roots and tubers) 75
Cameroon (fruits) 25
Ethiopia 100
Mauritius 100
Angola 100
Malawi 100
Namibia 100
Senegal 10
Near East
Islamic Republic of Iran 95
Cyprus 100
Iraq 22
America
Brazil 24
Colombia 55
Ecuador 52
United States 19
Asia
China 85
Democratic People’s
Republic of Korea 20
Republic of Korea 18
Sri Lanka 67

397 of which are maintained under long- or
medium-term storage conditions. In fact, many
countries have more than one ex sizu facility or col-
lection (70 in India), although in many cases these
are active or research collections (FAO, 1998).
Many of the collections are breeders’ or working
collections and are likely to be short term. Of the
1308 genebanks registered in the World
Information and Early Warning System (WIEWS)
database, 496 (38%) are located in Europe, 328
(25%) in the Americas, and 293 (22%) in Asia
(Table 1.4). The 15 largest national base collections
together hold about 1.7 million accessions or 34%
of the national seed collections (Table 1.5).

A total of 75 countries have facilities for medium-
and long-term storage, but in many cases the major
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Table 1.3. Technologies for ex situ conservation according to the type of plant genetic resources. (From

FAO WIEWS database, 1996; FAO, 1998.)

Storage technology

Type of genetic material

Adequate storage

Desiccated seeds at low Orthodox seeds
temperature (—18°C) and

3—7% moisture content

Desiccated seeds at cool Orthodox seeds

temperature

Ultra-dry seeds at room Orthodox seeds

temperature

Storage of dried seeds at

room temperature seeded species

Cultivation of entire plants
in field genebank

Slow growth under serial in
vitro propagation

Cryopreservation at —196°C
in liquid nitrogen
or —154°C to —196°C in
N, vapour
and freezing

Freeze-dried seeds or tissue

Some long-lived orthodox

Vegetative species and some
non-orthodox seeded species

Vegetative species and some
non-orthodox seeded species

Seeds, pollen, tissue,
cells, embryos of species
capable of in vitro
regeneration after drying

Seed or plant tissue

Long-term conservation
(base collection); provision
of accessions for use (active
collection)

Provision of accessions for use
(active and working collections);
medium-term conservation (base
collections)

Medium- to long-term
conservation

Provision of accessions for use
(active and working collection)

Short or medium-term
conservation (base collections);
provision of accessions for use
(active collections)

Medium-term conservation;
provision of accessions for use
(active collections)

Long-term conservation

Medium- to long-term
conservation, depending
on the species

constraints to reliable storage are: equipment, suitable
drying facilities and electricity supplies. Based on the
Country Reports, secure, long-term seed storage
facilities are found in 35 countries: 15 in Europe,
seven in the Americas, five in Asia, four in Africa and
four in Near East regions. A further 56 countries
have facilities for short- to medium-term storage
only (FAO, 1998).

According to FAO WIEWS database, only
about 56% of the accessions are stored in medium-
or long-term conditions. Nearly 8% are stored in
short-term, 1% in short/medium and 10% in field
collections, 7z vitro or under cryopreservation. No
information is available for 25% of the accessions.

Field genebanks and in vitro facilities

Plant species that are vegetatively propagated, have
long life cycles or produce short-lived (recalcitrant)

seed, are usually maintained in field genebanks,
existing in at least 103 countries. These include
crops like fruit trees of temperate zones, potato,
cassava, banana/plantain, yam and tropical fruits,
rubber, coffee, cocoa and coconut. Nevertheless,
improvement and development of appropriate con-
servation technologies for vegetatively propagated
plants, as well as for species with non-orthodox
seeds, are needed (FAO, 1998).

Approximately 527,000 accessions are stored
worldwide in field genebanks: 284,000 in Europe,
10,000 in the Near East, 84,000 in Asia and the
Pacific, 16,000 in Africa and 117,000 in the
Americas (FAO, 1998). More than 60 countries
have in vitro conservation facilities. /n vitro storage
is an alternative or complementary method for con-
serving vegetatively propagated plants, or those
with long life cycles and with recalcitrant seeds,
which has been developed up to now for a small
number of species. The technology requires expen-
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Table 1.4. Number of genebanks and accessions in ex situ collections, by region. (From FAO WIEWS

database, 1996; FAO, 1998.)

Accessions Genebanks

Region Number % Number %
Africa 353,523 6 124 10
Latin America, the Caribbean 642,405 12 227 17
North America 762,061 14 101 8
Asia 1,533,797 28 293 22
Europe 1,934,574 35 496 38
Near East 327,963 6 67 5
Total 5,554,505 100 1,308 100
CGIAR Total 593,191 12

sive equipment and skilled staff. The total number
of in wvitro accessions is about 38,000 (cassava,
potato, sweet potato, Andean root and tuber crops,
yam, banana/plantain, cocoyam, grasses, etc.); they
are stored in about 63 in vitro genebanks, mostly at
IARCs. There are, however, good examples at
National ~Agricultural Research  Systems; for
instance the papaya collection at the Malaysian
Agricultural Research and Development Institute.

Botanical gardens

Worldwide, 1500 botanical gardens (11% private)
maintain living collections of plants (Fig. 1.2).
About 10% of them also have seed banks, and 2%
in vitro collections. Usually, vegetatively propagated
species, forest trees, medicinal and ornamental
species, as well as plant genetic resources for food
and agriculture of local significance are well repre-
sented. In this way they can fill an important gap in
ex situ conservation programmes. Because their
mandate extends to all plant species, botanical gar-
dens are characterized by few accessions per taxon
and, consequently, by a high interspecific but low
intraspecific genetic diversity.

Most of the botanical gardens (915) are situated
in Europe, the Former Soviet Union, and the
United States, where about 75% of the total
germplasm  of botanical gardens is conserved.
Worldwide, 698 (47%) have germplasm collections,
80% of which are preserved as living collections,
outdoors or in greenhouses. In particular the situa-
tion is as follows: 410 botanical gardens conserve
ornamental species or wild native endangered
species, many of them related to major crops; about

60% of these collections are in Europe, the USA,
Japan, South Africa and Mexico; 169 also conserve
medicinal and forest species, particularly in China,
Japan, India and Brazil; 119 conserve germplasm of
cultivated  species, including landraces, semi-
cultivated species and other wild species locally uti-
lized. These collections can be found in Asia (India
and China), Mesoamerica (Mexico) and Canada.
The Index Seminum Commission has been the
main mechanism for germplasm exchange for 300
years, and about 2 million accessions are offered
every year, but the feedback on how the germplasm

is used is very poor.

Characterization and evaluation of the
collections

In general, genebanks were installed in the 1970s
and 1980s in response to genetic erosion. The
urgency of the moment led to the rescue and
amassing of a huge amount of plant genetic
resources, which was not followed by extended
evaluation and utilization. Only 56 and 55 coun-
tries, respectively, provided information on charac-
terization and evaluation activities, and only small
percentages of the collections have been subjected
to some form of characterization or evaluation
(FAO, 1998).

The situation for IARC’s managed collections is
much better for characterization and, in general,
also for evaluation, in particular for resistance to
pests and diseases. Most of the centres perform
multi-site evaluation of accessions for desirable
characteristics in different agroecological regions.
So far, there are a few examples of germplasm being
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Table 1.5. Ex situ storage facilities and regeneration situation in the world’s largest national base
collections. (From FAO, 1998.)

Accessions
Country and institute  stored Storage facilities Status of regeneration
China 300,000 Long-term storage Not yet needed since genebank
Institute of Crop space available is only 8 years old
Germplasm
United States 268,000 Long-term storage 9% requires regeneration; main
National Seed capacity of constraints are lack of human
Storage Laboratory 1 million resources and facilities for regeneration
accessions of cross-pollinated crops
Russian Federation 177,680 No long-term Regeneration required frequently
VIR facilities
Japan 146,091 Long-term 4% requires regeneration;
NIAR facilities no specific problems reported
India 144,109 New genebank 63% requires regeneration;
NBPGR capacity for no specific problems reported
600,000
accessions
Republic of Korea 115,639 Long-term facilities 50% requires regeneration; main
RDA total capacity 200,000 problems are with cross-pollinated
accessions species
Canada 100,000 Long-term No specific problems reported
PGRC facilities
Germany 103,000 Long-term Main constraint is lack of
IPK, facilities staff resources
Gatersleben
Italy 80,000 Long-term No specific problems reported
Germplasm Institute, facilities
Bari
Brazil 60,000 Long-term facilities 64% requires regeneration; main
CENARGEN capacity for 100,000 constraints are funds, infrastructure
accessions and human resources
Germany 57,000 Long-term Main constraint is lack of
FAL, Braunschweig facilities staff resources
Ethiopia 54,000 Long-term 8% requires regeneration; main
Biodiversity Institute facilities constraints are lack of funds, land
and human resources
Hungary 45,833 Long-term 40% requires regeneration;
Institute for facilities no specific problems reported
Agrobotany
Poland 44,883 Long-term 3% requires regeneration;
Plant Breeding and facilities no specific problems reported
Acclimatization
Institute
Philippines 32,446 Long-term No specific problems reported
NPGRL facilities
Total? 1,728,681

2 About 34% of the world collection: 6,000,000.
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Fig. 1.2. Conservation of plant biodiversity and plant genetic resources in botanical gardens, by groups
of species and/or information (1500 botanical gardens worldwide) (source: FAO, 1998).

systematically evaluated using a network approach,
at national and international level. For instance the
International Network for Genetic Evaluation of
Rice (INGER), coordinated by IRRI and operating
for 20 years, has greatly contributed to the increase
in rice germplasm. Similarly, the International
Network for the Improvement of Bananas and
Plantains (INIBAP), working mainly through
NARS, has developed the International Musa
Testing Programme for the evaluation of banana
and plantain collections. In the USA, several public
sector and private institutions are collaborating
with the United States Germplasm Enhancement
Maize project (GEM), which is broadening the
genetic base of maize hybrids. It is evident that
international cooperation, in-depth documentation
and information, and a more systematic evaluation
and characterization in relevant environments are

needed (FAQ, 1998).

Distribution of germplasm from
genebanks

In general, germplasm from genebanks and botani-
cal gardens is freely available to bona fide users on
request; however, increasingly, access restrictions are
being introduced, partly caused by quarantine

regulations. More recently, restrictions are being
triggered by IPRs, the yet concluded
International Undertaking (IU), and restrictive

not

access legislation (J. Engels, personal communication).

A fundamental achievement is represented by the
legal status of the CGIAR genebanks. The legal status
of CGIAR and other ex situ collections was left unre-
solved until after the implementation of the UNCED
Convention on Biological Diversity (CBD), in 1993.
The CBD offers the signing states international rights
over their national resources (art. 3). The CBD does
not cover ex situ collections, which were acquired
prior to the implementation, i.e. the majority of the
accessions in the CGIAR collections. The importance
of the issues of ex situ collections and farmers’ rights
was further emphasized during the Nairobi
Conference for the Adoption of the Agreed Text of
the CBD in 1993. Soon after, the FAO adopted
Resolution 7/93, which called for intergovernmental
negotiations on: ‘the issue of access on mutually
agreed terms to plant genetic resources, including ex
situ collections, not addressed by the Convention,
and the issue of the realization of Farmers' Rights’
(FAQ, 1995a). On 26 October 1994, the 12 CGIAR
centres holding plant genetic resources placed them
under the auspices of the FAO International Network
of ex situ collections, part of the FAO Global System
(FAO, 1995b; Pistorius, 1997).
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At present, information on the utilization of con-
served genetic resources for breeding and other pur-
poses is rather scanty. One of the few available
indicators of utilization from national genebanks is
the number of accessions distributed each year and
expressed as a percentage of the total number stored
in the genebank. Only very few genebanks distribute
more than 10% of their accessions annually. For
instance, the USA distributes yearly over 100,000
samples concerning more than 3000 species. The low
use of genebank collections by breeding programmes
is due to the fact that most plant breeding pro-
grammes have their own working germplasm collec-
tions. It is also evident that most genebanks distribute
material only from a limited number of the total
species conserved. In general, a large proportion of
accessions is distributed to the National Agricultural
Research Service (NARS) mainly in developing coun-
tries; a much lower amount goes to the private sector.
The distribution of accessions from the CGIAR cen-
tres varies widely (Table 1.6). Most centres distribute
at least 10% of their total accessions every year; a rate
higher than that for most national genebanks (WRI,
TUCN, UNEP, 1992; FAO, 1998).

Remarks and improvement of the system

It has become increasingly clear that the ex situ col-
lections and the system of genebanks need to be
strengthened. Concerns are based on:

® gaps in the collections of minor crops and
under-utilized species, especially landraces and
wild relatives from their centres of diversity and
cultivation;

® 2 large and increasing number of accessions that
need regeneration;

® scveral important species with non-orthodox
seeds cannot be stored in seed genebanks;

® many countries lack resources to maintain
germplasm that they or the international com-
munity have already paid to collect;

® few genebanks operate in conformity with the
highest international standards, while the genetic
integrity of most of the germplasm accessions in
the remaining genebanks is threatened;

® duplication of accessions is far from complete,
while there is a significant duplication of samples;

® documentation is variable and incomplete;

access to information is limited;

® coordination between genebanks, breeders and
other users is insufficient (FAO, 1998).

On
genebank system for ex situ collections could be
attained following a number of measures, such as:

such premises, improvement of the

identify priorities to fill gaps in collections;
increase regeneration efforts;
complete safety duplication of collections;

increase primary characterization, evaluation

and documentation to facilitate collaboration

with breeders and to promote the sustainable

use of plant genetic resources;

® develop low-cost conservation technologies, par-
ticularly for non-orthodox seeds and vegeta-
tively propagated plants, including 7z wvitro
methods and cryopreservation;

® improve the linkages between ex sizu and in situ

conservation, also promoting a common database.

Finally, there is a need to maximize synergy
through collaboration at national, regional and
international levels, including the rational organiza-
tion of base, active and working collections. This
might include mechanisms to allow countries to
place their material in secure storage facilities outside
their borders, without compromising their sovereign
rights. Financing mechanisms may be required to
facilitate such rationalization of activities.

Genetic Resources: Maintenance,
Use and Regulation

Ex situ versus in situ and on-farm
conservation of agrobiodiversity

What are the real problems and the prospective,
matured in the last decade, what are the implications,
the possible approaches, in relation to collection,
maintenance and evaluation of agrobiodiversity?

Of course, collecting and conserving ex situ sam-
ples in genebanks is of undoubted technical and
economic advantage to both holders and users of
germplasm, and it has been instrumental in the
success of many national and international plant
improvement programmes, leading to significant
increases in productivity, as did the Green Revolution.
However, while genebanks will continue to play their
specific role, biological evolution, that is the continu-
ous creation of biodiversity, cannot take place in
stored material. It can only occur in nature, through
the dynamics of continuous contact and interaction
among life forms in ecosystems or, for crop plants and
domestic animals, in agroecosystems.



Table 1.6. Percentage of germplasm samples distributed annually by CGIAR centres, by sector (1992—1994). (From FAO, 1998.)

Other Developing Developed
international country country Total number
agricultural national agricultural national agricultural of samples
research centres research system research system Private sector distributed outside

Centres (%) (%) (%) (%) the centres
CIAT

Phaseolus 0 54 46 0 1,979

Manihot 0 59 40 1 422

Forage legumes 16 51 27 6 1,655

Total 7 53 37 3 4,056
CIMMYT

Maize 0 20 72 8 2,234

Wheat 0 69 28 3 2,372

Total 0 45 49 6 4,606
WARDA

Total 25 75 0 0 1,872
ICARDA

Total 5 63 32 0 13,013
CIP

Potato 93 7 3,929

Sweet potato 95 5 1,023

Total 93 7 4,952
IITA

Total 13 66 21 0 3,895
ICRISAT

Total 0 91 2 7 19,570
IRRI

Total 7 52 39 2 7,207
ILRI

Total 9 64 7 20 1,071
INIBAP

Total 3 64 33 0 371
Total 4 72 21 3 60,613
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During recent years, national and international
programmes, following considerable public calls
towards nature conservation and ‘to protect nature
from man’, have increased iz situ biodiversity con-
servation by increasing the number of protected
areas and reserves, which is also supported through
the UNESCO-MAB programme, the Global
Environment Facility of UNDP and UNEP pro-
jects and according to the multifaceted strategy
developed at the UNESCO Seville Conference in
1995 (Scarascia-Mugnozza, 1995).

The need to allow such processes to continue
has prompted an increasing engagement in in situ
programmes of biodiversity conservation. The
Convention on Biological Diversity (CBD) itself,
in Article 8, promotes in situ conservation when it
explicitly calls on signatory parties to ‘establish a
system of protected areas, or areas where special
measures need to be taken, to conserve the biologi-
cal diversity’, with the aim of ensuring the conser-
vation of ecosystems and agrobiodiversity, and of
guaranteeing the sustainable utilization of the latter.
Moreover, outside gene parks and protected areas,
in situ conservation is often carried out at the farm
level, ‘on-farm conservation’, where landraces and
locally improved material are grown, utilized and
conserved as components of traditional farming
systems, and where they also evolve in response to
their dynamics. Agricultural populations have, over
millennia, conserved plant and animal genetic
resources and practised selection for yield, quality,
resistance to biotic and abiotic stresses and for med-
icinal and other economic prospects. Therefore, it
is right and fair that iz situ conservation, again
according to the CBD, should aim to

respect, preserve and maintain knowledge,
innovations and practices of indigenous and local
communities embodying traditional lifestyles relevant
for the conservation and sustainable use of biological
diversity ... and encourage the equitable sharing of
the benefits arising from the utilization of such
knowledge, innovations and practices.

However, as most 7z situ management practices
have been directed towards habitat preservation and
have focused on ecological rather than genetic consid-
erations, technical expertise on conservation strategies
and techniques focused on #n situ conservation of
useful species should be intensified.

It may be concluded that the i situ or, under
specific conditions, on-farm conservation and culti-
vation of crop, domestic animal and agroforestry
species may play a significant role not only in the

effective maintenance of agrobiodiversity, but also as a
component of sustainable development programmes,
as recognized by Agenda 21. Measures such as the
establishment of a multilaterally agreed funding mech-
anism should therefore be taken to promote, encour-
age and implement 7 situ and on-farm conservation.

Use of genetic resources

Use and exploitation of genetic resources postulate
knowledge and evaluation of the characters
expressed by the genome of the samples and the
identification of desirable traits. Research in many
scientific disciplines of relevance to plant genetic
resources has allowed the development of more and
more refined methodologies which allow geneticists
and biotechnologists to pursue their programmes
more effectively. In particular, the new scientific
and technical tools should be progressively applied
to scan the genome of specific valuable accessions.

An important project fundamental for the preser-
vation, knowledge, evaluation and utilization of all
biological diversity, and consequently basic for the use
and valorization of agrobiodiversity, was designed,
during 1999, in Paris meetings of the OECD
Megascience Forum. It was decided to establish — in
the frame of the UNEP Global Environment Facility
— a Global Biodiversity Information Facility (GBIF),
corresponding to the aims of the CBD.

Like biodiversity itself, information on conserva-
tion, preservation and evaluation of biodiversity and
genetic resources is already distributed worldwide,
and contained in electronic databases, including
information on the distribution of organisms
around the globe, information on physiological
functions of organisms in relation to ecosystems,
detailed genomic maps, etc., often compiled during
unrelated and independent projects.

GBIF should strengthen preservation and uti-
lization of knowledge and expertise on biodiversity
by providing access and links to existing or new
databases, synchronizing and planning for interop-
erability between them, developing novel interface
designs and protocols for indexing and validation
of documentation, and so on. Of primary impor-
tance will be the role of GBIF in the exchange of
data, information and resources. Therefore, a clear
agreement should be reached in which intellectual
property rights, as well as breeders’ and farmers’
rights will be equitably protected and guaranteed.

In recent years the epochal event represented by
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the development of biological sciences, especially
molecular biology, and animal and plant genomics,
and the results of biotechnological research and
applications, made it increasingly evident that
biotechnology can add value to genetic resources
and biodiversity at large. The successful use of
genetic engineering methods has raised the eco-
nomic value and increased the potential of much
biological diversity as a resource in breeding and
research. Consequently, it has widened enormously
the scope and boundaries of initiatives to protect
and conserve biodiversity.

There may be unique opportunities for real
international cooperation among developing and
industrialized countries in building local capacities
in developing countries, for the application of agro-
biotechnologies to agrobiodiversity. Equitable and
effective cooperation through technology transfer
constitutes one of the major mechanisms by which
resources of biodiversity can be conserved, man-
aged and used sustainably for human welfare.
Equity demands that developing countries receive
benefits and compensation for the use of these
resources, by improving their capacity to maintain
their agrobiodiversity 7 situ or ex situ, to identify
and evaluate useful genetic traits for plant and ani-
mal improvement and to apply the relevant
biotechnologies for the optimal use of genetic
resources, for the benefit of their populations.

In any case, it is important to underline ‘that the
realisation of benefits from such technologies depends
on the continued conservation and availability of the
biological resources. Investments in technology devel-
opment should be made hand-in-hand with invest-
ment to protect the resource base’ (FAO, 1996¢).

Legal issues and rights

Since the feedstock for the biotechnology industry is
biological diversity, it is necessary to formulate and
adopt some basic ground rules which could regulate
questions concerning, above all, conservation, use,
ownership, access, benefit-sharing, indigenous rights,
farmers’ rights and intellectual property rights. These
issues are technically and legally complex, but they
can be efficiently faced by the international commu-
nity if our actions proceed along the path traced by
the principles of the CBD: conservation of biodiver-

sity, sustainable use of its components, access to and
transfer of genetic resources accumulated in ex situ
genebanks or maintained 7% situ, and equitable shar-
ing of the benefits of the use of genetic resources.
This was confirmed by the FAO during the last
decade? in the Leipzig Declaration (June 1996) and
in the Global Plan for the
Sustainable Utilization of Plant Genetic Resources
for Food and Agriculture. Also the Madras
Declaration of 1996 confirmed this (Scarascia-
Mugnozza and Swaminathan, 1996). The FAO
World Food Summit (Rome, November 1996)
declared, among the objectives of its third commit-
ment, solemn support to the Leipzig Plan of Action

Conservation and

through ‘inter alia appropriate in situ and ex situ
approaches, systematic survey and inventorying to
broaden the genetic basis of crops, and fair and equi-
table sharing of benefits arising from the use of such
resources. The same questions were debated at the
World Conference on Science (UNESCO,
Budapest, 1999), which had to recognize that the
expansion of IPR-controlled science is inevitable.
Among the easily imaginable consequences of this
are the increase in secrecy in scientific work and
decreased attention towards the scientific problems
related to the health and livelihoods of the poor.

In the light of the above, it is extremely urgent
that a timely agreement be reached among holders of
germplasm throughout the world in order to regulate
the status and access to genetic resources and that an
efficient mechanism be identified to assure equitable
sharing of the benefits derived from their use.

Very recently, the FAO Commission on Plant
Genetic Resources for Food and Agriculture, dur-
ing its last session (April 2000), made further
progress in searching for the development and
establishment of an international plant genetic
resources system, which provides recognition, and
protection of farmers’ and traditional communities’
rights for an equitable share of the benefits.

Apart from the fundamental need for strengthen-
ing international cooperation to achieve suitable par-
ticipatory systems for sharing benefits in a wide range
of approaches and actions, we think that key issues
within the ongoing international debate on plant
genetic resources are: (i) the problems related to the
realization of farmers’ rights confronted to the patent
system, being them complementary and not opposed
to breeders’ rights; and (ii) the status of the ex situ

21n 1995, the introductory McDougall Memorial Lecture to the general FAO Conference was dedicated to the potentialities

and perspectives of biological diversity for food and agriculture (Scarascia-Mugnozza, 1995).
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collections prior to the approval of CBD in 1993,
remained out of the reach of the provisions of the
Convention itself. Thus, the continuing uncertainty
on the legal status and related aspects of access and
maintenance of germplasm collections represents a
threat to conservation of plant genetic resources.

The FAO-CGIAR Agreements of 1994 should
be regarded as a major contribution to an open sys-
tem of germplasm conservation and exchange.
Further development of the Agreements should be
open for consideration and consultation among all
concerned parties of the plant genetic resources
community with a view, for example, to create the
most open and effective system possible for the
conservation, exchange and enhancement of genetic
material, presumably under the aegis of a suprana-
tional authority. This model might be open to all
public or private, national or international insti-
tutes prepared to abide by the terms of the agree-
ment and to provide a list of germplasm accessions
to be exchanged under the conditions stipulated by
the agreement. The excellent relationships of
IARCs with National Agricultural
Systems and their governments, and also with
NGOs, could be a favourable pathway to reach
agreements on the model of the FAO-CGIAR
agreement. Countries could agree, for example, to
place their genetic resources into such a framework
on the basis of prior informed consent. Access to
samples and information on these resources could

Research

be unrestricted (subject to a legal mechanism) for
all countries that are parties to the agreement.

To achieve sustainable conservation efforts, it is
of utmost importance to link conservation to use.
Without strong linkages the value cannot be realized
and eventually even conservation will be threatened.
The issue of use, however, carries with it the prob-
lems connected with sharing rights (benefits)
derived from plant genetic resources. According to
the principles embodied in the International
Undertaking and reiterated by the CBD and FAO
World Food Summit, there is a need to ensure full
respect of the rights of the countries in which agri-
cultural biodiversity is found, and of their farmers
and farming community, so as to avert the grave
continuing danger of erosion of plant genetic
resources and the irreparable loss of these resources.

As matter of fact, no concrete proposals have
emerged up to now on giving practical meaning and
content to the concept rights
as described by the International Undertaking as ‘an
obligation to compensate farmers for their past,

of farmers’

present and future contribution conserving and mak-
ing available plant genetic resources’ (FAO, 1995a).

That is why the role of farmers’ rights, a con-
cept introduced by M.S. Swaminathan in 1979 in
the FAO debates, and endorsed by FAO since
1989, is crucial (Swaminathan, 1995). They aim at
reconciling the view of ‘technology rich’ and ‘gene
rich’ countries in order to ensure the availability of
plant genetic resources for biotechnological indus-
try within an equitable system. They aim at provid-
ing some balance to formal’ intellectual property
rights (IPR), such as breeders’ rights and patents,
invented to reward innovation acquired from the
advanced research and resources invested in the
industrial countries. Farmers should be rewarded
no less than institutions and private companies.

Farmers’ rights and IPR need to be harnessed,
in the interests of maintenance and use of biodiver-
sity, of scientific research for advantages for indus-
tries and farmers, and above all for human welfare,
by developing agreements that promote the equi-
table sharing of benefits coming from a proper use
of genetic resources.

In our opinion, UN agencies like FAO,
UNESCO, UNEP and UNDD, with the technical
support of IPGRI and of CGIAR, might jointly
develop ad hoc guidelines in order to harmonize
the provision of Article 27(3)b of the World Trade
Agreement (regarding IPR) with the ethics and
equity provisions of the CBD (Articles 8(j) and 15
of CBD). Such a revision of IPR will help to foster
symbiotic bio-partnerships, to protect biodiversity
and eliminate fears of biopiracy.

In this context, it is appropriate to remember
that, in the frame of the patent system of inven-
tions, which is mandatory for the World Trade
Organization (WTO), plant variety protection in
industrialized regulated by the
International Convention for the Protection of

countries is

New Varieties of Plants and implemented by the
International Union for the Protection of New
Varieties of Crop Plants (UPOV), which rewards
only scientific plant breeders (UPOV, 1991).
Therefore, it is timely to put forward consistent
and sound elements for enhancing mutual support-
iveness among the international fora, especially the
CBD and the
Resources for Food and Agriculture on one side, and
the trade and IPR policies of WTO, the Trade
Related Intellectual Property System (TRIPS)
Agreement, the UPOV and the World Intellectual
Property Rights Organization (WIPO), on the other.

FAO Commission for Genetic
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Specular to such inter-foral cooperation, the best
efforts should be made in order to pursue effective
national systems and coordination mechanisms, by
which negotiators in trade and IP conventions, while
responding to their respective ministries and agen-
cles, are aware and supportive of domestic policies
and international positions embodied by officials
negotiating in agricultural and environmental fora.

Conclusions

International cooperation in the field of genetic
resources is imperative without delay. One of the
most urgent issues to be solved, for political, environ-
mental, scientific, economic and ethical reasons is the

realization of farmers’ rights within the context of the
revision of the International Undertaking and the
development of a mechanism for its implementation.
The revised International Undertaking could then
become a protocol of the CBD.

Equity means equilibrium between public good
and private profit, and in particular demands that
developing countries receive benefit and compensa-
tion for the use of genetic resources that they host or
hosted and have already partly transferred to ex sizu
collections in developed countries, which are used
by companies and breeders with beneficial results.
Equitable and effective cooperation constitutes one
of the major mechanisms by which resources of bio-
diversity can be conserved, managed and used sus-
tainably all over the world, under legal agreements.
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Contributions of Farmers to the Conservation
and Development of Genetic Diversity
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M.S. Swaminathan Research Foundation, Chennai (Madras), India

Introduction

The significant contributions of rural people, partic-
ularly women, to the conservation and enhancement
of agrobiodiversity remained unrecognized until only
a few decades ago. Studies by Darwin, de Candolle,
Vavilov, Harlan, Wellhausen and many others have
shown a strong positive correlation between cultural
diversity and genetic diversity, demonstrating the
impact of human communities on the conservation
and use of biodiversity. Agrobiodiversity is largely the
result of human—nature interaction.

Ethnobiologists and social anthropologists have
long recognized the role of rural people in the
domestication and improvement of economic
plants. However, it is only in the last 25 years that
serious efforts have been made to develop ways to
recognize and reward the invaluable contributions
of farm families to the conservation and develop-
ment of genetic diversity. A serious debate on this
issue started in the forum of the Food and
Agriculture Organization (FAO) in 1981 when I
was Independent Chairman of the FAO Council.
In November 1983, the FAO Council meeting
under my Chairmanship set up an International
Commission on Plant Genetic Resources (now
renamed as the FAO Commission on Genetic
Resources for Food and Agriculture, so as to
include within its scope animal genetic resources
also). Soon debate started in meetings of this
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Commission on the concept of farmers rights.
Although there has been a near consensus for nearly
two decades on the need for recognizing and reward-
ing the contributions of farm families to genetic
resources conservation, no internationally agreed
methodology exists even now for this purpose.

The Convention on Biological Diversity
(CBD), which came into force in December 1993,
has for the first time in a legally binding document
given explicit recognition to the role of indigenous
communities to both accumulation and conservation
of knowledge and information (Article 8j). The prior
informed consent and benefit-sharing provisions of
CBD have not become operational so far.

Conservation Methods and
Economic Stakes

Sharing of benefits and the concomitant increase in
the recognized value of the resources are the most
effective ways to foster conservation and to ensure
the continued availability of plant genetic resources
(PGR). Today, there is a growing economic stake in
the exploitation of habitats rich in plant genetic
resources. That this will be disastrous is evident
from the loss of nearly 3.5% of the world’s forests
since UNCED in Rio de Janeiro in 1992. There is
therefore an urgent need to create an economic stake in
conservation. In general, the issue of benefit-sharing

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 23
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has not received the detailed attention it deserves
among those formulating legal measures for opera-
tionalizing the CBD. If FAO’s revised International
Understanding on plant genetic resources (PGR)
incorporating  provisions for farmers rights
becomes a protocol of the legally binding CBD,
follow-up action will become mandatory. The
adoption of the Cartagena Protocol on Biosafety is
a sign of hope.

The different systems of conservation in vogue

today are:

® 1 situ conservation;
® ¢y situ preservation;
® /n situ on-farm conservation.

Unlike cryogenic preservation in genebanks,
conservation involves both preservation and evolu-
tion. Therefore, ex situ preservation alone cannot
provide the lasting benefits that accrue from the
conservation of habitats and ecosystems rich in
biodiversity. The different systems of conservation
are shown in Fig. 2.1, which also indicates the
agencies actively involved in the different methods
of conservation/preservation.

There is need to develop ways to end the pre-
vailing dichotomy in which the primary conservers
remain poor while those using their material and
information become rich. In the case of iz situ and
ex situ conservation, public funds are provided to
establish biosphere reserves, protected areas, botani-

cal gardens, genebanks, etc. However, in the case of
in situ on-farm conservation of agrobiodiversity,
rural people conserve landraces or folk varieties for
public good at personal cost. Equity demands that
their work be recognized and compensated. Thus, we
should develop a framework for promoting benefit-
sharing under the different conditions of conserva-
tion depicted in Fig. 2.1.

At a dialogue organized in January 1990 at
Madras by the M.S. Swaminathan Research
Foundation (MSSRF) in collaboration with the
Keystone Center in the United States, the partici-
pants stated,

we agree on the concept of Farmers’ Rights and we
agree that the contributions to a fund in recognition
of these rights should not be voluntary. Practically
speaking, a voluntary fund is a fund without
resources. Thus, there should be a compulsory
funding mechanism. This would ensure that Farmers’
Rights are recognized in a real way.

The concept of farmers’ rights includes recogni-
tion of the fact that farmers have developed and
continue to help develop and maintain genetic
diversity. In many cases, farmers engage in con-
scious and creative practices as they select and breed
their crops. Ethnobotanists around the world have
chronicled the invaluable contributions of tribal
and rural women and men in the conservation and
enhancement of genetic diversity in plants

(Swaminathan and Kochhar, 1989).

Integrated gene management

!

! !

In situ Community conservation Ex situ
* National parks * Botanical
gardens

* Protected areas In situ Ex situ

. on farm on farm * Zoological
* Biosphere reserves gardens
World Heritage sites * Landraces . g%%fg * Genebanks

e Folk
varieties

(Forest, (Government
Environment and (Tribal and rural families) agencies and
Wildlife departments) universities)

Fig. 2.1. Role of community conservation in integrated gene management.
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The Plant Variety Protection Acts in vogue in
developed countries generally conform to the provi-
sions of the Conventions agreed to from time to
time under the forum of the International Union

for the
(UPOV). They are designed to promote invention

Protection of New Varieties of Plants

and investment in plant breeding. However, they
do not afford recognition to the conservation and
enhancement by farm families of genetic diversity,
which is the basic feedstock for plant breeding and
biotechnology enterprises. By introducing provi-
sions for farmers’ rights, Plant Variety Protection
Acts will concurrently foster innovation and conser-
vation. They will thus help to strike a balance
between homogeneity and heterogeneity in the
genetic make-up of new cultivars. Such a balance is
essential for sustainable agriculture. Breeders and
farmers are allies in our struggle for a hunger-free
world. Hence, their rights should be mutually rein-
forcing and not projected as antagonistic.

At two dialogues on methods of recognizing
and rewarding informal innovations in the area of
genetic resources conservation organized by
MSSREF in 1994 and 1996, a detailed draft legisla-
tion was developed for converting the know-how
relating to farmers’ rights into field level do-how
(Swaminathan, 1995, 1996). On the basis of these
drafts, the Government of India has introduced in
Parliament a Plant Variety Protection and Farmers’

Rights Act.

Equity in Benefit-sharing

The need for internationally agreed methodologies
for giving effect to the equity provisions of the
CBD is now widely recognized. The issue of
benefit-sharing has received considerable attention
during the last 15 years in the forum of the
Commission on Plant Genetic Resources of the
FAO in relation to PGR. Although agreed method-
ologies for implementing farmers’ rights at the field
level have yet to emerge, several institutions have
developed their own voluntary code of conduct in
the matter of benefit-sharing in the commercial
exploitation of agrobiodiversity.

Article 15 of CBD recognizes that ‘States have
sovereign rights over their own biological resources’.
It also recognizes:

the close and traditional dependence of many
indigenous and local communities embodying
traditional lifestyles on biological resources, and the
desirability of sharing equitable benefits arising from
the use of traditional knowledge, innovations and
practices relevant to the conservation of biological
diversity and the sustainable use of its components.

Implementation of the above provisions of
CBD will require both material and information
transfer agreements within and among nations,
which incorporate provisions for prior informed
consent and equity in benefit-sharing between the
primary conservers and those utilizing their knowl-
edge and material in plant breeding, genetic
engineering and pharmaceutical and other biologi-
cal enterprises. The Consultative Group on
International Agricultural Research (CGIAR) has
developed well-defined procedures for material and
knowledge transfer.

The Trade Related Intellectual Property Rights
(TRIPS) the World Trade

Agreement call for either a patenting or a sui

provisions  of

generis system of plant variety protection. This is
for the purpose of providing incentives for
innovation and investment in the use of plant
genetic resources. Such Plant Variety Protection
Acts have been in existence in several industrial-
ized countries for over 50 years. Since 1961,
UPOV has been prescribing guidelines for
harmonizing the provision of such legislation in
different countries. The UPOV convention, how-
ever, provides for recognizing and rewarding only
the contributions of breeders and not of those
who have conserved the basic raw material used
by breeders. The time has come to end the sad
irony of the poverty of the conservers in contrast
to the prosperity of those utilizing the fruits of
their knowledge and conservation ethics. Several
developing countries in South America, Africa
and Asia are currently in the process of enacting
legislation incorporating provisions for benefit-
sharing. Individual institutions and commercial
companies have also been practising their own
procedures for sharing benefits with the commu-
nities that provided the genetic material. These
different steps illuminate the path towards an
internationally agreed protocol on benefit-sharing
under the auspices of FAO or CBD.

Equity in benefit-sharing is fundamental to the
retention and revitalization of the in situ on-farm
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conservation traditions of rural and tribal families.
Material and Information Transfer agreements
should safeguard the interests of those providing
the concerned material/information. CGIAR insti-
tutions are already adopting a Material Transfer
Agreement procedure that will prevent the monop-
olistic exploitation of public-funded research for
commercial profit. Benefit-sharing procedures will
have to be developed at the individual and commu-
nity levels. At the level of an individual farmer—
conserver—innovator the same procedures for seek-
ing recognition and reward as those available to
professional breeders can be used. Only they may
have to be helped in obtaining patents/plant variety
protection in accordance with the prescribed
national legislation. The problem is more complex
in the case of benefit-sharing with entire communi-
ties. Procedures are available for identifying the area
from which critical genes responsible for the com-
mercial success of a new variety came. Thanks to
molecular techniques, this possibility also extends
to genes controlling quantitative traits like yield
and quality. Therefore, appropriate reward can be
given from the Community Biodiversity and Gene
Funds proposed to be established
Biodiversity and Plant Variety Protection Acts in

under

several developing countries. Breeders will have to
be requested to disclose the full pedigrees of their
new varieties and indicate to the extent possible the
area from where the critical genes, including QTLs
(quantitative trait loci), came. The communities
concerned can decide how to use the funds pro-
vided. Obviously they should be used for commu-
nity benefits, including the funds needed for
strengthening on-farm conservation of landraces
and seed technology.

The benefit-sharing methods appropriate to dif-
ferent systems of genetic resources conservation are
summarized below.

In situ conservation

This largely takes the form of biosphere reserves,

national parks and protected areas. Here, many

opportunities are available for benefit-sharing, such

as:

® Darticipatory forest management, involving
benefit-sharing with reference to wood and non-
wood forest products.

® Bioprospecting based on equity in sharing com-

mercial profit.

® Ecotourism, which strengthens the livelihood
security of local communities.

® Symbiotic social contracts between tribal and
rural families and the corporate sector with ref-
erence to sourcing of material based on assured
buy-back arrangements.

Ex situ preservation

Here, methods of sharing royalties with the
providers of the critical information and material
can be developed. Community Gene Funds can be
established to provide recognition and reward to
entire communities based on the analysis of the
pedigrees of successful varieties.

In situ on-farm conservation

This is an area of vital importance to global food
and health security. Community Biodiversity and
Gene Funds could be used to compensate local
communities for the yield and income loss they
may incur by continuing to conserve landraces and
folk varieties of economic plants, instead of aban-
doning them in favour of high-yielding varieties. In
addition, both individual and community benefits
can be conferred on the basis of transparent proce-
dures. Technical Resource Centres for the imple-
mentation of the equity provisions of CBD, like
the one existing at MSSRE will be of help in this
process. Thus, benefits can be in cash and kind.
Social recognition and material benefits are both
important. There are several informal models of
such recognition and reward developed and oper-
ated by non-governmental organizations, academia,
business and industry. Through a combination of
political will, professional skill and people’s partici-
pation, fair and equitable methods of benefit-
sharing can now be introduced in all systems of
conservation and use of plant genetic resources.

The FAO Global Plan of Action developed at
Leipzig provides an excellent blueprint for plant
genetic resources conservation. In the ultimate
analysis, the success of conservation efforts will
depend on people’s participation. Equity in benefit-
sharing is the trigger for fostering a people-centred
conservation movement. Implementation of benefit-
sharing procedures — rooted in the principles of
ecology, social and gender equity and economics —
will be an important step in achieving a better
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common future for humankind. This is why indus-
trialized countries and biotechnology industries, for
which biodiversity constitutes the basic feedstock,
should contribute to a Global Community Gene
Fund designed to reward the tribal and rural families
who are today protecting public good at personal cost.

The three fundamental concepts of Article 15 of
CBD, namely sovereign rights over genetic resources
(article 15.1), access subject to prior informed con-
sent (article 15.5) and access subject to mutually
agreed terms (article 15.4), provide a framework for
a new partnership between holders and providers of
knowledge and genetic material and users, based on
equity and ethics in sharing benefits.

Unilateral exploitation of biodiversity for com-
mercial purposes is now widely regarded as
biopiracy. This method of exploitation should give
way to biopartnership based on procedures like co-
patenting and equitable benefit-sharing. Such
biopartnerships will help to foster symbiotic rela-
tionships between biodiversity providers and users
and will foster the causes of conservation and sus-
tainable use.

The recent initiative of the World Intellectual
Property Rights Organization (WIPO) to consider
questions relating to according recognition to tradi-
tional knowledge systems and informal innovations
is a welcome first step in enlarging the concept of
intellectual property rights (IPR). The World Trade
Organization (WTO) should also initiate steps to
enlarge the concept of TRIPS, so as to evolve a new
“TRIPS Plus’ paradigm, where the ‘plus’ refers to
equity and ethics in the sharing of benefits between
traditional knowledge holders and conservers and
commercial companies. Finally, UPOV should also
restructure itself so as to become an ‘International
Union for the Protection of Breeders and Farmers’
Rights’. Such action at the international level and
appropriate legislative and non-legislative measures
at the national level will help to give meaning and
content to the concept of equitable benefit-sharing.

Global plan of action

At an International Technical Conference on Plant
Genetic Resources held at Leipzig, Germany, from
17 to 23 June 1996, under the auspices of FAO, a
global plan of action was developed for both i situ
and ex situ conservation of PGR. Although at this
Conference, benefit-sharing methodologies were
not specifically discussed, the following areas that

have a bearing on benefit-sharing were given
consideration:

® development and commercialization of under-
utilized crops and species;

® supporting seed production and distribution;

® developing new markets for local varieties
and ‘diversity-rich’ products;

® cxpanding and improving education and
training.

The Leipzig declaration called for ‘a new and
more productive partnership between scientists and
farmers to build upon the ongoing efforts of farm-
ers to manage and improve their plant genetic
resources, especially in marginal areas’.

Such partnership will help to address the twin
needs for:

® revitalization of the iz situ on-farm conservation
of agrobiodiversity by rural families;

® creating an economic incentive system that
provides for both compensation for loss of yield
and reward for contributions to genetic
resources conservation and enhancement.

The FAO Global Plan of Action represents the
most comprehensive strategy for the conservation
and sustainable use of PGR.

In a recent publication entitled Business and
Biodjversity published by the World Business
Council for Sustainable Development and ITUCN
(Stone et al., 1997) the need for sharing benefits
was reiterated in the following statement.

Company management should ensure that local
communities are closely involved with decisions
affecting the use of natural resources. Of particular
importance in some areas is the indigenous peoples’
knowledge and the specific issues related to their use
of, and relationship to, the land and biological
resources. This relationship needs to be harnessed in a
positive way, both for the company and the peoples,
by developing agreements which promote the
equitable sharing of resources.

Thus, the pathway suggested is bilateral negoti-
ations between companies and local communities.

We also have information on both megabio-
diversity areas and ‘hot spot’ locations with refer-
ence to threats to biodiversity (see Heywood,
1995). Many of these areas are also characterized
by high population density (Cincotta et al,
2000). Hence, extending support to the commu-
nities conserving and improving agrobiodiversity
is not difficult, if there is a will to do so. UNEP,
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FAO, UNESCO and the International Plant
Genetic Resources Institute (IPGRI) of CGIAR
could jointly help to develop internationally
acceptable guidelines for according support from
a Global Biodiversity Fund.

Community food and water security
system

It is gratifying that several developing countries in
South America, Africa and Asia are in the process of
institutionalizing benefit-sharing procedures in legal
measures relating to CBD. Experience in operating
such legislation will lead to the refinement of bene-
fit-sharing procedures by the beginning of the new
millennium. This will then provide the basis for the
adoption of an agreed protocol on benefit-sharing
by the Conference of Parties to CBD. Inaction is
not the answer to imperfections in currently avail-
able benefit-sharing methodologies. Learning by
doing is the pathway to perfection.

In future, the contributions of farmers to in situ
on-farm and ex situ on-farm conservation will
depend much on the social recognition and
economic incentives provided to the primary con-
servers. While the older generations conserved as a
part of tradition and ethics, the younger generation
is likely to continue the earlier traditions only if a
recognition and reward system is put in place.

In addition to implementing the ethics and
equity principles enshrined in CBD, it will be
important to integrate the revitalization of the 7z
situ on-farm with a

conservation traditions

Community Food and Water Security System of
the type described below.

There is need for a community-centred food
security system based on attention to all the links in
the conservation—cultivation—consumption chain.
One male and one female member of a panchayat
(village or town council) should be trained to serve
as a member of a Food and Water Security Corps.
Such a system will include the following four major
components.

1. Field Genebank. This involves the in situ on-
farm conservation of landraces and local varieties of
crops, through the revitalization of the conservation
traditions of rural and tribal families, particularly
women.

2. Village Seed Bank. The rural families often lose
their seed stocks because of drought, flood and
other natural calamities. Therefore, in each village
a Village Seed Bank will be established through a
Seed Security Self-help Group, supported by
microcredit.

3. Village Water Bank. Conservation of rainwater,
sustainable management of ground water and the
conjunctive use of surface, ground and recycled
water are important components of the Village
‘Water Bank.

4. Area Grain Bank. It is important to maintain
grain reserves of local staples to meet emergencies
like drought and natural calamities. For this pur-
pose, an Area Grain Bank will be established at a
suitable location, each to serve about 25,000
families. The Grain Bank will be operated by a
self-help group supported by a revolving fund.

Community Food and Water Security System

Community Food and Water Security Committee and
Community Food and Water Security Corps

Field Genebank Village Seed

Bank

Village Water Area Grain

Bank

Fig. 2.2. Components of a community food and water security system.
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Thus the Community Food and Water Security
System will foster a sustainable people-centred and
people-controlled method of ending food and
drinking water insecurity at the level of each indi-
vidual. It will help to ensure both food security and
genetic resources conservation.

Contributions of Farming Families: A
Case Study in Kolli Hills, Tamil Nadu

Past: subsistence mode of production

The local tribal community is known as Malayali.
Agriculture is the mainstay of the Malayali econ-
omy. For a long time subsistence farming has been
the predominant pattern and continued to be so
until two decades ago. It was not just for survival; it
was a way of life for them. Their traditional man-
agement practices enabled them to have a sustain-
able food system. The traditional cultivated food
crops include minor millets such as Ragi (Eleusine
coracana), Samai (Panicum miliare), Thinai (Setaria
italica), (Paspalum
Panivaragu (Panicum miliaceum), rice (Oryza sativa),
both wet land and dry land varieties, and pulses.
Almost all the food crops, with one or two

Thirivaragu scrobiculatum),

exceptions, had a minimum of three to four varieties
with different agronomic characters. Given their
forefather’s knowledge and their own experience, the
Malayalis were motivated to adopt different crop
varieties to suit local environmental, socio-economic
and cultural conditions.

They adopted varieties based on a wide range of
criteria. The Malayali farmers, both men and
women, pointed out that different food crops and
different varieties formed their agricultural system,
because of their high yield, cooking qualities, desir-
able maturity period or ease of harvest. Further,
some of the varieties provided good fodder and
thatching material for their house roofs. Another
significant aspect is the compatibility of different
varieties with climatic and edaphic factors,
resources, and cropping patterns (e.g. mixed crop-
ping) of the Malayali farming system.

Many varieties were adopted for different reasons,
which may be explained by giving a few examples.

® Sadan samai, a medium-duration variety, gives
good yield. The straw serves as good fodder mat-
erial for their cattle, but it is difficult to process.

® Malliya samai matures in 90 days and gives

good yield, but the straw does not have fodder
value. The straw is good thatching material.

® While the above two varieties are cultivated in
terraced uplands, the long-duration variety of
Perun samai is cultivated in the sloped terraces
because it fits seasonal characteristics better.

There are cultural reasons for cultivation of
particular food crops. A rice variety known as Karu
Nellu even today is grown by the households wor-
shipping the goddess ‘Kongayi Amman’, a local
deity, for ritual offering. Similarly, Thinai flour is
also offered as ritual offerings to local female
deities. The delicacies prepared out of this grain
are considered very tasty, and the gruel prepared
out of it is given to women after childbirth. Thinai
is also considered soodu (hot) by the locals. So the
food prepared out of it is taken once a week, par-
ticularly during the winter season. This grain is
quite easy to pound, compared with other millets.
The concept of ‘hot’ and ‘cold’ foods is also inher-
ent in tribal families, the ‘hot’ food being taken
during winter months and the ‘cold’ food being
consumed during summer.

Ragi was cultivated on a large scale until
recently as it is considered very healthy (nutritious)
and can be consumed year round. Ragi is followed
by samai, Puzhudikar Nellu (a dry land rice variety)
and other crops.

The Malayalis practise mixed cropping (mainly
Ragi based) where at least six varieties of crops are
sown simultaneously and cultivated in a single plot.
It is a risk-minimizing device as well as a means of
extending the cropping season.

Present: transformation from food
production to commodity production

In recent times, i.e. in the late 1970s and ecarly
1980s, a trend towards a market-oriented econ-
omy set in which altered their food and produc-
tion system. This transformation took place as a
result of various developmental activities such as
improving accessibility through construction of
roads, and setting up cooperative societies and
schools. Entry of outsiders and exposure to urban
life brought changes in socio-economic and
cultural values. Monetary considerations favoured
a shift from a subsistence economy to a market-
oriented one.

A subsistence-based food production system has
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largely been replaced by the cultivation of cassava in
the terraced uplands and pineapple in the sloped
and rocky lands. Between 1970 and 1984, the area
under cassava and pineapple increased more than 50
times. Changes in agricultural practices and access
to education forced people to reduce their livestock.

Another crucial factor is the increase in the
human population, from approximately 19,000 in
1951 to 32,130 in 1991.

Their food security is gradually declining, making
them dependent on the market. Most importantly,
the agrobiodiversity of the Kolli Hills is at great risk.
Another crucial factor which has a direct bearing on
Kolli Hills agrobiodiversity is land alienation, which
has been taking place at an alarming rate.

Disturbances in the exchange rates may affect
the food supply of the Malayalis. To avoid any such
disturbances, an alternative system of the kind
described eatlier, which will ensure their food secu-
rity, is a must.

Future: revitalization of traditional
agricultural and food systems

If the present trend continues there is more scope
for greater commodification in future. Those who
continue with farming will concentrate on the

commercial crops that have economic value such as
tapioca, pineapple and plantation crops. Those who
are away for education or because of new opportu-
nities have drifted towards non-farm activities.
Such people and households would be completely
diverted from their traditional agricultural activity.
Unless they derive economic benefit from their
conservation traditions, many of the local crops and
varieties will soon become ‘lost crops’. If this
scenario is to be changed it needs to have a positive
and effective intervention with people’s involve-
ment and participation.

A two-pronged strategy can help to mitigate the
problem: one deals with cultural aspects and the
other with the economic aspect. There should be a
cultural motivation for the people whereby they
will feel proud about their traditional crops. People
should be encouraged to rediscover the cultural
value of raising their traditional millets and other
crops, by according social prestige to such traditions.

Value addition in terms of monetary gains is
another crucial factor. Value addition in terms of
both cultural and monetary returns would help to
reinforce conservation of traditional millet crops
and agrobiodiversity of Kolli Hills. The implemen-
tation of the concept of farmers’ rights will also
help. The fast-changing scenario in Kolli Hills is
depicted in Fig. 2.2.

Ecological
reasons

Socioeconomic
reasons

Traditions and
culinary habits

J
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Opportunities

Subsistence
agriculture
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Spreading awareness
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traditional food crops
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conservation ethics
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. 2.3. Analysis of strengths, weaknesses, threats and opportunities (SWOT) in Kolli Hills.
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Gender Dimensions of Biodiversity
Management

Most of the studies on contributions of farming
families are not gender disaggregated. MSSRE, in
collaboration with the FAO Regional Office in
Bangkok, has initiated a series of studies on the gen-
der of biodiversity ~management
(Swaminathan, 1998). More recently, detailed stud-
ies have been undertaken by Dr Virendra Kumar
and Dr Hemal Kanvinde of MSSRF on gender roles
in biodiversity conservation and management in Sri
Lanka and the Maldives. The results so far stress the
need to recognize the specific role of women in

dimensions

genetic resources conservation and enhancement.
This is particularly important in the context of the
equitable benefit-sharing provisions of CBD.

Conclusion

The books Lost Craps of the Incas and Lost Crops of
Africa relate very clearly how ancient civilizations
depended on a wide range of food and medicinal
plants, and Biodiversity in Trust (Fuccillo et al.,
1997) reports the enormous range of intraspecific
diversity maintained in the genebanks of Inter-
national Agricultural Research Centres (IARCs)
belonging to the CGIAR system. We owe such rich

variability to the conservation ethos of farm and
tribal families. Often the conservation habits were
not due to any commitment to conservation per se,
but rather to the understanding that genetic vari-
ability diminishes vulnerability to biotic and abiotic
stresses. Farming families in the past were moti-
vated by a desire to minimize risks rather than to
maximize profits. Risk aversion agronomy involved
growing mixtures of crops and crop varieties.

Modern agriculture involves monoculture and
the cultivation of the same genetic strain over large
areas. There is a fear that when genetically modified
varieties covered by proprietary science and released
by commercial companies become popular, genetic
homogeneity will increase in farmers’ fields. The
challenge lies in integrating genetic efficiency with
genetic  diversity. The procedure adopted by
MSSREF scientists for this purpose is the integration
of pre-breeding with participatory breeding. By
adopting such procedures, we can conserve agro-
biodiversity and at the same time enhance it
through participatory breeding with farm families.
This will help to select location-specific varieties
adapted to the local agroecological and socio-
cultural conditions. If we adopt such scientific
procedures and at the same time introduce legal
measures for social recognition and economic
reward, farm families will continue to conserve,
nurture and enhance agrobiodiversity.
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3 The Impact of Gene Technologies on
the Use of Genetic Resources

J. Peacock and A. Chaudhury
CSIRO Plant Industry, Canberra, Australia

We can rightly expect this to be the Century of
Biology. We have enormously increased our power
to ask questions about how living organisms grow,
develop and function. The principal driver of this
increase in research capacity, which is leading to vast
increases in our knowledge base, is gene technology,
with its associated tools and related technologies.

Gene technology has provided a quantum
increase in our ability to probe the molecular and
cellular bases of the biological processes of plants
and animals, and of microorganisms for that mat-
ter. We now have new levels of understanding of
the development, growth and responses of plants to
changing environmental conditions.

Underlying development, growth and environ-
mental responses is the control or regulation of
gene expression and each component of the plant
life cycle can be understood in terms of patterns of
gene expression.

Along with the new knowledge have come major,
new concepts in our understanding. For example,
repression of gene activity is a major strategy of regu-
lation of gene action, especially in the development of
an organism. For many genes, the usual condition is
that of inactivity; particular controls turn genes on at
certain times and in certain cells. Another surprise is
that dominant mutations, which were once supposed
to be extremely rare, are in fact relatively common.

We have discovered some unexpected mecha-
nisms of great importance in plants. For example,
in the last 2 years, research has shown that plants
have an immune system protecting them against
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virus infections. This system operates by interfering
with RNA molecules that are necessary in the mul-
tiplication cycle of the virus. It is a powerful protec-
tion mechanism, which can now be harnessed in
agriculture to protect crop plants from many
viruses. It can also be harnessed to modulate the
level of expression of any particular gene. Another
recent finding is that epigenetic mechanisms oper-
ate along with genetic (DNA sequence-based)
mechanisms of gene regulation, so chemical modifi-
cation of DNA sequences plays a role in regulation
of gene activity along with the coded linear DNA
sequence itself. All this new knowledge enriches our
germplasm resource collections and increases our
capacity to use the genetic variation they contain.

The increase in our understanding of how
plants develop and operate is already contributing
to modern agriculture, enhancing our abilities to
improve the performance of crops. Transgenic crop
plants are already grown on more than 40 Mha of
agricultural land. The new biology is also improv-
ing conventional plant breeding. We need high-
performing cultivars of both types — transgenic and
conventional — to meet the world’s food needs.

Dr Swaminathan has convincingly put the case
for the urgent need to increase food production
and also for the need to achieve this increase with
minimal harm to the environment. We need sus-
tainable agricultural systems. He also emphasized
the need to provide enhanced genotypes for subsis-
tence farming, not just for the high-input, large-
scale agricultural systems of developed countries.

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 33
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The two keys to plant improvement are genetic
variation and selection. The new biological sciences
have increased the supply of genetic variation but
the need to conserve existing variation and make it
available for use is unquestioned. The new gene
technologies are also helping us to meet this partic-
ular challenge by increasing our capacity to use
genetic resources.

Most, but not all, genetic variation is a conse-
quence of changes in the linear sequence of DNA
nucleotides, either in the coding or in the control-
ling regions of a gene. The coding region of a gene
determines what protein (gene product) will be
produced. The controlling regions determine
where, when and how much of that product will be
produced. Changes in the linear sequence of
nucleotides can alter the coding message and can
change the interactions of regulatory proteins with
the protein-binding motifs in the promoter and
other control regions of a gene (Fig. 3.1).

We have powerful methods to detect changes
in DNA sequence and thus characterize the
extent of genetic diversity and populations of any
given species. DNA sequence markers have
proved to be very powerful in following particular
examples of sequence in genetic resource and
crop breeding programmes. For example, we are
using this technique to monitor variation in the
breeding material of macadamia, an Australian
tree species, the only species in the Australian
flora to enter the commercial food systems. DNA
technology allows us to compare the genetic vari-
ation in wild populations with that currently in
breeding populations and in genetic resource
collections. The analysis shows where we must
collect further material for the germplasm collec-
tion and will give clues as to what genotypes
should be introduced into breeding programmes.

Time Place

Quantity Entry

N

Next
gene

Fig. 3.1. Anatomy of a gene.

Our capacity to work with particular genes, for
example self-incompatibility genes, is putting more
rationality into decisions on population sizes for
conservation of endangered species. The correlation
of population size, number of incompatibility alleles
and seed set in the plants of a population is a key
factor in developing a strategy for in situ conserva-
tion of the species (Fig. 3.2).

Gene Technology Enhances
Detection of Genetic Variation and
Precision of Selection

The new gene technologies are having great impact
on the use of genetic variation at all levels of relat-
edness of germplasm to crops (Fig. 3.3). We can
illustrate this by considering the genetic resources
available for bread wheats. The primary genepool of
bread wheats provided the dwarfing genes that have
been massively important in Australian wheat pro-
duction and everywhere else in the world. In
Australia, we have used two dwarfing genes in all of
our present varieties. They have been instrumental
in increasing agricultural performance but they do
have some disadvantages under Australian condi-
tions. The dwarf coleoptile of the semi-dwarf vari-
eties can lead to poor stands when the seed is sown
deeply, a practice that Australian farmers employ in
some water-limited environments and in minimum
tillage agriculture. Australian scientists scanned
germplasm accessions for dwarfing genes that do
not reduce coleoptile length even though the
internodes of the growing plant are still shortened.
A new dwarfing gene with these characteristics was
identified and is being introduced into breeding
populations. Crop establishment is improved con-

siderably. The breeding process is being speeded up
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with the use of DNA sequence markers and it looks
very promising indeed (Fig. 3.4).

New biological knowledge is also giving breed-
ers the means to break barriers to increasing yield.
An example in wheat agriculture is our ability to
select, within the primary genepool, for increased

efficiency in the use of the two naturally occurring
carbon isotopes in the atmosphere. This is done
using a mass spectrometer and has resulted in spec-
tacular increases in yield in putative cultivars. In
this case the new technologies provided a new selec-
tion method for the breeder.
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Fig. 3.4. Wheat dwarfing genes.

DNA markers can save breeding programmes a
lot of time and expense by reducing the need for
costly, difficult and time-consuming bioassays. In
Australia the first example of the use of DNA
markers for a resistance gene in wheat breeding was
the gene for cereal nematode resistance. Cereal cyst
nematodes cause AU$80 million crop losses every
year in western Victoria and south-eastern South
Australia, so resistant cultivars are an attractive
prospect. DNA marker technology provided a
powerful tool for acquisition of a resistance gene
from the secondary genepool of wheat.

Screening to meet precise needs is really the key to

R S SRRRRRRR

i
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Conservation farming
(stubble retention,
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extracting value from genetic resource collections.
Lagudah and Appels (CSIRO Plant Industry, personal
communication) were able to identify a DNA marker
sequence closely linked to a nematode resistance gene
which had been transferred to hexaploid wheat
through a Triticum tauschii cross. Apart from being
able to follow the specific gene from the fauschii
germplasm collection in subsequent breeding popula-
tions, they were able to show that the DNA marker
was in fact a perfect marker for the resistance gene as it
is a sequence in the resistance gene itself. This
provided a screen for other members of this class of
resistance gene in the germplasm collection (Fig. 3.5).
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Fig. 3.5. DNA from a subset of T. tauschii individuals in an F, population in which Cre3 is segregating

(three independent populations).
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A gene product, the protein coded by a gene
sequence, can be followed in screening programmes.
An example is the null condition (a deletion) of the
granule-bound starch synthase gene on chromosome
4A of bread wheat. The organoleptic quality impor-
tant to the Japanese taste in the Udon noodle was
found to be present in certain wheat varieties in
Australia. Absence of the 4A gene (and protein) was
shown to provide the desired characteristic in the
noodle dough (Fig. 3.6).

In the 1950s mutation breeding stood alongside
germplasm resource collections as sources of varia-
tion for breeding programmes, but it has always
been a poor relative to nature which, after all, has
had a much longer time to accumulate genetic vari-
ations. In nature mutation has been coupled with
the natural processes of selection so that the varia-
tion present in germplasm resource collections has a
high probability of being useful. Now there are
powerful new techniques for screening thousands
of plants for sequence variance in any particular
gene which is known to be of importance in a
breeding  programme. single
nucleotide polymorphisms can reduce a collection
of many thousands of accessions to some tens of
plants with sequence changes in the gene of interest.

Detection  of

Japanese buyers
prefer grain from ~

These can then be screened for their phenotypic
characteristics and used where appropriate.

Mutagenesis Programmes can
Interface with Genetic Resource Use

The new technologies can also be used in tackling
more complex goals. Apomixis is a process in which
seeds are produced without any gametic union and
in many cases without any role of the male gamete.
Apomictic seeds are strictly matroclinal: a female
line clone. Apomixis could be of immense impor-
tance in freezing the hybrid vigour of F, progeny
plants so that farmers in developing countries
would not need to buy new hybrid generations of
seed every year.

Apomixis is present in many plants and occurs
by different mechanisms. However, it has not yet
been possible to integrate it into any of the major
crops of the world. The species of Tripsacum, related
to maize, contain characteristics of apomixis but so
far it has not been possible to introgress the traits
into maize. Isolation of genes that control apomixis
and their introduction into the crops of the world
would make a dramatic change in agriculture.
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We mounted a mutagenesis programme in
Arabidopsis to identify genes that are important in
the development of seed and in which a mutation
permitted seed development without pollination
taking place (Fig. 3.7). We have identified three
genes that code for proteins that act as repressors of
seed development in the absence of pollination.
The absence of any one of the key repressors pre-
sumably allows a whole cascade of patterns of gene
expression to occur so that seed development is ini-
tiated, but the seed development fails to proceed to
viable seed formation. Even if these mutant plants
are pollinated, seed development is arrested. The
embryo develops only to the heart stage and then
development fails.

There was a startling exception to this rule and
that was when the pollen used was from a plant in
which DNA methylation levels had been much
reduced. In this case pollination provided for nor-
mal double fertilization and viable seed production
(Fig. 3.8). This observation provides the basis for a
new screen for genes in genetic resource collections
that allow embryo development to occur without
pollination but through the same paths as occurred

FIS/FIS pilpi

CHR1

—1 apl

CHR2

when pollination in our experiments was from low-
methylation plants. If such alleles can be identified
then we would be very close to having a functional
apomictic system.

In some ways the approach that I have described
suggests that mutagenesis of genetic material could
bypass screening of existing genetic resources but in
reality it emphasizes that with increased knowledge
we would have the ability to screen genetic
resources for precisely the allelic variance required.
In this case available germplasm resources could be
screened for the class of mutation that generates the
embryo development in the manner that we discov-
ered with low methylation level pollen.

Transfer of Genes from Genetic
Resource Accessions

A major difficulty in the use of variation from
germplasm  collections applies to the situation of
sexual isolation of tertiary genepools. For example
cotton,  Gossypium  hirsutum, is susceptible to
Fusarium wilt, a disease presenting a major challenge

fis/FIS pilpi

— er

—1—9gl1

Fig. 3.7. Isolation of fertilization independent seed (FIS) mutants.
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Fig. 3.8. Rescue of FIS mutants with low methylation pollen.

to the Australian cotton industry at present.
Breeders have made some progress in selecting for
tolerance but research has shown that a native
Australian ~ Gossypium  species, G.  sturtianum,
appears to be immune to the Fusarium pathogen. It
is, however, extremely difficult to transfer genetic
material from G. sturtianum to G. hirsutum.
Brubaker and Brown (CSIRO Plant Industry, per-
sonal communication) have made some progress
using sophisticated technologies of chromosome
doubling and embryo rescue, and by searching for
appropriate homologous recombination in the
hybrid plants. However, this would be a perfect
opportunity to apply gene cloning of the resistance
gene with subsequent transfer of the gene into G.
hirsutum by transformation technology.

The latter approach is becoming a possibility
now because of the advances in mapping the cotton
genome and the fact that many resistance genes can
be identified through their possession of particular
conserved sequence motifs. Cloning of resistance
genes in rice, in Arabidopsis and in other plants has
identified common sequence features of many
classes of resistance genes, and hybridization for
these motifs will greatly facilitate acquisition of
resistance genes from germplasm collections.
Certainly in the case of the quaternary genepool of
a crop plant — i.e. plants or other organisms that are
not able in any circumstances to cross with the crop
species — gene technology and gene transfer are the
only ways to introduce new genetic material.

Gene transfer depends on two things: our abil-
ity to put genes into any target species, and
increasingly we are able to do this, and our ability
to identify and clone genes from a germplasm

source (Fig. 3.9).

The Era of Genomics

Already the complete genome sequence of
Arabidopsis is available and it is likely that the com-
plete genome sequence of rice will be available
before the end of 2001.

Once a specific gene has been cloned from
Arabidopsis there is a high probability of being able
to use the Arabidopsis gene sequence to isolate
homologous gene sequences from other plants, par-
ticularly dicotyledonous plants. Similarly, homolo-
gous gene sequences from the rice genome will
provide the launching platform for acquisition of
genes from a range of monocotyledonous plants. So
we will soon have available a high probability for the
isolation and use of genes across the plant kingdom.
In the case of cereal crops, the major food crops of
the world, another feature of considerable value is
that the gene sequence is highly conserved through-
out the different species. This synteny of the cereal
species will be a useful property in the exchange of
information among the cereal plants (Fig. 3.10).

Along with sequences of genomes, many other
techniques are developing which will be of great
value in accessing genetic resources. Microarray
technology allows the simultaneous monitoring of
thousands of expressed genes and in this way spe-
cific genes, which are likely to be of value in a
given environmental or biotic challenge situation,
can be identified and then a process of screening
can be mounted in a germplasm collection. The
seed banks of the world contain lines that have
many unique characteristics needed for successful
crop production, resistance to stresses, resistance to
diseases, to toxic minerals and so on, and already
breeding efforts have used these resources in crop
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Fig. 3.10. Rice is the key to the genes of cereals.

improvement. But what has happened so far is
only the tip of the iceberg compared with what
promises to come in the next few years. Genes will
be transferred not only across species but also from
one genus to another and between quite unrelated
families. One of the most successful and wide-
spread transgenic situations of the present day is
the transfer of the bacterial insecticide gene from
Bacillus thuringiensis to crop plants where it pro-
vides protection against Lepidopteran pests.

Gene transfers across species have raised concerns
in the community but as our knowledge of genomes
increases we see that cross-species gene transfers will
mostly be the introduction of different allelic forms
of genes that exist in a wide range of species. There
are even many genes shared across the different king-
doms of organisms. For example, genes that code for
haemoglobin, previously thought to exist primarily
in the animal kingdom, are now known to exist in all
species of plants and in many microorganism groups.
Transferring a haemoglobin gene from an animal to
a plant could therefore be considered comparable to
the transfer of a haemoglobin gene from one plant to
another in an intraspecific cross.

In plant improvement programmes the ultimate
objective is to develop plants that best fit our needs,
whether they be our need for compatibility with
the agricultural environment or our need to provide

Gene order is
preserved in the
/ cereals and grasses

Circumference is
relative to
genome size

food products optimized for our health needs.
Ideally we will assemble an array of coded genetic
information in the genome of our production
species which accomplishes all of these objectives.

Conclusions

The world’s human population is now increasing by
about 160 people per minute so more than ever
before there is a requirement to provide for increases
in food production. This has to be achieved in a
world where no more land is available for cultivation
and water and other essential resources are becoming
limited in crop production. More than ever before
there is a need to harness the genetic potential of
crop plants and in particular the three major cereals
— wheat, rice and maize — to the fullest possible
extent. It is fortunate that this compelling need has
arisen at the time of unprecedented progtess in the
plant sciences. The developments in our understand-
ing of genetics and the molecular biology of plants
have allowed the identification and characterization
of many genes that will help to increase yield and
protect plants from biotic and abiotic stresses. These
developments are opening possibilities for the
characterization and use of genetic resources that
were not foreseen in earlier times.
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So what do the advances in gene technology
mean for access to genetic resources? Clearly they
provide greater accessibility to genetic variation
contained in the collections so we can expect the
use of our stored genetic variation to increase to the
advantage of plant improvement programmes.
Access and screening will be more directed, aimed
at specific goals, and the new technologies will
enable us to better define these goals because of our
increased understanding of how plants develop and
function, and our increased knowledge of the
mechanisms of regulation of gene activity.

The new developments in gene technology and
related technologies will mean that genetic resource
centres will need to make major changes in regard
to the content of their relational databases. Data on
accessions must extend to information on the allelic
representation of many genes in the genome of the
accession and the genetic resource databases will

need to be connected to the global DNA and pro-
tein databases. So bioinformatics will become a
necessary science in our resource centres. Scientists
with bioinformatics skills will provide assistance to
plant breeders in identifying key accessions for par-
ticular needs. Plant genetic resource centres will
need to have increasingly close contact with basic
research programmes in plant science since these
are the programmes that generate the knowledge
providing for the design of screening assays.

We believe there is a very bright future for
genetic resource collections. Through the new tech-
nologies we will be more able to take advantage of
the wisdom of those who championed the conser-
vation of genetic variation through both 77 situ and
ex situ collections, providing for the subsequent use
of allelic variants in the generation of sustainable
and more efficient production systems.



4 The New Genetic Era: Will it Help us in
Managing Genetic Diversity?

A. Karp
IACR-Long Ashton Research Station, University of Bristol, Long Ashton, Bristol, UK

Introduction

The advances made in the science of genetics, from
the rediscovery of Mendel’s laws in the early 1900s
to the development of DNA chips at the end of the
last century have been simply astonishing. As the
21st century unfolds, the advancing field of plant
genomics heralds promise of a new potential for
analysing plant diversity at the level of single base-
pair differences and for identifying the genetic basis
of traits underlying the agronomic performance
and environmental adaptation of plants.

This chapter examines the contribution already
possible from the application of existing molecular
genetic techniques to the field of plant genetic
resource management and the gaps and challenges
that remain to be addressed. It then seeks to assess the
potential of genomics to enhance our capabilities for
managing plant genetic diversity in the 21st century.

Addressing Key Issues in Genetic
Resource Management

From the standpoint of assessing the role of molecu-
lar technology, the main issues are as follows. For ex
situ genetic resources, the key issues are in essence
the acquisition, maintenance, characterization and
utilization of genetic diversity. For in situ genetic
resources, they are the identification of populations
for conservation, their management, access to the
genetic resources and utilization (Karp ez a/., 1997a).

© IPGRI 2002. Managing Plant Genetic Diversity

Within all these key issues it is possible to identify
numerous specific questions that continuously have
to be faced in making decisions on genetic diversity.
These questions vary from those that are relatively
easy to define, for example concerning whether two
individuals are identical or not, to those where defini-
tion is more difficult, such as problems relating to
‘genetic erosion’, or identifying ‘useful variation’.
Nevertheless, a common essential feature that is
shared by all is the requirement for information on
diversity, and it is here that the most fundamental
contribution of molecular techniques is made.

The first major attraction of molecular tech-
niques was their ability to detect genetic diversity at
levels of resolution that exceeded those achievable
by other methods, including the use of biochemical
markers such as isozymes. The nature of the DNA-
assay (originally restriction fragment length poly-
morphism (RFLP)) also meant that markers were
more robust and independent of environmental
conditions. Additional attractions, which emerged
with the development of the PCR, were the possi-
bility of obtaining information from tiny amounts
of plant material at any stage of development, in
addition to the increasing speed with which the
assays could be performed and the ability to
increase throughput substantially by automation.

There is little doubt that for all these reasons
DNA-based assays have revolutionized our ability to
characterize genetic diversity. The large number of
articles describing their use for the characterization
of crop germplasm and plant populations of many

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 43
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species are testimony to this success. As indicated
above, however, managing genetic diversity requires
more than just characterization. It requires informa-
tion that can be used to help address the key issues
of both ex situ and in situ genetic diversity manage-
ment and to assist in the process of decision-
making. For example, for assisting evaluation, for
improving utilization and for the development, or
validation, of genebanking strategies, such as in
sampling strategies, multiplication, management
and the development of core collections.

In this respect, it can be argued that the poten-
tially infinite number of ‘character differences’ that
can be revealed using DNA-based assays is only a
minor part of the contribution of molecular tech-
niques of relevance in the context of genetic diversity
management. Of greater importance is the kind of
information on genetic diversity that can be derived,
together with the quality, speed and efficiency with
which it can be obtained. Ultimately, it is only if this
information can be used confidenty by genetic
resource managers to help improve practices, or assist
in decision-making, that the benefits of molecular
techniques could be said to be realized.

Molecular Techniques and
Information on Genetic Diversity

The information on genetic diversity that can be
derived using molecular techniques can be summa-
rized as follows:

1. The amount of diversity (a quantification of the
diversity present at intra- and interspecific levels).

2. The structure of the diversity (how the diversity
is partitioned among and within populations in
space and over time).

3. Evolutionary history (population history,
genetic lineages, gene genealogies and distinguish-
ing between differentiation and divergence, i.e.
between current and past events).

4. Genetic distance (a measure of the extent of dif-
ference between genes, sequences, populations or
species).

5. Relatedness (kinship, the degree of relatedness
among relatives).

6. Identity (whether individuals are genetically
identical or distinct).

7. Gene flow (the extent to which genes are
exchanged).

8. Linkage disequilibria and the inter-locus correla-
tion of allelic variation.

A large number of different molecular tech-
niques are able to provide information of this
kind, but despite recent advances and our increas-
ing knowledge of plant genomes, no single tech-
nique is currently available that can provide all of
the information listed above. Molecular tech-
niques differ in their informational content. Some
techniques produce dominant markers only, while
others are co-dominant and permit detection of
the different alleles. Some techniques yield multi-
locus profiles, while others detect variation at a
single locus. Some markers provide genealogical
information (i.e. on evolutionary history), while
others provide information of phenetic relation-
ships (i.e. based on overall similarities).
Understanding exactly what type of information
will be needed on genetic diversity to address spe-
cific management issues is, thus, at the crux of
being able to determine whether any given tech-
nique will be a suitable means of obtaining the
information. To add another complexity, the qual-
ity of the information obtained for any given
marker system will also depend on the sampling
strategy used and the way(s) in which the data
have been scored and analysed. Finally, techniques
also differ in resource requirements, in their repro-
ducibility, in their amenability for automation and
with respect to whether or not their data can be
easily input into databases.

For all these reasons, choosing the most appro-
priate technique can be difficult. More often than
not, a combination of techniques is needed to
cover all the requirements of information that may
be needed, which increases the cost of applying a
molecular approach. Alternatively, a compromise
has to be made which reduces either the type of
information that can be obtained or the number of
samples that can be analysed, and therefore places
a limit on the potential gains from the application
of molecular techniques.

Despite these difficulties, over the past 5 years
the field of molecular genetic diversity screening
has advanced significantly and general consensus is
being reached as to the most appropriate marker
techniques (Karp ez al., 1997b). Of the many dif-
ferent techniques for detecting polymorphisms,
only the main types will be discussed here, with
reference to their general suitability for genetic
diversity management. The newer technology of
DNA microarrays will be discussed later as their
impact on the field is not yet known.
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1. Probe hybridization (no PCR)

RFLPs were the original successful molecular
marker technology because they are co-dominant
and, thus, can detect heterozygotes (Evola ez al.,
1986). They are also highly reproducible and can
be exchanged between laboratories. Data obtained
from RFLPs can be used in the characterization of
genetic diversity in cultivars, accessions and natural
populations and can assist genetic diversity man-
agement in many of the key areas discussed earlier.
Although polymorphic probes have to be identified
from ¢cDNA or genomic DNA libraries, informa-
tive probes can be exchanged between laboratories
and syntenic relationships among plant genomes,
for example among the Gramineae, or Solanaceae,
have further extended the wide usability of RFLP
markers. These advantages have been increasingly
outweighed, however, by the disadvantage of the
procedure  (which
Southern blotting and probe hybridization), the
difficulty of converting the method to an auto-
mated system and the low level of discrimination
achievable in some crops.

Higher levels of polymorphism, capable of dis-
tinguishing even the closest relatives can be

lengthy technical involves

achieved using probes for hypervariable regions of
tandemly repeating
sequences. There are two main classes of these:
minisatellites, which are typically 16-100 bp in
length and microsatellites, or simple sequence
repeats (SSRs), which are 2-8 bp in length.

Minisatellites and microsatellites are found in

the genome comprising

abundance and the use of one motif as a probe will
typically detect several hybridization sites resulting
in a multi-locus profile. The high mutation rates of
these tandem repeats compared to other nuclear
sequences results in highly discriminate profiles that
can distinguish individual members of a family and
(Vosman et al, 1992).
Although restriction enzyme digestion and probe
hybridization are used in the procedure, the poly-
morphism observed results from variation in the
number of tandem repeats present at each locus

fingerprint  cultivars

and is, thus, commonly described as variation in
the number of tandem repeats, or VNTRs. VNTRs
provided the first method of DNA fingerprinting
for individual assignment (Jeffreys e al, 1985;
Bruford e al, 1992) and have been extensively
applied in animals and humans (including forensic
science). In those cases where they have been iden-
tified in plants, they have been wuseful for

germplasm characterization, particularly through
their capacity to discriminate closely related culti-
vars in crops with low polymorphism levels
(Vosman ez al, 1992). Applications in genetic
diversity management have been limited, however,
by the multi-locus nature of the profile obtained
and the length of the procedure required to per-
form the assay. For both VNTRs and RFLPs the
technical limitations reduced their usage once PCR
had been developed and the Southern blotting,
probe hybridization steps could be avoided.

2. PCR with generic or arbitrary primers

PCR brought with it a whole wave of new tech-
niques, the most immediately applicable of which
require no prior knowledge of sequences within the
genome but rely on the use of either random arbi-
trary primers, or generic primers. In randomly
amplified polymorphic DNAs (RAPDs) (Williams
et al., 1990), a single random primer is added to
the template DNA and subjected to PCR. This
simple but effective method of revealing polymor-
phisms is also cheap and universally applicable and
was extensively applied for characterization of plant
genetic diversity after its initial development.
RAPDs are dominant markers. More problematic,
however, is the fact that the profiles amplified are
very sensitive to any change in laboratory condi-
tions, consumables and equipment used to perform
them. RAPDs are not robust enough to exchange
among laboratories (Jones ez al, 1997), nor to
withstand the passage of time and the continual
change in equipment and enzymes that occur as
techniques advance. Similar limitations are true for
many other techniques which work on a compara-
ble basis to RAPDs and which include AP-PCR
(arbitrary-primed PCR), DAF (DNA amplification
fingerprinting), directed amplification of minisatel-
lite region DNA, ISSR (inter-SSR amplification)
and RAMP (randomly amplified microsatellite
polymorphism) (see Karp and Edwards, 1998).
Even though the limitations of RAPDs and other
similar techniques are well recognized, they are still
useful for the characterization of genetic diversity,
for estimating genetic similarities and genetic dis-
tances, for identification and classification and for
population studies, although they are increasingly
becoming restricted to situations where resources
limit the choice of markers available or only quick,
basic results are required.
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The procedure of amplified fragment length
polymorphism (AFLP) (Vos et al., 1995) depends
on the use of generic primers and is more robust
than techniques such as RAPDs for two main rea-
sons. Firstly, it involves restriction digestion and
secondly, two primers are used in more stringent
PCR conditions. In this technique the DNA is first
digested with a rare cutter and a frequent cutter
enzyme. Adaptors are added to the cut ends and
then PCR is performed in two successive rounds.
In the first round, the primers are based on the
adaptor and restriction site sequences plus one
additional nucleotide. In the second round between
two and three additional nucleotides are added to
the primers. The additional nucleotides act as selec-
tive bases because only fragments containing the
complementary bases internal to the restriction site
and adaptor sequences will be amplified. The resul-
tant multi-locus profile is highly reproducible
(Jones et al., 1997) and extremely informative.

AFLPs provide data on many different sites
within the genome in a single assay and are currently
among the most informative of marker systems avail-
able with respect to polymorphic index (see Powell e¢
al., 1996). They have made a considerable impact
on the characterization of crop germplasm by pro-
viding an extremely efficient means of identifying
duplicates and contaminants, of determining
genetic similarities and genetic distances and of dis-
criminating between closely related accessions. The
AFLP technique has also been adapted for use with
primers that target specific sequences within the
genome, or sequence-specific amplification poly-
morphism (SSAP) (Ellis ez al., 1998). Specific mod-
ifications, knowledge of gene
sequences, will be described later. Here, two main

which utilize

classes are mentioned: SAMPL (selectively ampli-
fied microsatellite polymorphic loci), where one of
the AFLP primers is substituted by a primer based
on the sequence of a compound microsatellite
(Witsenboer et al., 1997); and assays that detect
polymorphisms associated with the insertion of
retrotransposons, such as
amplification polymorphism (IRAP) (Kalendar et
al., 1999), retrotransposon-microsatellite amplifica-
tion polymorphism (REMAP) (Kalendar ez 4/,
1999) and retrotransposon-based insertional poly-

morphism (RBIP) (Flavell et al., 1998). These tech-

niques provide the means of profiling diversity

inter-retrotransposon

within specific regions of the genome, which can be
helpful in crops where polymorphisms are limited,
by extending the range of markers that can be

found. In the case of RBIE, PCR products can also
be detected on gels or by dot blotting. The latter
process can be automated, permitting potentially
very high throughput screening and is thus of inter-
est to breeding companies as well as curators of
germplasm as a means of screening large numbers
of samples. The use of this approach for screening
genetic resources is currently being investigated (A.
Flavell, University of Dundee, Scotland, UK, per-
sonal communciation).

3. PCR with sequence tagged primers

Multi-locus profiling techniques are an effective
means of obtaining data at many loci in a single
assay, but the information available at a single locus
is limited (Karp e a/., 1997b). This is a particularly
important shortcoming to recognize if gene
frequency or genealogical information is required
for genetic diversity management. Information on
heterozygosity is also usually limited, which is a
particular disadvantage for outcrossing species.

The alternative approach to multi-locus profil-
ing is PCR with primers that target a single known
site, such as a gene. In plants there are three sources
of potential gene sequences: the chloroplast
(cpDNA), mitochondrial (mtDNA), and nuclear
(nDNA) genomes which differ in their mode of
inheritance, evolutionary rates and recombination.
Gene sequences are the most informative of mark-
ers available and are therefore very important for
diversity studies from species to population level.
They are especially important when information on
evolutionary history (e.g. allele or gene genealogies,
phylogenies, population history, etc.) is required.
Sequence data are theoretically capable of providing
all the types of information on diversity listed ear-
lier. In practice, however, polymorphism rates can
be too low to attain this goal at the intraspecific
level and particularly at the level of individuals.

Microsatellite and minisatellite loci mutate at
higher rates than gene sequences. If they are cloned
and sequenced, primers to the flanking regions can
be designed to produce a locus-specific, sequence-
tagged marker. Minisatellites are generally difficult
to clone by virtue of their size and have not been
used extensively in plants. In contrast, microsatel-
lites tagged in this way are extremely useful for
genetic diversity studies because they provide
single-locus, co-dominant, highly polymorphic

(Morgante and  Olivieri, 1993).

markers
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Throughput and information content can be
increased by multiplexing and using automation,
which means that information can be obtained
from several different microsatellite loci simultane-
ously on large numbers of samples. Microsatellites
are also robust markers and therefore suitable for
exchange among laboratories and they provide data
that are more amenable for input and storage in
database formats. For these reasons microsatellites
are being increasingly used to characterize genetic
diversity in crop genepools and to establish data-
bases of crop varieties. Together with sequences
they are the predominant marker system for popu-
lation genetic analysis and have also replaced classic
DNA fingerprinting for identity and forensic appli-
cations. One of their main limitations is the cost
and time required for their development, which led
to their slower uptake as molecular markers in
plants, compared with animals. Procedures for
microsatellite isolation from plants have now been
developed by several researchers and an increasing
number of primer sets are being published on web
sites and in journals. A second problem with
microsatellites is that their mode of mutation does
not conform well to the classical mutation models
derived for gene sequences, although specific ana-
lytical techniques have been designed to overcome
this problem.

Examples of the Use of Molecular
Marker Techniques

The subject of genetic marker techniques and their
appropriateness for genetic diversity analysis has
only been given cursory treatment here compared
with the depth to which this subject can be dis-
cussed. There are numerous reviews which cover
this subject (e.g. Bachmann, 1994; Karp et al,
1997b, 1998; Parker et /., 1998; Sunnucks, 2000),
and it is not my intention to reiterate these.
Instead, there are three main points that I would
like to emphasize:

1. The question(s) being
addressed are defined, the easier it will be to select

more clearly the
the best marker system(s) and the best strategies for
applying them.

2. A basic understanding of the different tech-
niques with respect to what they can offer in terms
of genetic information is essential for their success-
ful application.

3. It is also important to consider how the infor-
mation will be gathered (and by whom) and how
(and by whom) it will be used.

Two collaborative studies on genetic diversity should
serve to exemplify these points.

The use of molecular markers to assess
genetic diversity in coconut genepools

Coconut (Cocos nucifera L.) is a key plantation crop
of the tropics. Almost every part of the tree is used
and its food and industrial products, such as
coconut oil, copra and desiccated coconut, play an
important role for the rural communites and
economies of many developing countries. The cur-
rent geographic distribution of coconut spans the
coastal areas between 20 degrees north and 20
degrees south of the equator, with an altitude range
from sea level to 1000 m. The wide geographic dis-
tribution of coconut and its diverse growth habit
have led to the identification of some 900 acces-
sions by the International Coconut Genetic
Resources Network (COGENT). However, the
crop is now in relative decline in many countries,
due largely to the impact of diseases on yields and
strong competition from other oil crops such as oil
palm. COGENT is in the process of collecting
threatened and useful germplasm to augment exist-
ing collections with a view to establishing regional
genebanks. Specific questions that need to be
addressed in this endeavour include: How can
genetic diversity in populations of coconut growing
in situ be assessed rapidly and efficiently in order
that palms can be selected for inclusion in regional
genebanks? How much diversity is present in
coconuts of the different regions and can differences
be detected between different growing regions? Can
individual palms be adequately identified?

To assist in these efforts, in a succession of two
transnational collaborative projects, appropriate
molecular developed
and their potential in helping to resolve these ques-
tions was demonstrated. At the outset, it was recog-
nised that of the DNA-based methods that could be
used to assess coconut germplasm, only a few would
be suitable for application in networked efforts

marker techniques were

spanning several continents, consistent with the
COGENT strategy. Results must be reproduced by
different laboratories. Assays must be capable of
being scored and analysed using standardized
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methods and the data obtained must be suitable for
entry into databases. It was also important to con-
sider that there are two main types of coconut, tall
varieties, which are fast growing and outcrossing and
dwarf varieties, which are mostly selfing. While the
latter can be considered to be essentially fixed lines,
tall varieties exist either as populations maintained
under natural pollination or in the form of inter-
population hybrids. Techniques that detect heterozy-
gotes directly (i.e. without progeny testing) and give
data on allelic differences were therefore preferred.

Microsatellites were considered to fit all the
requirements for the coconut genetic diversity
study, although these were not available at the time
of starting the work. It was also felt necessary to
complement the microsatellite analysis with AFLPs
in order to investigate whether a multi-locus finger-
printing method would be needed to discriminate
between closely related palms.

The objectives of the first collaborative project
were to develop highly informative microsatellite
markers in coconut and characterize their useful-
ness using a limited set of cultivars. In total, 41
primer pairs were identified and tested of which 38
were polymorphic, with an average of five alleles
per locus. Analysis of similarity matrices based
either on shared alleles at each locus (simple match-
ing coefficient), or on allele bands across all loci
(Jaccard coefficient), showed that Dwarfs grouped
separately from Talls and that less genetic diversity
was present in Dwarfs compared with Talls, as
expected. In a wider test on 40 samples, eight
microsatellites detected 64 alleles, giving an average
of eight alleles per microsatellite. This pilot study
indicated the potential of these markers for detect-
ing diversity in coconut populations (Rivera ez /.,
1999). In order to be useful in the context of the
COGENT network it was necessary to ascertain
that the microsatellites would be equally informa-
tive in coconut material from across the geographic
range. In the second collaborative project, the
microsatellites were tested on a wide range of eco-
types and the data gained from this study compared
with those obtained using AFLPs. Genetic diversity
was assessed in 31 individuals from 14 coconut
populations across the geographic range using 37 of
(one of the 38 original
microsatellites failed to give a clear pattern when
tested further) and 12 AFLP primer combinations.

the microsatellites

The microsatellites reveal high levels of genetic
diversity, with between two and 16 alleles per locus
and a total of 339 alleles in the 14 populations.

Two of the four Dwarf populations were homozy-
gous at all the loci, as expected, but Niu Leka
Dwarf, which is known to be cross-pollinating,
showed high levels of heterozygosity. Three
microsatellites gave distinct genotypes for 12 out of
the 14 populations suggesting that it would be pos-
sible to identify all 14 populations using only a
small set of microsatellites (Teulat ez /., 2000).

The microsatellites revealed important informa-
tion concerning the genetic diversity of the coconut
populations. Genetic diversity was generally higher
in populations from the South Pacific and South-
East Asia. The East African populations had higher
heterozygosity levels than those from West Africa
and the populations from Tonga and Fiji generally
had distinct alleles from those of the South Pacific.
Data of this kind were not as apparent from the
AFLPs. The AFLP analysis with 12 primer combi-
nations gave a total of 1106 bands, of which 303
were polymorphic (27%). Similarity matrices were
constructed from the two datasets using the pro-
portion of shared alleles, in the case of the
microsatellites, and Jaccard coefficient, in the case
of the AFLPs. Cluster and principal coordinates
analyses gave dendrograms and plots that showed
similar relationships with both marker types,
although AFLPs resolved tighter clusters. There was
generally good agreement between groupings on
the dendrogram and the geographic distribution of
the coconuts (Teulat ez a/., 2000).

The results indicated that both microsatellites
and AFLPs provided valuable information on the
genetic diversity of coconut which could address
the questions posed but that the microsatellites, in
particular, also meet the requirements relating to
how the information will be gathered and how it
will be used. The microsatellites now provide a
valuable toolkit for genetic resource managers as
they can be used in the laboratories of the different
countries to identify populations with distinct
alleles or high heterozygosity and for other practical
problems such as detecting pollinations from non-
parental types in breeding programmes. Efforts are
currently underway to identify a small sub-set of
microsatellites which could be used as a standard
tester set to identify all the different populations. It
may still be necessary, however, to use AFLPs in
certain circumstances, for example, to check
whether two individuals are identical or not, since a
large number of microsatellites would be needed to
achieve the same genome coverage possible with a

single AFLP profile.
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The use of molecular markers to improve
genebank management

The coconut example is just one of many that
illustrate the information gained when molecular
techniques are chosen carefully to address specific
questions on genetic diversity. Like other examples
of its kind, the study is still, however, at the rela-
tively small scale in terms of plant numbers. The
application of molecular techniques at realistic
scales equating to those of ex situ plant genetic
resource collections, for example, might therefore
still be questioned.

One example of where this issue has been tack-
led can be found in an EU-funded demonstration
project on the lettuce collection held at the Centre
for Plant Genetic Resources (CGN). This project
specifically targeted the requirements of genebank
managers and has sought to address the usefulness
of molecular markers from a genebank perspective.
Genebanks conserve ex situ genetic diversity of
crops and their wild relatives by first sampling the
diversity and then storing the diversity as efficiently
as possible. The project centred around the numer-
ous questions that arise throughout these practices
relating to:

1. Which samples to include (or exclude, or bulk).

2. The identification of gaps in the collection.

3. The identification of duplicates.

4. How to choose material from the germplasm
collection for utilization.

5. How to multiply samples without loss of diversity.

To demonstrate the possibility of applying molec-
ular markers for improving genebank management
relating to these issues, the project aimed to achieve
two main goals: (i) a description of the genetic
structure of the genebank and establishing possible
correlations with useful traits by characterizing it
with molecular markers; and (ii) the use of molecu-
lar markers to monitor and validate the multiplica-
tion techniques currently used for lettuce at the
CGN. It was hoped that information gained from
achieving the first goal would help address issues
1-4 while that gained from achieving the second
goal would help address issue 5.

The lettuce collection at CGN comprises some
2118 accessions. It was chosen as a suitable test
model because the collection is well documented
(which facilitates the investigation of relationships
between molecular markers and other characteris-
tics), it is of medium-size compared with other

genebanks, both cultivated and wild species are pre-
sent, including selfing and outcrossing species, and
the collection is extensively used.

In order to perform the demonstration, the
molecular work was organized into two main activ-
ities corresponding to the two goals listed above. To
obtain a description of the genetic structure, DNA
was extracted from 6471 lettuce plants (two samples
for selfing accession and five samples for outcrossing
accessions). All individuals were genotyped using ten
microsatellites (that had been previously mapped in
lettuce and were known to occur on different linkage
groups) and three AFLP primer combinations. In
order to validate multiplication techniques, DNA was
extracted from 900 plants and genotyping was
performed as described above but for samples
taken within accessions before and after standard
multiplication procedures.

The project was a major undertaking involving
five participating organizations. The biotech com-
pany Keygene (Netherlands), which invented the
AFLP technology, performed all the DNA extrac-
tions and also the AFLPs for the whole collection.
This took almost two years, of which two months
were needed for DNA extractions. The microsatel-
lites were developed by Plant Research
International (The Netherlands), which performed
all the automated assays required for achieving the
large screen. Together with the scoring and cross-
checking, this took over 2 years. Two other groups,
at JACR-Long Ashton Research Station and the
Botanisk Institut in Copenhagen, were responsible
for achieving the second goal, which took 18
months. Contact with the genetic resources com-
munity was maintained through the involvement of
the International Plant Genetic Resources Institute
(IPGRI).

The results obtained have indicated that the
molecular data will be useful in the management of
the lettuce genebank, particularly with regard to:
(i) assisting in the identification of duplicates; (ii)
assisting in classification and identifying any mis-
classification; (iii) validating different core collection
strategies that could be used; and (iv) validating the
multiplication strategies used at the CGN.

A number of experiences were also gained from
attempting to apply the techniques to such a large
set of samples.

In the case of the AFLPs, the large number of
accessions in a single species, particularly in cultivated
lettuce, Lactuca sativa and its close wild relative
Lactuca serriola, meant that low-density AFLP profiles
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had to be used in order to avoid saturation of the
band profiles when all samples were compared. As a
consequence, although it was possible to compare all
accessions for one species in one dataset, it was not
possible to resolve all the accessions using this
approach. When similarity matrices were constructed
from the data and input into clustering algorithms,
the resultant dendrograms grouped numerous acces-
sions together, including some known to be of
distinct origin. AFLPs with high-density profiles
would discriminate these and resolve relationships
more clearly. A recommendation emerging for screen-
ing large sample sizes, such as whole genebanks is,
thus, to use a two-tiered approach: first low density
profiles to compare all samples and resolve the main
clusters and then high density profiles to resolve sam-
ples within clusters. It was not possible to compare
the different Lactuca species directly as the AFLP pro-
files were too dissimilar.

In the case of the microsatellites, one problem
was that they only amplified well in L. sativa (in
which they were developed) and the wild relative L.
serriola. In the other species, amplification only
occurred in occasional samples and the datasets
were too incomplete for use in the analysis. If the
entire genebank is to be genotyped with microsatel-
lites, it would thus be necessary to isolate
microsatellites from the wild species.

A number of issues arose for both marker types
during the course of the lettuce project. After assays
had been completed a considerable amount of time
was required to cross-check all data points from the
gels to the datasets. For the microsatellite data
obtained on the ABI 377, more time was needed
for this than foreseen. There is also a clear require-
ment for new software that is able to manage the
massive sizes of the datasets. Similarly, new visualiza-
tion techniques are needed. A new project is currently
addressing some of these issues (in particular, the
bioinformatics aspects).

The Major Gap still to be Bridged and
Ways of Meeting this Challenge

The two examples described above serve to illus-
trate the gains achievable from application of mole-
cular marker techniques to address genetic diversity
management questions, but there are still chal-
lenges to be faced. In essence, these relate to the
gap that exists between the diversity revealed by
DNA assays and phenotypic or functional diversity.

Microsatellites, AFLPs and other such DNA mark-
ers are successful because they are highly polymor-
phic but they are also generally employed in an
anonymous fashion. This has invited criticism of
the functional relevance of the diversity revealed or,
more explicitly, whether or not DNA markers are
really providing the type of information that is
needed to make valued judgements on diversity.

The rapidly increasing information available
from genome mapping and gene sequencing projects
is providing an expanding resource which may help
to bridge this gap. High-resolution genetic maps
now mean that markers known to be very closely
linked to traits of interest can be used and the avail-
ability of sequence data for an increasing number of
important genes enables the development of screens
for detecting diversity specifically at these loci.

Adapting the current PCR-based
techniques to target functional diversity

As mentioned earlier, it is possible to adapt multi-
locus profiling procedures such as AFLPs to target
specific sequences within the genome, for example
relating to microsatellites, or the insertion of trans-
posons. This approach has the potential to be
adapted for profiling diversity within genes and
gene families in plants.

One example where this is being explored is in an
EU-funded project in which different approaches
based on SSAP (Ellis ez al, 1998) and the use of
primers for conserved regions are being used to inves-
tigate diversity in genes encoding key events in devel-
opment, metabolism and intra-cellular signalling.
Different specific target genes are being investigated
by different participating groups including protein
kinases and signal transduction genes, disease resis-
tance genes, genes involved in synthesis of, or
response to, phytohormones and genes coding for
cytoskeletal proteins. All partners are testing the tech-
niques initially on a panel of 16 genotypes each of
potato, tomato and barley (ten cultivars, two exotics
and four accessions). Any promising functional biodi-
versity markers are then being tested further on an
extended range of cultivars and ecotypes. In order to
confirm that at least some of the polymorphisms
observed reflect functional variation, the expressions
of a selected number of the sequences are also being
analysed. The project is only mid-way but the results
obtained so far for one of these gene targets illustrate
the potential usefulness of the approach.
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The SnRK1 gene family (Halford ez /., 1992)
codes for protein kinases involved in the regulation
of carbon metabolism and are implicated in stress
responses. These enzymes are related to the sucrose
non-fermenting kinase-1 of yeast (hence SNF-1
related kinase = SnRK-1), which is found to have a
crucial role in the biochemical signalling leading to
the switch from utilization of glucose to other sug-
ars when glucose is unavailable. It therefore plays a
central role in carbon catabolite derepression, and
the related genes found in plants are similarly very
important in nutrient utilization. SnRKIs have
been found to phosphorylate and inactivate sucrose
phosphate synthase (in cauliflower and barley),
nitrate reductase and HMG-CoA reductase (in
spinach), and to activate the gene expression of
sucrose synthase in potato (using antisense technol-
ogy; Halford, 1999). SnRKls from rye, barley,
potato, oat, Arabidopsis and sugarbeet have been
characterized at the molecular and biochemical
level. Amino acid sequence similarities between the
plant, yeast and mammalian sequences range from
44 to 46%. The barley gene subfamily comprises
approximately 10-20 members per haploid
genome, while that of potato comprises approxi-
mately 5-10 and that of Arabidopsis 2. The genes
from all three species show a high degree of conser-
vation of gene structure in that they share around
68% sequence identity and the positions of introns
within the coding regions are identical.

Primers for conserved regions within SnRKls
have been used to produce amplification products
which have been screened for differences in order to
develop more specific sequence-specific marker assays
for these polymorphic regions. Initial experiments
focused on using the Clontech Genome Walker kit
(Anon, 1996) for amplification of promoter regions.
This kit amplifies products from a specific primer in
the known coding region of the gene to an adaptor
primer which binds to an adaptor ligated to a restric-
tion site in the promoter region. A choice had to be
made as to where to design the conserved primer.
Primers from exon 1 that extend into the promoter
region would allow detection of possible changes in
transcriptional control and experiments first concen-
trated on this area of potential importance.

Using this approach two amplified products
were obtained (A and B) of which one (B) was
found to be polymorphic among batley cultivars.
Sequencing of the products indicated that they are
highly related to the Bkinl2 gene members of the
SnRKI1 family in barley and have identical coding

regions, differing only in the promoter sequence. A
wider screen using this approach, confirmed that
the B product is polymorphic in batley cultivars.
When the same approach was used in another bar-
ley species (Hordeum jubatum) a third product (C)
was identified which was not observed in cultivated
barleys. The sequence also shows very high homol-
ogy with Bkin12.

These results indicate that the approach has
potential for revealing variation in important genes.
Normal PCR has confirmed that absence of variant
C in Hordeum vulgare is not a false negative, and
RT-PCR has shown that variant C is expressed at
the RNA level in H. jubatum. Evidence for differen-
tial expression has been found, confirming that vari-
ant C is likely to be of functional significance, an
aspect which is now being studied further (J.S.C.
Clark and N.G. Halford, IACR-Long Ashton

Research Station, 2000, personal communication).

Using genome maps and closely linked
markers

An example of how molecular map information can
be used to help identify variation of use to breeders
can be found in Tanksley and McCouch (1997)
where a strategy termed the advanced backcross
QTL (quantitative trait loci) method is described
for identifying superior genes that have been trans-
ferred from wild species into cultivated lines. In this
strategy, crosses are made between elite parents and
landraces or wild species, followed by two or three
backerosses to the elite parent. The molecular link-
age map is used to identify the location of genes
that have been transmitted to the progeny after
backcrossing to the elite cultivated parent. In this
way it is possible to establish which chromosomal
segments of the wild species are associated with
superior performance of the lines and to purify
lines so that they contain only a specific QTL in an
elite genetic background. This approach, which has
been successfully demonstrated in tomato, should
improve the utilization of diversity residing in sec-
ondary genepools but it is resource intensive and its
limitations include the unknown frequency of alle-
les of potential value in the wild germplasm.
Identification of the genes controlling a trait
and knowledge of their DNA sequence would facil-
itate the classification of variation in the germplasm
pool. Classification of the sequence variants at a
targeted locus would substantially reduce the
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amount of work needed to assess their potential for
breeding and lead to the identification of superior
alleles (Sorrells and Wilson, 1997).

An example where both map and sequence
knowledge was used to analyse genetic diversity in
an agronomically important trait has been
described by Sicard et al. (2000) for disease resis-
tance variation in lettuce. Resistance to downy
mildew in lettuce, caused by the fungus Bremia lac-
tucae, is determined by a large number of different
genes. The genes that have been characterized so far
are clustered in four linkage groups. The major
cluster has been saturated with molecular markers.
Resistance gene candidates (RGCs)
nucleotide binding sites (NBS) and leucine rich
repeat (LRR) regions have been identified and one
family of over 24 members is localized in the major
disease resistance cluster. A microsatellite marker

encoding

and two primer pairs that amplify sequences encod-
ing a region in the middle of the LRR region were
used as markers to screen accessions of the culti-
vated lettuce, L. sativa, the wild lettuces, L. serriola,
Lactuca saligna and Lactuca virosa and natural pop-
ulations of L. serriola from Israel (near the centre of
diversity) and California (a recently colonized area).
All the material studied had been characterized
against all known pathotypes
Polymorphism at the microsatellite locus was highly
correlated with resistance to the pathogen B. lactu-
cae, with different microsatellite haplotypes diag-

of  Bremia.

nostic for different resistance alleles, suggesting a
strong potential for use of this marker in screening
wider germplasm and in selection programmes.
Very little length variation was observed in the
amplified products of the LRR regions using either
of the two primer sets but restriction site polymor-
phisms were detected. The LRR markers also corre-
lated with resistance phenotypes. All three markers
were able to discriminate between accessions that
had been previously shown to be resistant to all
known isolates of B. lactucae. A very high level of
genetic diversity in resistance genes was revealed in
the wild germplasm in this study, indicating that
there is little redundancy and that wild accessions
will be a rich source of new resistance genes.

DNA chips and microarrays: what do they
offer for managing genetic diversity?

The enormous and ever-increasing number of
sequences that continually appear in databases provides

what is presently a largely untapped resource for ident-
fying allelic diversity of individual characterized genes as
a means of searching for those specific alleles that will
confer trait improvement. One problem with using this
resource, however, is that the majority of the sequences
are cDNAs (complementary DNAs to sequences from
RNA libraries) or ESTs (expressed sequence tagged
sites, or cDNAs which have been at least partially
sequenced for PCR primers) and for the majority of
these sequences, the function of them is not yet known.
This has led to an increasing demand for functional
assignment which the development of the DNA
microarray (or DNA chip) now promises to help meet.

It is easy for a casual observer to be left with the
impression that DNA chips are a completely novel
and somewhat remote technology but, in fact, they
represent the latest development in the progression
of hybridization arrays that started with the
Southern blot over a quarter of a century ago
(Southern, 1975). In the Southern blot, labelled
probes are hybridized to DNA immobilized on a
nitrocellulose or nylon membrane. Each track is a
DNA sample which has been cut with restriction
endonucleases and the fragments have been separ-
ated by gel electrophoresis and then transferred to
the membrane by diffusion, where they bind
strongly. The probes hybridize to DNA fragments
only where complementary sequences are present
and this basic principle still holds for all further
developments. The next progression was filter-
based screening of whole libraries, such as cDNA
libraries spotted on to nitrocellulose filters. Usually
several different filters were needed to accommo-
date the number of different colonies present in the
library. Through the use of robotic workstations it
then became possible to stamp large numbers of
colonies on to single filters, for example entire
cDNA or genomic DNA libraries. Such macroar-
rays have extensive applications in molecular biology
and are often used, for example, in the screening of
microsatellite-enriched libraries.

Increasing miniaturization accompanied this
progression from Southern blot to macroarray,
which culminated in the DNA chip. Two significant
innovations led to the development of the DNA
microarray. The first was the use of non-porous
solid supports, such as glass, which improves the
efficiency of hybridization and post-washing steps
by allowing for unimpeded contact between probe
and target. The second was the development of fluo-
rescent-based detection systems. The result has been
an explosion in development of different micro-
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arrays, pioneered by Stanford University (Stanford,
California, USA) and by commercial companies,
such as Affymetrix. I will only deal briefly with this
developing field, whose major applications up till
now have been mostly in humans and animals, con-
centrating the discussion around its potential use for
detecting polymorphisms in plants. A number of
recent reviews cover the subject of microarrays more
comprehensively (e.g. Castellino, 1997; Chakravati,
1999; Gerhold ez al., 1999; Lander, 1999; Lipshutz
et al., 1999; Southern et al., 1999).

In DNA microarrays, different cloned sequences
from libraries are spotted on the glass slide and
information is gained by determining at which of
these sequences hybridization occurs. In contrast
with earlier hybridization systems, the DNA on the
solid support is, thus, normally referred to as the
probe, and the fluorescent RNA or DNA, which is
available in solution for hybridization, is referred to
as the target. There are basically two types of
microarray: expression arrays and arrays for identify-
ing and genotyping mutations and polymorphisms.

Expression arrays are being used to monitor
gene expression levels in different tissues and under
different situations as a first step towards functional
characterization of genes. The potential offered by
microarrays is enormous here. DNA expression
chips generated by Affymetrix, for example, can
display from 65,000 to 400,000 oligonucleotides,
representing up to 9000 genes on a 1.6 cm? glass
surface. A set of four chips allows the entire 6000
genes of yeast to be assayed and in mammals
5-10,000 genes are already in common use for
expression screening. Expression arrays are making
an impact in the plant field and large functional
genomics projects are being pursued by consortia of
academics and industry. It is difficult to imagine,
however, how expression arrays might be used
directly in genetic diversity studies, although bene-
fies will clearly be gained as sequences conferring
important functions are identified. In contrast,
genotyping arrays have the potential to make a
direct contribution to genetic diversity studies in
plants since they offer the possibility of locating,
identifying and cataloguing genotypic differences in
large sets of known DNAs
(Lipshutz et al., 1999).

There are a number of different types of geno-

simultaneously

typing arrays of which only two will be described
briefly here. In the first, a tiling array is designed to
interrogate all base pair positions in a gene
sequence. Overlapping 25-mers are used to cover

the sequence. For each 25-mer stretch, four probes
are spotted on to the solid support. Each probe has
an identical sequence except at one base position,
which is the same position in each probe. At this
position the probes differ in one of the four possi-
ble nucleotides (A, G, C, T). When the target
DNA is added, the brightest hybridization signal
will occur at the correct probe only. In the tiling
array, the next set of four probes differs in the next
base-pair position, and so on, until the entire
length of the sequence has been interrogated at
every base-pair position. Commercially available
Affymetrix chips on which are arrayed 350,000
oligonucleotides allow representation of 40,000 bp
of sequence per chip, including both strands and
each possible nucleotide mismatch.

A second approach to genotyping is to build an
array containing the previously identified allelic
variants of a gene. In this case the probe alternatives
consist of a perfect match, or a single base mis-
match, for the different alleles. This approach has
the potential to permit the genotyping of vast
numbers of loci simultaneously and could provide
a promising way of screening for genetic diversity
in important genes, such as disease resistance
genes. Single nucleotide polymorphisms (SNDPs)
are the most common mutation in sequences.
Once SNPs have been identified, large numbers
can be arrayed on chips (‘SNP chips’) for detecting
the presence of these mutations. As more and more
genes are uncovered by sequencing, and increasing
numbers of alleles are identified it may be possible
to build arrays for all kinds of important traits, but
the sequencing and identification has to be
achieved first.

DNA microarray approaches are certainly
impressive but there are some negative considera-
tions to be taken into account. Some of these are
general to all array types. For example, normally
only SNPs can be detected and not insertions or
deletions (unless the probe is provided in the array).
Cross-hybridization between related sequences can
cause problems and it can be difficult to perform
the multiple PCR amplifications when several gene
sequences are present on the array. Handling the
information obtained is also no small task and
requires sophisticated software. Finally, the costs are
extremely high. Commercially available chips are in
the US$1000 range and if a complete set of instru-
ments (hybridization system, scanner and software)
is purchased, the costs escalate to

US$250,000 (Granjeaud et al., 1999).

nearer
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This might seem to place the technology out of
the reach of academic researchers and the plant
genetic resource community. It is worth remember-
ing, however, that the costs may well come down in
the future and that, in the meantime, the principle
of arrays can be profited from at a lower technological
level. In Arabidopsis, for example, high-speed robotic
printing of cDNAs on glass allowed expression stud-
ies to be carried out on 45 genes simultaneously
(Schena et al., 1995). It is within reach to construct
similar arrays of oligonucleotides representing the
different alleles of important genes.

The real limitation here is that the sequences to
be placed on the array for genotyping polymor-
phisms in plant genes, in the main, still have to be
identified. It will take some time to achieve this for
many of the traits of interest in plants. This
requirement is likely to be met first in those few
crops of highest economic importance and one
might question, when, or indeed if, it will be
achieved in the majority of plant species of interest
as genetic resources.

Somewhat provocatively, one might also ques-
tion what advantages are really offered by these
powerful but expensive tools for genetic resource
managers. Using arrays of the tiling kind, for
example, it would be possible to detect every sin-
gle polymorphism that is present in a given
sequence between different samples. It would still
not be possible, however, to know what the func-
tional significance of all the polymorphisms
detected are, even if they occur in genes. Apart
from the level of resolution and the scale and
capacity for screening several different sequences
simultaneously, it is therefore not so easy to see
what additional benefits this might offer for
genetic diversity studies. In the case of designing
arrays for genotyping allelic difference at several
loci, this does look attractive, as it is allelic varia-
tion that is most of interest for genetic diversity
management. However, how many samples could
be reasonably screened in this way, and who
would be able to afford such an approach in the
field of plant genetic resources?

Concluding Remarks

Since the application of RFLPs in the early 1980s,
molecular genetic techniques have made a substan-
tial impact on the characterization of plant genetic
diversity in crop germplasm, genepools and natural

populations. Information derived from their use is
being successfully applied in many aspects of
genetic diversity management, for example, identi-
fication of duplicates, developing sampling strate-
gies and validating multiplication techniques.

In contrast, understanding the ‘significance’ or
assessing the ‘value’ of the diversity revealed
remains a tantalizing challenge. One reason for this
is the gap existing between our understanding of
diversity at the genetic (or molecular) and pheno-
typic (or functional levels). Challenges that remain
concern the identification of traits of importance,
and particularly being able to identify alleles that
may confer an improvement. Advances here would
enhance utilization of the resources. The technol-
ogy is moving in this direction. High resolution
genetic maps enable closely linked markers to be
used and the increasing numbers of ESTs and SNPs
provide routes for more targeted sequence-based
approaches. DNA chips allow the detection of
every mutation in a sequence and genotyping of
several genes to be achieved simultaneously. The
main problem, however, will still be to find which
of the many sequences, and which of the many
polymorphisms uncovered, are of interest, and
worth the cost of their detection.
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Introduction

Nephelium is one of 130 genera in the family
Sapindaceae, with the centre of origin for this genus
thought to be the Indo-Malaysian region.
According to Soepadmo (1979) there are 30 species
of Nephelium in South-east Asia, 14 of which occur
in Peninsular Malaysia. Nephelium spp. are ever-
green trees and produce edible fruit, either sweet or
sour. Examples of edible species are V. lappaceum
(rambutan), V. rambutan-ake (pulasan), N. cuspida-
tum, N. hypoleucum, N. maingayi and N. uncinatum
(Siebert, 1991). Apart from N. lappaceum and N.
rambutan-ake, which are cultivated for their fruits,
the other Nephelium species are only rarely and
locally traded (Verheij and Coronel, 1991).

In Malaysia previous studies on Nephelium have
been on botanical aspects (Lim, 1984), morphologi-
cal characterization and agronomic traits (Whitehead,
1959; Salma, 1986). Both outcrossing and selfing can
occur in rambutan. Some trees produce only male
flowers, others produce hermaphrodite flowers with
non-functional anthers, whereas other hermaphrodite
trees function as both male and female. This last type
of tree produces most fruit, and budwood is taken
from them for commercial (clonal) propagation.
Pollination is carried out by Zrigona bees. Although
the species is an outbreeder, the genetic diversity of
cultivated rambutan is narrowing because clonal
propagation of a few cultivars in nurseries has
replaced home propagation (using seedlings).

© IPGRI 2002. Managing Plant Genetic Diversity

Information on genetic diversity is still lacking,
even though it is important and could be used to
enhance selection and breeding programmes. The sig-
nificance of genetic variability as a natural resource
and the increased threats to crop genepools due to
urbanization and deforestation had led MARDI to
carry out systematic collection and conservation of
the major fruit tree species which included Nephelium
species. In 1984 MARD, in collaboration with the
International Board for Plant Genetic Resources
(IBPGR), organized an expedition to collect and con-
serve the accessions of N. lappaceum (rambutan) and
N. rambutan-ake (pulasan) from 85 districts through-
out the country including the main islands such as
Tioman, Langkawi and Pangkor. Budwoods from a
total of 323 accessions were collected and vegetatively
propagated in the nursery. Only 235 accessions sur-
vived and the plants are planted at Kemaman. At
present there are 211 accessions still living.

Fruit characters show the main differences
among the accessions. However their differences
based on fruit characters as well as other morpho-
logical characters such as leaf and flower are not
able to differentiate all the accessions. As such
DNA markers would be useful.

Randomly amplified polymorphic DNA
(RAPD) has been found to be a suitable technique
for molecular characterization and determination of
phenetic relationships, as shown in a similar study
on Lansium domesticum (Song, 1999). In this study
RAPD was chosen based on its reasonable cost and
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relative simplicity. The main objectives of this study
are to estimate genetic diversity and to characterize
available accessions using molecular markers, and
to study genetic relatedness among accessions via
comparison of genetic polymorphisms. In addition
to the RAPD work, genetic diversity within the col-
lection is also currently studied by MARDI using
isozyme polymorphism.

Materials and Methods
Materials

The study material is centred on the MARDI-IPGRI
(International Plant Genetic Resources Institute) col-
lection of N. lappacewm at MARDI Station,
Kemaman Terengganu. These accessions were col-
lected from all states throughout Malaysia, including
islands, in 1984 and planted out in 1986. The trees,
now approximately 15 years old, have been fruiting
since 1990. A total number of 211 accessions are
available. Voucher specimens are deposited in the
Herbarium of Universiti Kebangsaan Malaysia.

DNA extraction

Total DNA is isolated from fresh mature leaves using
the modified CTAB method of Doyle and Doyle
(1990). Genomic DNA extracted using 3-5 g of
fresh leaves from each accession gave yields ranging
from 5 ng pl™! to 500 ng pl~!. The difficulty in
DNA extraction due to high content of polysaccha-
rides and proteins was partly overcome by incubating
the extraction mixture with potassium acetate in an
ice bath, after which most of the proteins and poly-
saccharides are removed as a complex with the insolu-
ble potassium dedecyl sulphate precipitate. The DNA
samples are further subjected to a purification step
using a High Pure PCR Template Preparation Kit
(Boehringer Mannheim) according to the manufac-
turer’s instructions. The DNA is diluted with sterile
distilled water to give a concentration of 1 ng pl ™.

Amplification conditions

PCR reactions were performed in a 25 pl reaction
mixture containing 3 ng template DNA, 2.5 pl PCR
buffer 10X (100 mM Tris-HCI, 15 mM MgCl2 and
500 mM KCI, pH 8.3), 0.2 mM each of dATD

dCTP, dGTP and dTTP, 0.5 unit 7zg polymerase
(Bochringer Mannheim) and 10 pmol of single
primer  (Operon Technologies Inc.).
Amplification was performed using the GeneAmp
PCR System 2400 (Perkin Elmer) thermal cycler
with an initial 2 min of denaturation at 93°C; fol-
lowed by 45 cycles of 45 sat 92°C, 2 min 45 sat
35°C, 1 min 45 s at 72°C, and ending with 10 min
at 72°C to ensure that the primer extensions proceed
to completion. After amplification is completed, 5 pl
of PCR product mixture is loaded and elec-
trophoresed on 1.5% agarose gel in 1X TAE buffer.
The gel is stained with ethidium bromide (1pl ml™!)
for 20 min, viewed under ultraviolet light and pho-
tographed using Polaroid 665 film. Molecular
weights of the fragments are estimated using a 100

bp DNA step Ladder marker (GibcoBRL).

decamer

Selection of primers

Primer screening was carried out using eight
Operon Primer Kits, i.e. OPA, OPB, OPC, OPD,
OPK, OPS, OPT and OPU, each containing 20
decamer primers. Of the 12 primers that yielded
clear and reproducible bands, six (OPK-07, OPK-
15, OPK-16, OPK-19, OPS-03 and OPS-18) have

been used for the 175 accessions.

Homology test

A homology test was performed to confirm whether
the fragments that co-migrated are homologous
within and among populations and different frag-
ment positions represented different loci. One of the
amplified fragments from each of the primers is
eluted, labelled and hybridized to Southern blots of
RAPD gels.

Data analysis

The DNA amplification was repeated at least twice
to ascertain the reproducibility of bands. Bands on
RAPD gels were scored as present (1) or absent (0)
for each DNA sample and the data analysed using
NTSYS-pc (Rohlf, 1993). The data matrix was
analysed to generate Jaccard similarity coefficient
values which can be used to construct a dendro-
gram via UPGMA (Unweighted Pair Group
Method with Arithmethic Mean). Shannon diver-



DNA Polymorphisms 59

sity indices (H,) were calculated to measure the
level of polymorphism between all accessions using
the formula H = —2 7, In m, where T, is the
frequency of the phenotype (fragment) i present.

Results and Discussion

Of the 160 primers tested, 12 were found to be suit-
able. Results of the present study are based on the
use of six selected primers (OPK-07, OPK-15,
OPK-16, OPK-19, OPS-03 and OPS-18). The
sequence of each primer, and the number of bands
that are polymorphic are given in Table 5.1. Overall,
a total of 81 scorable bands (fragments) were gener-
ated, of which 73 showed polymorphism (90.12%).

Only clearly visible and reproducible bands rep-
resenting fragments with molecular size in the range
400-2072 bp were used in the data analysis.

Shannon index was 2.25. This is comparable to the
value of 2.32 obtained in a similar study on 85
accessions of L. domesticum, another tropical fruit
species (Song, 1999). However the value is likely to
change when the results from the other accessions
and several more primers are incorporated.

The results of the clustering analysis by the
UPGMA method using datasets of each primer and
primer combinations are shown in Table 5.2. Primer
OPS-03 was able to distinguish the highest number
of subsets (86) and OPK-07 the lowest (21). The
combination of datasets from four primers (OPS-
03, OPS-18, OPK-19 and OPK-15) gave the

maximium number of 121 subsets (Table 5.3).

Table 5.2. The degree of genetic variation among
the accessions (H,) for each primer.

. . Number of
Homology tests performed via Southern blotting VI
e . distinguishable
and hybridization for some of the RAPD products i
. . Primer subsets H,
confirmed that the fragments which co-migrated are
homologous among the accessions and that differenc ~ OPS-03 86 4.02
fragment positions represent different loci, i.e. non- OPS-18 48 202
allelic. The fragments used as probes for each of the
e & P OPK-19 45 2.12
six primers were K07‘21356’ K15.51487, K16.5652,
K19.5,,5 S03.5,,,, and $18.7,, (Table 5.1). OPK-15 43 2.09
The degree of genetic variation among the acces- OPK-16 38 2.03
sions (H,) calculated for each primer (Table 5.2) QPK-07 21 1.24
showed OI.’S-03 with the highest value (4.02) and Mean: 2.25
OPK-07 with the lowest (1.24). The mean value for
Table 5.1. Primer sequence, size (bp) and frequency of amplified bands.
Primer OPK-07 OPK-15 OPK-16 OPK-19 OPS-03 OPS-18
5-3 AGCGAGCAAG CTCCTGCCAA GAGCGTCGAA CACAGGCGGA CAGAGGTCCC CTGGCGAACT
pa 8/10 (80%) 15/16 (93.75%) 11/11 (100%) 11/12 (91.67%) 15/17 (88.24%) 13/15 (86.67%)
1 1460 0.16 2050 0.04 1230 0.67 1720 1.00 1580 0.52 1400 1.00
2 1360 0.99 1930 0.95 880 0.94 1550 0.97 1450 1.00 1160 0.99
3 1280 0.90 1790 0.95 780 0.08 1480 0.97 1380 1.00 1040 0.86
4 1140 0.97 1600 0.06 730 0.05 1130 0.31 1240 0.39 990 0.98
5 1070 0.16 1490 0.99 650 0.97 1020 0.64 1170 0.85 940 0.10
6 1030 0.65 1440 0.61 610 0.16 1000 0.31 1130 0.20 890 0.76
7 930 0.96 1280 1.00 590 0.06 710 0.14 1030 0.80 860 0.60
8 880 0.08 1090 0.85 560 0.90 670 0.88 970 0.81 830 0.02
9 800 0.99 1070 0.71 520 0.37 650 0.05 910 0.44 760 0.05
10 680 1.00 870 0.72 450 0.96 510 0.96 850 0.91 700 1.00
" 810 0.86 430 045 480 0.20 820 0.44 660 0.98
12 780 0.30 420 0.05 800 0.60 540 0.99
13 710 0.97 710 0.34 490 0.18
14 600 0.06 670 0.18 450 0.73
15 560 0.95 600 0.65 410 0.58
16 470 0.97 550 0.93
17 520 0.38

2 Number (%) of polymorphic bands.
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Table 5.3. Primer combinations and the number of subsets they distinguish.

Number of Number of
Primer combination RAPD fragments subsets distinguished
OPS-03 17 86
OPS-03, OPS-18 32 115
OPS-03, OPS-18, OPK-19 44 119
OPS-03, OPS-18, OPK-19, OPK-15 60 121
OPS-03, OPS-18, OPK-19, OPK-15, OPK-16 71 117
OPS-03, OPS-18, OPK-19, OPK-15, OPK-16, OPK-07 81 111

Jaccard’s coefficient of genetic similarity between
pairs of accessions ranged from 0.492 between acces-
sion 094 and accession 200, to 0.963 between acces-
sion 073 and accession 071. Such values are
consistent with degrees of genetic relatedness within
the same species, with the highest values possibly
indicative of a common source for the planting
material (e.g. previous releases by the Department of
Agriculture which were planted in orchards and
home gardens), and the lower values representing
genetic variation between trees planted from seeds.
Comparison of these results with morphological
characters currently undertaken should yield a clearer
understanding of the accessions in the collection.

Our preliminary results highlight the need for

local germplasm collections to be studied before
accessions may be lost. Since there is a high level of
genetic diversity in the collection, and other meth-
ods of germplasm conservation are not well devel-
oped for rambutan it is therefore very important to
maintain as many of these trees as possible.
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6 Molecular Analysis of Phylogenetic
Relationships among Coconut Accessions
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Introduction

Coconut (Cocos nucifera L.), a member of family
Arecaceae is an important oil crop, grown in
coastal humid tropics. It provides subsistence to
millions of families in coconut growing countries.
The origin of evolution of this crop is considered
to be the Asia—Pacific region (Harries, 1978).
Coconut accessions can be broadly classified into
two types: Talls and Dwarfs. Besides other differ-
ences, the Talls are preferentially cross-pollinated
whereas the Dwarfs are mainly self-pollinated. At
the Central Plantation Crops Research Institute
(CPCRI), India, a large collection of coconut
germplasm is being maintained. India is the site
for the International Coconut Gene Bank for
South Asia (ICGB-SA) and extensive germplasm
collecting is underway to enrich the coconut
germplasm centre. Characterization and catalogu-
ing of coconut germplasm are important for any
breeding programmes to improve its productivity.
At present, morphological characters are used for
evaluation and classification of  collected
germplasm (Kumaran ez al, 1998). However,
germplasm characterization based on morpho-
logical traits is time-consuming, expensive and
sometimes unsatisfactory because of environmen-
tal effects.

Molecular markers, which detect variation at
the DNA level, provide a way to characterize
germplasm accurately at a faster rate. Recently, an

© IPGRI 2002. Managing Plant Genetic Diversity

array of molecular marker techniques has been
developed. Molecular markers like restriction frag-
ment length polymorphism (RFLP) (Lebrun et al.,
1998a), randomly amplified polymorphic DNA
(RAPD) (Ashburner e al., 1997; Rodriguez et al.,
1997), amplified fragment length polymorphism
(AFLP) (Perera et al., 1998) and microsatellites or
simple sequence repeats (SSRs) (Perera er al.,
2000) have been successfully employed for assess-
ing genetic diversity in coconut. Although newer
techniques like AFLP and SSRs are gaining
importance due to their ability to detect more
polymorphism (SSRs) and high multiplex ratio
(AFLP) (Powell et al, 1996), RAPD markers
remain popular because of their simplicity and
low development cost. The RAPD technique is an
efficient tool for identifying variation and estimat-
ing diversity in different biological systems
(Tingey and Tufo, 1993). RAPD markers are gen-
erated by PCR amplification of random genomic
segments with a single primer of arbitrary
sequence (Williams ez a/., 1990). Since no a priori
knowledge of genome structure is needed, they are
specially useful for analysis of less studied
genomes like coconut.

In the present study, RAPD markers were used
to establish the genetic similarity among some
indigenous and exotic coconut accessions main-
tained in the coconut germplasm centre at CPCRI,
Kasaragod, India and widely used in the institute’s
ongoing breeding programme.

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 61
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Materials and Methods
Plant material

Fourteen coconut accessions (nine Tall, four Dwarf
and one intermediate type) maintained in the
CPCRI germplasm collection at Kasaragod were
used for the study. The details of these accessions
are given in Table 6.1.

DNA extraction

DNA was extracted from newly emerged leaf using
the protocol standardized earlier in our laboratory
(Upadhyay et al., 1999), as follows. Leaf tissue (5 g)
was ground to fine powder in liquid N,. The pow-
dered tissue was transferred to a 50 ml polypropylene
tube containing 25 ml DNA extraction buffer
(100 mM Tris, 20 mM EDTA, 1% SDS, 0.2% f3-
mercaptoethanol, 5% PVP) and incubated at 65°C
for 1h with intermittent mixing. After incubation,
15 ml phenol:chloroform:isoamyl alcohol (25:24:1)
was added and mixed for 10 min by swirling. The
solution was centrifuged at 20,000 g for 20 min.
The with
chloroform:isoamyl alcohol (24:1), followed by
centrifugation. The supernatant was transferred to a
fresh tube and DNA was precipitated by adding

supernatant was re-extracted

2/3 volume of isopropanol. The precipitated DNA
was spooled out with a microtip, transferred to a
microtube and washed twice with 76% ethanol
(containing 10 mM ammonium acetate). The pellet

Table 6.1. Details of coconut accessions.

was dried and dissolved in 1 ml TE buffer. The DNA
concentration was estimated spectrophotometrically
as well as by comparing the band intensity with a
known quantity of DNA on ethidium bromide
stained 0.8% TAE agarose gel. The average yield of
high molecular weight DNA was approximately 300
pg g~ ! FW tissue.

RAPD analysis

Polymorphic primers were identified by screening
100  random  decamer  primers  (Operon
Technologies, USA) with DNA of WCT and COD.
Amplification was carried out using PCR parameters
as follows. The PCR reaction contained 25 ng DNA,
10 mM Tris-HCI (pH 9), 4.0 mM MgCl,, 50 mM
KCl and 0.01% gelatin, 100 ptM each of dNTPs, 25
pmole of primer and 1.5 U 729 DNA polymerase in
25 pl reaction volume. All biochemicals were
procured from M/s Bangalore Genei Pvt. Ltd,
Bangalore, India. DNA was amplified in DNA
Engine-PTC 200 (M] Research), programmed for
denaturation at 94°C for 5 min followed by 40
cycles of 1 min at 94°C, 1 min at 55°C and 2 min at
72°C. Cycling was concluded with a final extension
at 72°C for a further 8 min. Amplification products
were resolved by electrophoresis in a 1.2% agarose,
1X TAE gel at 60V for 4 h. Controls lacking
template DNA were included for each primer reac-
tion mix. Amplification products were stained with
ethidium bromide and visualized under UV light.
Each band was considered as a RAPD marker.

Sl. no. Accession Abbreviation  Type Place of collection
1. West Coast Tall WCT Tall Kerala, India
2. Benaulim BEN Tall Goa, India
3. Laccadive Micro LCM Tall Lakshadweep Islands, Arabian sea
4. Laccadive Ordinary LCO Tall Lakshadweep Islands, Arabian sea
5. Kappadam KAP Tall Kerala, India
6. Andaman Ordinary ADO Tall Andaman Islands
7. Philippine Ordinary PHO Tall Philippines
8. San Ramon SNR Tall Philippines
9. Java JVT Tall Indonesia
10. Chowghat Orange Dwarf COD Dwarf Kerala, India
1. Chowghat Green Dwarf CGD Dwarf Kerala, India
12. Malayan Yellow Dwarf MYD Dwarf Malaysia
13. Malayan Orange Dwarf MOD Dwarf Malaysia
14. Gangabondam GBD Intermediate  Andhra Pradesh, India
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Six polymorphic primers (OPA-10, OPA-11,
OPB-1, OPB-5, OPC-5 and OPD-7) were selected to
amplify DNA from 14 coconut accessions. The pres-
ence or absence of each PCR product was recorded.

Statistical analysis

Genetic diversity or heterogeneity was calculated
according to Nei’s (1975) formula. Heterogeneity
was calculated for each marker and then averaged
out for the total measure. Heterogeneity for Tall
and Dwarf accessions was calculated by considering
the markers present only in those respective groups
of accessions.

The presence—absence data were entered into a
binary data matrix as discrete variables (1 for the
presence and O for the absence of a homologous
band). Pairwise genetic distance was calculated
based on the Nei and Li coefficient (Nei and Li,
1979) using computer package RAPDistance
(Armstrong et al., 1994). Genetic distance data
were subjected to cluster analysis by the UPGMA
method using PHYLIP software (Phylogeny Inference
Package, version 3.5c, J. Felsenstein, Department of
Genetics, University of Washington, Seattle).

Results and Discussion
Level of polymorphism

Of the 100 primers tested, only 54 primers ampli-
fied coconut DNA. Thirty-four primers detected at
least one polymorphic band between one Tall
(WCT) and one Dwarf (COD) accession. The
number of polymorphic bands per primer ranged
from 1 to 16. A total of 245 bands were generated
by 34 polymorphic primers, of which 116 (47%)
were polymorphic. The average number of poly-
morphic bands per primer was 2.2 (3.4 when only
polymorphic primers were considered).

The number of polymorphic bands detected by
each primer depends on the primer sequence, hence
a variable number of polymorphic bands per primer
was obtained. These results are consistent with earlier
reports on RAPD analysis (Connolly ez al, 1994;
Powell et al., 1996; Ashburner et al., 1997). The
percentage (47%) of polymorphic bands between
one Tall and one Dwarf coconut accession indicated
a moderate level of polymorphism and was compar-
able with earlier reports on RAPD analysis in coconut

(Ashburner ez al., 1997; Rodriguez et al., 1997). The
level of polymorphism in terms of the number of
polymorphic bands per primer was also moderately
high and found to be consistent with earlier reports
on Arabidopsis thaliana (0.3), wheat (0.38) (Tingey
and Tufo, 1993), soybean (1.56) (Powell ez al., 1996)
and sweet potato (3.7) (Connolly ez al., 1994). These
results indicate that RAPD markers can be a useful
technique for germplasm characterization in coconut.

Polymorphism among accessions

Six primers generated 51 bands in 14 accessions, of
which 35 (69%) bands were polymorphic. Among
Tall accessions 50 bands were present, of which 33
(66%) were polymorphic. In contrast, Dwarf acces-
sions had 30 bands and only 14 (47%) were poly-
morphic. RAPD markers were detected that were
unique for LCM, LCO, BEN and WCT. The total
heterogeneity among 14 accessions was 0.49
whereas that for Tall and Dwarf accessions was 0.46
and 0.40, respectively.

The pairwise genetic distance varied from 0.189
(CGD and MOD) to 0.62 (between WCT and
MOD). The average genetic distance among Dwarf
(0.31) was much less than that among Tall (0.45)
accessions. Table 6.2 lists the genetic distance
matrix for the 14 accessions.

When subjected to cluster analysis, all Dwarf
accessions were grouped together (Fig. 6.1) whereas
Tall accessions formed three groups. The two acces-
sions from the Philippines, namely PHO and SNR,
grouped together and along with ADO were closer
to Dwarf than to Tall. KAP, a large nut sized acces-
sion from the west coastal region of India, was
grouped with LCM, a small nut sized accession
from the Lakshadweep Islands in the Arabian sea.
Gangabondam, an intermediate type showed more
genetic similarity to Dwarf accessions.

The data on genetic distance and heterogeneity
indicated that more variance exists among Tall
accessions than among Dwarf accessions. These
results are comparable with earlier studies, which
demonstrated higher variation in Tall than Dwarf
(Ashburner and Rohde, 1994; Ashburner er al,
1997; Perera et al., 1998). This has been attributed
to cross-pollination among Talls. Dwarf accessions
from geographically distant regions (MOD and
CGD) were genetically related (genetic distance,
0.186). Lebrun ez al. (1998b) hypothesized that all
the Dwarfs might have appeared at the same time
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Table 6.2. Genetic distance matrix for 14 coconut accessions.

WCT PHO BEN ADO LCO JVT KAP SNR LCM COD MOD MYD CGD
PHO 050 0.0
BEN 040 050 0.0
ADO 055 045 045 0.0
LCO 049 053 043 044 00
JVT 044 041 038 039 040 0.0
KAP 048 048 038 043 047 042 00
SNR 055 035 046 037 051 040 040 0.0
LCM 045 055 039 053 054 050 032 051 0.0
COD 060 045 048 030 047 038 049 040 055 0.0
MOD 062 046 052 044 048 050 047 045 057 031 0.0
MYD 061 049 052 040 048 046 049 037 059 030 025 00
CGD 0.60 0.47 053 0.41 046 048 048 042 058 036 0.19 0.26 0.0
GBD 049 046 043 0.41 041 040 040 041 051 040 037 0.37 0.33
WCT
BEN
JVT
LCO
KAP
LCM
PHO
SNR
ADO
COD
MOD
L o
MYD
GBD

Fig. 6.1. Dendrogram showing cluster analysis of RAPD similarities among 14 coconut accessions.

and due to autogamy a major part of the genetic
structure was conserved subsequently. Also Dwarf
cultivars imported into new regions tend to remain
genetically isolated from the local population.
These reasons may explain why similar genotypes
are found in distant regions.

The genetic diversity among these accessions
was quite high (0.49). Ashburner ez /. (1997) also
observed high inter-population diversity among
South Pacific accessions. They suggested that
although the differentiation of these accessions

might have arisen due to establishment of a popula-
tion by a few individuals, the founder effect had
not reduced diversity. The inclusion of accessions
from distant regions might have resulted in rela-
tively higher gene diversity in this study.

The cluster analysis placed two accessions with
diverse fruit characters, namely KAP and LCM,
together. Similar results have been reported earlier
based on RFLP (Lebrun ez al., 1998) and phenol (Jay
et al. 1989) analysis. The three exotic Tall collections
(PHO, SNR, JVT) did not occupy a distinct posi-
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tion, rather, they were grouped with the indigenous
accessions. Therefore, to widen genetic diversity of
germplasm collections, estimation of genetic distance
along with morphological data is also important.
Three Tall accessions, namely ADO, PHO and
SNR, were grouped closer to Dwarf accessions.
Similar results were obtained by Everard (1999) after
analysing one Tall, one Dwarf and SNR. Rohde ez 4/.
(1995), using ISTR (Inverse Sequence Tagged
Repeats) markers with 21 accessions, also found that
some Tall accessions were grouped with Dwarfs. It
could be assumed that grouping of the Tall acces-
sions in this study may be due to the fact that these
three accessions have some level of self-pollination
due to interspadix overlapping of the mature male
and female phase (Ratnambal ez al, 1995). The
interspadix overlapping for ADO, PHO and SNR is
7.0, 4.2 and 4 days, respectively, which is compara-
ble with intraspadix overlapping in Dwarfs. Thus the

observed relationship of these accessions with Dwarfs
may be due to their breeding behaviour.

In conclusion, this study has established the
ability of RAPD markers to distinguish coconut
accession with high efficiency. This information
will form the base for analysis of intra-population
variation. Extensive use of this technique and other
molecular markers for characterization of coconut
germplasm is envisaged. Such a study will help in
planning future germplasm collecting and the selec-
tion of parents for breeding programmes.
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Gossypium Germplasm for Cotton
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Introduction

Cotton (Gossypium spp.) is the leading natural fibre
crop and it is also an important oilseed crop. As
one of the first crop plants to which Mendelian
principles were applied, cotton is an important
genetic system in collection, evaluation and utiliza-
tion of germplasm. Improvement of cotton produc-
tion has been successful over the past half century
due to the utilization of exotic cotton germplasm in
addition to refined cultivation practices. The tradi-
tional approach to the introduction of new genes
into the elite cultivars is to screen entries from a
cotton germplasm collection for a well-defined
character, usually controlled by a single, dominant
gene. Many of the easy improvements in the
germplasm  have already been made this way.
However, most traits important to cotton produc-
tion, such as lint yield and fibre strength are not
monogenic, but polygenic. Many beneficial genes
may have been left behind because of the genetic
bottleneck imposed on cotton plants during early
domestication processes and through modern
breeding practices (Xiao ez al., 1996; Tanksley and
McCouch, 1997). Although wild and exotic cotton
germplasm may be less valuable for improvement of
most traits based on phenotypic examination, it is
possible that some additional useful genes remain
undetected among thousands of Gossypium acces-
sions. The difficult challenges for future improve-
ment will require the integration of tools developed

© IPGRI 2002. Managing Plant Genetic Diversity

via biotechnology with those of conventional
breeding. DNA-based genetic descriptors will revo-
lutionize germplasm evaluation in the new century,
and shift our attention more directly toward novel
genes or new genotypes. Recent applications of
genome mapping confirm that superior genes may
be derived from the phenotypically inferior
germplasm. In this chapter, we present our strate-
gies for the molecular characterization of Gossypium
germplasm. First, we will provide a litde back-
ground and describe the Gossypium species, review
the germplasm that is represented in the cotton
germplasm collection, and then how we plan to
characterize germplasm and how these efforts can
be used to exploit the variability of this germplasm.

Distribution and Diversity

The eventual recognition of the differences in
species and ploidy level led to the discovery of the
rich and diverse evolutionary differentiation that
has occurred in Gossypium with over 50 species cur-
rently recognized (Percival and Kohel, 1990;
Stewart and Percival, unpublished). Cotton of the
contemporary world comprises four cultivated
species: diploid species (Gossypium arboreum and
Gossypium herbaceum) of the A genome and known
as Asiatic cottons and tetraploid species (Gossypium
barbadense and Gossypium hirsutum) of the AD

genome and known as the New World cottons

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 67
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(Lee, 1984). The diploid species are subdivided
into eight genomic groups, A-K, skipping letters
H, I and J. The two Asiatic cottons, G. herbaceum
and G. arboreum, are the only members of the A
genomic group with no true wild progenitor species
identified. There are five tetraploid species, two of
which are cultivated. The tetraploids are putatively
of common origin from A genome and D genome
parents, but the common progenitor tetraploid
species does not exist. Of the cultivated cottons,
the tetraploid G. hirsutum represents about 90%
of world commerce, G. barbadense represents
almost 10% and the Asiatic cottons represent a
small portion (Lee, 1984). Much of the Asiatic
cottons are consumed in home industry, and they
are not included in the textile industry. An up-to-
date review of the species is presented by Brubaker

et al. (1999).

Germplasm Collection

The USDA cotton germplasm collection currently
contains 7157 accessions, and it represents 2211
obsolete G. hirsutum cultivars, 2102 exotic G. hir-
sutum races, 1333 G. barbadense that are not clearly
distinguished into obsolete and exotic types, 969
diploid G. herbaceum and G. arboreum from Asia,
and 542 wild species. Extensive plant explorations
have been made to acquire this germplasm; how-
ever, current efforts are focused on seed exchanges
with other collections (Percival and Kohel, 1990).
Gossypium is a long-lived perennial found in tropi-
cal and subtropical arid climates characterized by
monsoon rainfall patterns. Individuals found in
their native habitats occur as small isolated groups
or as individuals, and not in dense or extended
populations. The consequence of this and its rele-
vance to the material in the germplasm collection,
is that the accessions collected were uniform and
not phenotypically heterogeneous or heterozygous
and each accession is unique. This means that the
task of characterization of the accessions is focused
on distinguishing among them and not one of
identifying and eliminating redundancy. It is
when accessions from other collections such as a
recent Russian collection are added that questions
of duplication or redundancy become important
considerations.

The Asiatic (diploid) cottons were the original
cottons of world commerce that were subsequently
replaced by G. hirsutum (Lee, 1984). It is, there-

fore, of no surprise that breeders of cotton are
primarily interested in the G. hirsutum accessions
and that they represent the greater number of
accessions. To characterize the germplasm collec-
tion, we will have to develop strategies that are
capable of differentiating among these G. hirsu-
tum accessions. Detecting differences among the
species is technically less complex, due to greater
polymorphism, and a system that adequately
detects intraspecific variability within G. hirsu-
tum will have the power to make the more gross
separations among the species.

Early Attempts or Methods of
Characterization

Characterization of Gossypium is no new concept or
endeavour. With the scientific discovery of different
ploidy levels of Gossypium, cytological techniques
were used to separate the diploid and the tetraploid
genomes (Beasley, 1940, 1942; Percival er al,
1999). Details of genomic groups and species are
discussed in Percival ez 2l (1999).

The early attempts to differentiate among the
tetraploid G. hirsutum accessions considered plant
morphological differences combined with geo-
graphic origins to separate G. hirsutum into seven
geographic races (Hutchinson, 1951). These dis-
tinctions remain today as the best criteria to
describe the variability within G. hirsutum but
many of the accessions have not been so described.

With advancing technology, the electrophoresis
of seed proteins was used to separate species. We
applied this procedure to the Asiatic and Upland
cottons and were successful in separating these
materials into various groups, or clusters. Fifteen
such groups were defined within G. hirsutum that
were not always consistent with known geographic
origins and observed morphological differences.
The results supported our concerns that geographic
and morphological race classifications were inade-
quate, but protein banding alone was not adequate
to interpret the variability. Again, technological
advances resulted in the use of isozyme analyses.
These were first applied to Gossypium as a taxo-
nomic tool to distinguish differences at the species
level (Cherry et al, 1972; Wendel and Percy,
1990). We applied these isozyme protocols to the
variability in G. hirsutum. However, the various
isozyme assays resolved little or no variability
within the species of real use.
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Genomic Tools

The development of DNA markers provides new
and more powerful tools that can be effectively used
in discriminating among genebank accessions.
Genetic linkage maps based on DNA markers offer
new opportunities in evaluation and characterization
of crop germplasm resources for their better utiliza-
tion (Tanksley and McCouch, 1997). The new
approach is to look directly for the genes of interest,
removing the blocking factors from other parts of
the genome (Xiao ez a/., 1995). In cotton, we began
a genomics programme that would provide the
markers for germplasm characterization. Our and
other previous research with isozymes and prelimi-
nary use of DNA markers established the low level of
polymorphism in intraspecific G. hirsutum. Our in-
house genomics programme has developed a cotton
genetic map comprising 868 markers, 256 restriction
fragment length polymorphisms (RFLPs), 152 ran-
domly amplified polymorphic DNA (RAPDs), 198
simple sequence repeats (SSRs), 267 amplified frag-
ment length polymorphisms (AFLPs), and five mor-
phological markers assembled into 50 linkage groups
that cover about 5000 ¢cM of the cotton genome
(Reddy et al., 1997; Yu et al., 1997; Yu and Kohel,
2000) (Fig. 7.1). The cotton genetic map is based on
the interspecific cross of G. hirsutum (TM-1) and G.
barbadense (3-79) (Yu and Kohel, 2000), which are
the genetic standards for their respective species
(Kohel et al., 1970; Kohel, 1973). Two thirds of the
linkage groups have been assigned to their respective
genomic origin (A vs. D) or chromosomal identity
(1-26) by use of diploid and aneuploid cottons.
Thirteen quantitative trait loci (QTLs) for fibre qual-
ity properties (strength, length and fineness) have
been identified in 3-79, an extra long staple cotton
(Kohel ez al., 2000). These QTLs explained 35% to
50% of the total genetic variance for fibre character-
istics in the F, population (Yu er al, 1998).
Characterization of these QTLs in intraspecific G.
hirsutum crosses involving Pee Dee (PD6992) and
Acala (HS427-10) cottons is in progress. Molecular
tags for major genes have been identified for gland-
less cotton, photoperiod sensitivity and other
important traits. From this base, diagnostic DNA
markers can be identified that are capable of
detecting polymorphism in intraspecific popula-
tions. We have observed that the level of polymor-
phism within intraspecific material is between 10
and 20% of that between our interspecific map-
ping parents.

In general, cotton genome research lags behind
that of other major crops. To accelerate progress
and leverage resources in cotton, we have initiated
efforts to bridge cotton with other plant models
such as Arabidopsis. Like most higher plants, cotton
has about 50,000 functional genes per genome. It
would be a very tedious task, and not practical to
study individual genes or their combination for
cotton improvement. The tools, including markers,
maps, and gene transfer procedures, are still rather
limited in cotton genomics. Bridging cotton with
the advanced model plant systems would enhance
cotton genomics and provide additional publicly
available resources. Arabidopsis is an established
model system for all higher plants. With increased
investment, complete nucleotide sequences of the
entire Arabidopsis genome will be available within
the year. To make substantial progress into the area
of cotton functional genomics, the availability of
Arabidopsis genomic tools and their use in the cot-
ton genome is currently under exploration. High
levels of homology between Gossypium and model
plant genomes and polymorphism among
Gossypium germplasm were detected by using the
conserved gene sequences. About 10% of the
40,000 Arabidopsis expressed sequence tagged sites
(ESTs) may be readily identified in the cotton
genome (Yu e al., unpublished). These Arabidopsis
ESTs would be complemented with unique cotton
ESTs and genomic sequence information from cot-
ton bacterial artificial chromosomes (BACs) to
study cotton functional genomics. Such new
genomic tools will facilitate cotton improvement
programmes to eventually discover, manipulate and
utilize thousands of valuable genes otherwise buried
in Gossypium germplasm.

Preliminary Characterization

To begin the process of molecular characterization,
we selected a subset of germplasm lines that repre-
sent what we consider the range of diversity of G.
hirsutum and outliers of G. barbadense and Asiatic
cottons. In a pilot experiment, we screened 280
accessions in subsets with 43 marker loci. The 280
accessions were selected based on their representa-
tion from different genepools or sources. The sam-
pling process emphasized genetic composition more
than the physical appearance. Among them, 151
were G. hirsutum accessions comprising 30 exotic,
41 obsolete and 80 Russian cottons. The 126 G.
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barbadense accessions were 67 from the US Cotton
Germplasm Collection and 59 from Russia. We
also included three Asiatic cottons together with
TM-1 and 3-79, two genetic standards of AD
genomes. The 43 DNA markers, mostly SSRs, were
selected from the cotton molecular genetic map
including gene-linked tags and representatives from
each chromosome or linkage group. Based on our
previous mapping surveys, some of these selected
DNA markers were capable of detecting polymor-
phism among G. hirsutum accessions. DNA profiles
of 280 Gossypium accessions were generated in the
lab, and each major DNA fragment was recorded as
either presence (score 1), absence (score 0), or
unknown (score ?) for each of the 280 accessions.

These preliminary data confirm the value of our
DNA markers to distinguish the known variation
(Fig. 7.2). The results of this cluster analysis indi-
cated not only the separation of three major groups
(G. hirsutum, G. barbadense and Asiatic cottons),
but also the separation of each of two major groups
(G. hirsutum and G. barbadense) into more than a
dozen subgroups.

These preliminary data show us the strengths of
DNA markers and the deficiencies. The strengths are
rather obvious in the ability to separate among the
accessions with greater detail than previously possible.
But to be effective, we have to identify and overcome
the deficiencies. The first deficiency is still the limited
total number of markers. The second is the unknown

hirsutum

barbadense

Asiatic

0.1

Fig. 7.2. Cluster analysis of 280 accessions. Major groups of G. hirsutum, G. barbadense and Asiatic
cottons are clearly distinguished. Scale is the similarity index.
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chromosomal location and representation of these
markers within the A and D subgenomes. The third
is not so much a deficiency as a requirement that we
should place on the markers of choice. The udlity of
DNA markers for evaluation of the germplasm will
depend on their portability among accessions within
a specific Gossypium species. To this end, we have
initiated a project that will resolve the deficiencies
directly. We constructed a 7.3X genome equivalent
BAC library with 115,584 clones with an average
143 kb insert size (Fig. 7.3) (Yu ez al, 2000). The
success of this effort led to our decision to initiate a
major effort to develop an integrated genetic and
physical map (Fig. 7.4). A cotton chromosome would
be reconstructed by overlapping such BAC insert
DNA, and anchored with DNA markers selected
from a genetic map that corresponds to a cytological

Cotton ESP BAC Library (Hindlll)

map. Any BAC contigs or the extended contigs may
serve as a resource for marker saturation, in addition to
positional cloning of genes of agronomic importance.
At the second phase of this project, the genetic
uniqueness of each accession will be determined by
the two criteria: (i) a high number of unique DNA
polymorphism relative to TM-1 and 3-79, which
are the modern genetic standards; and (ii) new
accessions that are dissimilar genetically (DNA
profiles) to all other accessions. The resulting
unique Gossypium accessions will be subject to fur-
ther characterization with an additional 100 DNA
markers once we overcome the limitation of suffi-
cient DNA markers with the best ability to describe
the germplasm. Accessions with DNA profiles
mostly distinct from those of modern cultivars are
likely to possess a large number of new genes that

(kb)

2425
194.0
145.5
97.0
48.5

pBeloBAC11

Fig. 7.3. Pulse-field gel of large-insert DNA clones from a BAC library. The library had 115,584 clones
with an average size of 143 kb that equalled 7.3x genome equivalents.
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Fig. 7.4. Schematic illustration of integrative physical and genetic mapping: horizontal bars, BAC clone;
M, DNA markers; filled squares, major genes; filled circles, QTLs.



Molecular Characterization of Gossypium Germplasm 73

lie buried but are potentially useful in crop
improvement (Tanksley and McCouch, 1997).
Recommendations for the further utdlization of
Gossypium germplasm resources will be made
according to the uniqueness of their DNA profiles.

Resources for Characterization

We began the construction of a TM-1 BAC library
to give an integrated genetic and physical map that
will effectively resolve the 50 linkage groups to the
26 chromosome linkage groups. TM-1 is the widely
used genetic standard for G. hirsutum, and it is a
parent of our genetic map (Kohel ez 4/, 1970). We
are constructing a 10X genome equivalent library,
and with improved protocols, we expect 150,000
clones with an average 150 kb insert size. We are
using a binary vector with one of the restriction
enzymes that will add utility for future research
projects (Hamilton ez al., 1999). From the positive
BAGs, we are producing at least 1000 SSR markers
that will be placed on the integrated map. With the

level of polymorphism within intraspecific material
between 10 and 20%, this will mean that of the
approximately 2000 markers on the interspecific
genetic map, we will have 200 to 400 polymorphic
markers among intraspecific accessions.
Theoretically, this should give coverage of a marker
every 12+ cM. A subset of about 100 markers
selected from these should cover the entire genome
with markers no more than 50 cM apart (Fig. 7.5).
This core reference subset of markers will be pub-
licly available so that all evaluations of germplasm
can be shared and pooled into a common database
for analysis and interpretation. Therefore, the core
markers will serve as the standard to characterize
workable sets of Gossypium accessions across differ-
ent genepools or germplasm sources. Other marker
sets can also be combined with the core set of
markers and characterized in subsets of accessions.
Information from our genomics programme is
entered into CottonDB  http://ars-genome@cor-
nell.edu, in the genomics workbook http://algo-
don.tamu.edu and BAC information in

http://hbz.tamu.edu (Chen ez al., 2000).
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Fig. 7.5. Schematic illustration of core DNA markers distributed over cotton chromosomes.
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Discussion

The need for and importance of characterizing
Gossypium genetic resources is readily recognized.
Currently genetic vulnerability is an increased
concern as less than 1% of cotton germplasm acces-
sions have been explored (Esbroeck and Bowman,
1998). The evaluation and utilization of method-
ologies for analysis of the germplasm collection
have been limited mostly to morphological descrip-
tors with masking negative effects such as yield
reduction. Neutral molecular descriptors have
recently been initiated for characterizing the cotton
germplasm. However we are concerned that the
emergent efforts will produce data and information
that are fragmentary and cannot be readily com-
bined into an integrated whole. Our proposed
strategy and efforts are analogous to the establish-
ment of a standard set of descriptors. A portable set
of markers, such as SSRs, that can used in both
rather simple labs equipped for gel-based PCR
analysis or more sophisticated labs with automated
genotyping instruments will allow the analysis of
germplasm subsets from which the data and inter-
pretations can be combined and integrated for the
entire collection. The common reference marker set
will provide an anchor for evaluation, QTL analy-
sis, and gene mining of the germplasm. As we get
beyond characterization, we will be able to exploit
this variation in a very directed manner. The refer-
ence marker set will provide the initial tool set, but

the integrated map and BAC clones will be power-
ful tools for the eventual application of functional
genomics and gene mining to the germplasm.

What we propose is a major undertaking of
time and resources. We have initiated the prelimi-
nary phases that can be completed with our
in-house resources. With adequate funding the
tools for characterization will be available in 3
years. Characterization will require additional funds
and participants, so that the timely completion of
the characterization will be resource driven. We also
recognize that plans do not always evolve as envi-
sioned; however, with a plan and specific goals, we
will remain flexible in adapting the methodologies
and technologies that will allow realization of the
goal. Using the standard set of molecular descrip-
tors (selected DNA markers), genetic relationships
among cotton accessions can be determined as
shown in our pilot study. It is always necessary to
start with a subset of genetic outliers to maximize
the potential success in the characterization process.
A subset of genotypes will then be selected for
further characterization of desirable genes. Available
ESTs of the model plants such as Arzbidopsis can be
used to detect complementary conserved sequences
within the selected subset to use as potential candi-
date genes for cotton improvement. By and large,
integrated evaluation and characterization strategies
should aim to combine molecular tools and func-
tional genomics with agronomic performance
analysis of the cotton germplasm.
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8 Molecular Analysis of the Origin and
Domestication of Theobroma cacao L.
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Introduction

Molecular markers offer new tools for investigating
the evolution and domestication of crop plant
species, and the origin of today’s commercial culti-
vars. Different markers have been employed in such
studies, and several have compared the results from
different techniques (in cacao for example, see
N’Goran et al., 1994; Lerceteau et al., 1997). This
chapter shows that additional factors like adequacy
of sampling can lead to new evolutionary hypothe-
ses emerging.

Cacao trees belong to the genus 7heobroma and
to the family Malvaceae (Alverson et al., 1999).
Theobroma cacao L. (2n = 2x = 20) is a tree native
to wet tropical regions of the northern part of
South America and, in some reports, of Central
America. Indeed, there is a controversy about the
origin and domestication of cacao.

For some authors cacao was introduced in
Central America. Although the first home of
domestication and culture is placed in Central
America, Van Hall (1914) stated that the most
probable home country of cacao is the region of the
Orinoco and the Amazon basins, with the valleys of
their tributary streams. Cheesman (1944) consid-
ered that the centre of origin of the cacao tree is the
Upper Amazon near the Colombian—Ecuadorian
of the Andes.
Cheesman’s hypothesis is based on Pound’s report
(1938) that the greatest morphological diversity
occurs in this area. Pound (1945), Desrosiers

border on the eastern flanks
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(1954) and Purseglove (1968) also placed the cen-
tre of origin of this species in South America, either
in the lower eastern equatorial slopes of the Andes
or in the upper waters of the Amazon River (Upper
Amazon). Cheesman (1944) and these latter
authors argued that although cacao has been culti-
vated in Mexico and Central America for over 2000
years, no truly wild populations were present in this
region; they proposed that cacao was introduced
into Central America and Mexico. Schultes (1984)
hypothesized that once the cacao spread through-
out the Amazon Valley, it could have dispersed
along two routes: one leading north and the other
west. In this way, the domestication of cacao
occurred in South America and was then spread to
Central America and Southern Mexico by migrat-
ing Indians (Schultes, 1984).

In contrast, however, other authors suggest that
cacao was domesticated from wild plants from
Central America. Wickizer (1951) argued that after
the wild species evolved in either the Orinoco or
Amazon basin, it spread in a wild state along the
Gulf coast as far north as southern Mexico.
Cuatrecasas  (1964) suggested that before the
domestication of cacao, populations
occurred in the central part of Amazon-Guyana
into southern Mexico. Stone (1984) stated that
although the homeland of cacao is usually placed in
the Amazon, this plant also occurs in the wild in
Central America. Allen (1982) mentioned that
cacao occurs as an apparently wild tree from south-
ern Mexico to Bolivia and Brazil. Indeed, there

natural
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exist reports about wild cacao populations in south-
ern Mexico (Miranda, 1962; Cuatrecasas, 1964;
Gomez-Pompa et al., 1990; De la Cruz et al., 1995).
Furthermore, Mora-Urpi (1958) found greater
cacao variability in Mexico and Central America
than in South America.

Cuatrecasas’ (1964) hypothesis has been sus-
tained by most authors (Cope, 1976; Wood and
Lass, 1985; Gomez-Pompa et al, 1990; Laurent et
al., 1994; N’Goran et al., 1994; De la Cruz et al.,
1995; Whitkus ez a/., 1998). Based on the great mor-
phological diversity observed in Central as well as in
South America, he proposed that north and south
cacao populations developed into two forms sepa-
rated geographically by the Panama Isthmus. Both
populations evolved independenty and developed a
number of consistent distinguishing characteristics
that led to their recognition as subspecies (7. cacao
ssp. cacao and 1. cacao spp. sphaerocarpum).

Krickeberg (1946) proposed that the Mayan
people domesticated cacao. Miranda (1962) was the
first to report wild cacao in southern Mexico as a
completely indigenous cacao tree in the Lacandon
rain-forest. Cuatrecasas (1964) claimed that wild
plants from the Lacandon rainforest were possibly the
ancestors of the domesticated cacao. It was even pro-
posed that cultivated cacao was introduced into South
America in pre-Columbian times (Mora-Urpi, 1958).

Cuatrecasas subspecies correspond to the two
morphogeographic groups proposed by Cheesman
(1944). Subspecies cacao and sphaerocarpum belong
to the Criollo and Forastero groups respectively. A
third hybrid group originated from crosses between
Criollo and Forastero was called Trinitario. The
Forastero group is subdivided according to the geo-
graphical origin of the trees (Upper Amazon, Lower
Amazon and Guyana Forastero).

Isozyme diversity

Several biochemical and molecular studies have
analysed genetic diversity in the Ciriollo and
Forastero groups. For instance, Lanaud (1987)
analysed the diversity of 296 genotypes for nine
polymorphic isozyme loci. A total of 30 alleles were
identified in the study, and all the alleles except
PAC1 (a common allele in Criollo and Trinitario
populations) were present in the native populations
of the Upper Amazon. The populations that had the
most alleles per locus were those from the Upper
Amazon (from 1.8 to 2.2). The populations from

Venezuela and Guyana were the least variable with 1
to 1.5 alleles per locus. Ronning and Schnell (1994)
studied the isozyme diversity at eight loci in 86 cacao
clones stemming from the groups Forastero, Criollo,
Trinitario and a hybrid undefined group. Allelic fre-
quencies and genetic distances confirmed genetic dif-
ferentiation between Forastero and Criollo.

Molecular diversity revealed by RFLP
markers

Nuclear diversity

Laurent et l. (1994) analysed 201 genotypes belong-
ing to various morphogeographic groups. Diversity
at the total nuclear DNA level was analysed with 31
cDNA probes that revealed 87 polymorphic frag-
ments. In spite of continuous variation between the
groups, due in particular to a great number of
hybrids (Trinitario), a clear structure appeared on
axis 1 of an FAC among Forastero on the one hand
and Criollo and Trinitario on the other. The popula-
tions of the Upper Amazon Forastero and Criollo
were highly diverse. The diversity of Criollo over-
lapped the pool of Trinitario. Based on the high
genetic diversity found in Forastero as well as in the
Criollo group, Laurent ez al (1994) supported
Cuatrecasas’s (1964) hypothesis for a Central
American origin of the Criollo group.

Lerceteau er al. (1997) analysed the genetic
diversity of Ecuadorian Nacional clones (59), and
also analysed Forastero (29), Trinitario (29), and
Criollo (9) clones. Forty-three genomic probes,
coded in terms of alleles, were used for this study.
Within-group genetic diversity was almost identical
between Forastero, Trinitario and Criollo (respec-
tively 0.33; 0.31; 0.31); the Nacional group shown
a value of 0.19. The highest mean number of
heterozygous loci based on 31 restriction fragment
length polymorphism (RFLP) probes was found in
Trinitario and Criollo, and the lowest between the
Nacional clones. Among them, some genotypes,
sampled from very old Ecuadorian plantations,
were almost totally homozygous.

Cytoplasmic DNA diversity
Laurent ez al. (1993) studied DNA diversity of 177

genotypes of cacao trees for organellar DNA using
heterologous mitochondrial probes (ATP synthetase
of sunflower, cytochrome oxidase of wheat) and
chloroplastic probes (rubisco from spinach). The
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mitochondrial probes
Thirty-five of them were found in fewer than six

revealed 44 mitotypes.

clones. These minor types were essentially made up
of Criollo and Trinitario. Among the nine types
remaining, type 1 grouped two-thirds of the
Forastero comprising genotypes
Guyana, Venezuela, Brazil, Peru, Colombia and
Ecuador. The other major type (mitotype 2)
grouped the majority of Criollo and Trinitario (26
clones), and some Lower Amazon genotypes. In
this study the mitochondrial DNA diversity was
represented by an FAC. In the graphic analysis, it is
interesting to note that the mitochondrial DNA

clones, from

diversity was much greater in Criollo than in
Forastero, in contrast to the nuclear DNA diversity.

Molecular diversity revealed by RAPD
markers

Figueira ez al. (1994) analysed the diversity of geno-
types belonging to the three groups, Criollo,
Trinitario and Forastero, by means of randomly
amplified polymorphic DNA (RAPD) markers (128
amplified fragments resulting from 23 primers).
They observed continuous variation between these
groups and no differences between them. On the
other hand, they noticed a clear difference between
wild and cultivated clones. Ribosomal DNA analysis
confirmed this structure and the authors thus pro-
posed a new classification for cacao trees not based
on the three traditional groups, Criollo, Trinitario
and Forastero, but on the groups ‘wild cacao trees’
and ‘cultivated cacao trees’.

N’Goran ez al. (1994) analysed the genetic diver-
sity of 106 genotypes belonging to the various mor-
phogeographic groups within Criollo, for 49
repeatable  polymorphic RAPD  products. The
Hierarchic Ascendant Classification (HAC), estab-
lished from the factorial coordinates of an FAC,
showed a clear structure among Forastero and
Criollo, as well as a clear differentiation between
Upper and Lower Amazon Forastero (N’Goran e al.,
1994). After Southern blot analyses of 36 fragments,
12 corresponded to highly repeated and scattered
sequences, 12 to unique sequences and 12 to low
copy number sequences. If one considers only frag-
ments corresponding to the unique sequences, no
clear structuring appears. On the other hand, a
genetic structure appears between Criollo and
Forastero when only fragments corresponding to the
highly repeated sequences are considered (while these
do not differentiate Lower from Upper Amazon

Forastero). From these results, N’Goran et /. (1994)
supported Cuatrecasass (1964) hypothesis about a
natural dispersion of the species in Central America.

De la Cruz et al. (1995) analysed by RAPD 42
genotypes corresponding to what they called wild
plants either from Mexico (sinkholes of Yucatan and
rainforest of Chiapas) or from the Upper Amazon,
to Criollo cultivars, Forastero and Trinitario, and to
a representative of a nearby genus Herrania. The cal-
culations of a dissimilarity index allowed the con-
struction of a neighbour-joining tree. In this tree
there was a greater similarity between cultivated
Criollo and wild cacao trees of South America than
between cultivated Criollo and ‘wild’ plants from
Mexico. The authors suggested that the wild plants
found in the ancient sacred groves of Maya probably
do not exist in the germplasm collections and could
be the genotypes closest among existing genotypes
to the Maya cultivars.

In a more recent study, Whitkus e /. (1998)
analysed by RAPD a wider sample (86 individuals),
which included 26 wild genotypes collected in the
Lacandona forest of Chiapas, Mexico, five individuals
from sinkholes in the Yucatan and wild and cul-
vated clones of South America. Contrary to the pop-
ulations and cultivars of South America where the
intra-population diversity has been seen to be higher
than the inter-population diversity, the genetic diver-
sity found between the two Mexican populations was
greater than that found in each region. This reflects
the low level of polymorphism found in these two
populations. A structure of the genetic diversity simi-
lar to that of De la Cruz et al. (1995) was observed.
The two populations from Mexico appeared well dif-
ferentiated and showed their originality. From these
results, Whitkus er a4l (1998) also supported
Cuatrecasas (1964) hypothesis. The authors under-
lined, however, the lack of affinity between cultivated
Criollo and the wild plants observed in Mexico.
According to these authors, cacao trees collected in
the Lacandon forest could represent true wild cacao
trees, and plants sampled in the sinkholes could have
been introduced by the Maya from the wild popula-
tions. In that case, they would represent a subsample
of the present populations in the Lacandon rainforest
that could have diverged through isolation by dis-
tance since the time of the introductions (thus
explaining the genetic differentiation between the
two Mexican populations).

To analyse the relationship between Central and
South American cacao further, we assayed variation in
a range of molecular markers on Forastero and Criollo
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individuals already analysed in previous researches
(Lanaud, 1987; Ronning and Schnell, 1994; Laurent
et al., 1994; N'Goran et al, 1994; Figueira et al.,
1994; Lerceteau et al., 1997). Most of them come
from international germplasm collections or modern
plantations. We also sampled other individuals from
sites where it could be assumed that Criollo had not
crossed with individuals from the other groups.

Material and Methods
Plant material

The samples were classified as Ancient Criollo,
Modern Criollo, Trinitario, Amelonado individuals
(Lower Amazon Forastero), Guyana Forastero,
Upper Amazon Forastero and hybrids with at least
one Upper Amazon Forastero parent. A complete
list of individuals used in the study and their geo-
graphic origin is available on request.

The ancient Criollo individuals (2 = 92) consisted
of trees sampled from places where gene flow between
Criollo and Trinitario or Forastero trees was absent or
limited because introductions of Trinitario or
Forastero material were unlikely. Most samples came
from trees on old or abandoned farms and from pri-
vate gardens in towns difficult to access. Sampling
was conducted in Venezuela, Colombia, Nicaragua
and Mexico. In Mexico, samples of Criollo were also
collected in the rainforest where wild Criollo trees
have been reported (Miranda, 1962; Cuatrecasas,
1964) and in places where Mayan people cultivated
cacao (Yucatan sinkholes: Gomez-Pompa ez al., 1990
and in the Pacific coast of Mexico: Lopez-Mendoza,
1987). Samples from the rainforest of Belize that
were associated with Mayan ruins (Mooledhar et 4/,
1995) were also included for analysis.

Modern Criollo individuals (7 = 70) were defined
as those coming from modern farms or from farms
where an important introduction of Trinitario or
Forastero seedlings or clones was suspected. This
class included material from germplasm collections
of Costa Rica, Ivory Coast, Mexico, Venezuela and
France. Modern Criollo represents the genotypes
studied as Criollo in previous biochemical and mole-
cular studies (Lanaud, 1987; Ronning and Schnell,
1994; Laurent et al, 1994; N'Goran et al, 1994;
Figueira et al, 1994; De la Cruz er al 1995;
Lerceteau et al., 1997; Whitkus ez al., 1998).

Trinitario (z = 66) and Guyana (7 = 5), Lower
and Upper Amazon Forastero individuals (LAF, 7 =

9 and UAE 7 = 27) and hybrids with at least one
Upper Amazon Forastero parent (n = 14), were
studied to compare the structure of their genetic
diversity with that of Criollo and Modern Criollo.

DNA isolation, RFLP and microsatellite
analyses

DNA was isolated as described in Risterucci et al.
(2000). Two hundred and eighty-nine individuals
were analysed for RFLDPs, using procedures previ-
ously described (Lanaud ez al, 1995). Seventeen
cDNA and eight genomic DNA probes, chosen for
their coverage of the genetic map of 7. cacao L.
(Lanaud ez 4l., 1995), were used to screen individ-
uals. DNA fragments were extracted from low
melting agarose gel and hybridized, without
cloning, on to the restricted DNA.

Sixteen microsatellites (Lanaud et a/, 1999)
were used to screen the genetic diversity of 98 indi-
viduals already analysed by RFLPs. Microsatellites
were chosen based on their position in the cacao
genetic map (Risterucci ez a/., 2000). Microsatellite
allele sizes were scored by comparison of PCR
product lengths to the sequence of the genomic
clone from where primers were designed.

For RFLP data a factorial analysis of correspon-
dences (FAC, Benzeckri, 1973), was carried out
using the software GENETIX 4.0 (Laboratoire
Génome et Populations, Université de Montpellier
II, Montpellier). The gene diversity statistics (Nei,
1978), the mean allele number per locus, the per-
centage of polymorphic loci at 95% levels of signifi-
cance, and the observed heterozygosity were
calculated using the software GENETIX 4.0.

For microsatellite data the shared allele distance
(D, (Chakraborty and Jin, 1993) was calculated.
This distance is equal to 1 minus the proportion of
shared alleles:

Dyg=1— (al2n)

where  is the number of alleles common to individ-
uals 7 and j, and 7 the number of loci studied. This
distance was computed by averaging the values over
all available loci between two individuals. To deter-
mine the relatedness between Criollo and Forastero
individuals a neighbour-joining tree (Saitou and Nei,
1987) was constructed from the shared allele dis-
tance between individuals obtained from microsatel-
lite data using the program TREEMAKER (Cornuet
J.-M. and Piry, S., 2000, personal communication).
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Results
RFLP analyses

After hybridization of the 25 probes, 66 alleles were
detected. The unbiased gene diversity (Nei, 1978)
was higher for Forastero than Criollo (Table 8.1).
The average number of alleles was the highest for
the Forastero group, as well as the percentage of

Table 8.1. RFLP diversity within Criollo (ssp. cacao),

polymorphic loci and the observed heterozygosity.
This last statistic was very low for Ancient Criollo,
indicating homozygosity as a characteristic genetic
factor for this group.

For RFLP markers, all Ancient Criollo individu-
als (92) mapped in the left half of the FAC (Fig.
8.1), with a cluster of homogeneous clones with sev-
eral unresolved, near identical individuals in the
fourth quadrant. Only eight Ancient Criollo geno-

Forastero (ssp. sphaerocarpum), Modern Criollo

and Trinitario. Hnb, unbiased gene diversity (Nei, 1978); N, sample size; Hobs, observed heterozygosity;
P(0.95), proportion of polymorphic loci when most frequent allele does not exceed 95%; A, mean number

of alleles per locus.

N Hnb Hobs P(0.95) A
ssp. cacao 92 0.002 (0.008) 0.002 (0.008) 0.00 1.08
ssp. sphaerocarpum 37 0.38 (0.17) 0.17 (0.11) 0.92 2.32
Modern Criollo 70 0.39 (0.18) 0.47 (0.23) 0.84 2.04
Trinitario 66 0.42 (0.18) 0.43 (0.19) 0.84 212
_ %
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Fig. 8.1. Factorial analysis of correspondences (FAC)
Colombian—Ecuadorian individuals; crosses, Guyane i

. Squares, Ancient Criollo individuals; circles,
ndividuals; triangles, Venezuelan—Brazilian

individuals; diamonds, Amelonado type; and bars, Peruvian individuals.
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types were observed in 92 individuals whereas each
Forastero individual had a unique RFLP genotype.
Some Criollo individuals shared their RFLP geno-
type among different morphotypes or across diverse
geographical areas (Venezuela, Colombia, Nicaragua,
Belize and Mexico). Upper Amazon Forastero was
represented in the right half of the figure.

Consequently, Table 8.1 shows that the Ancient
Criollo group (comprising individuals from the
Lacandon rainforest) had very low diversity. Cacao
trees from the Lacandon rainforest were identical at
the RFLP level to those putatively cultivated by the
Maya (those found in the sinkholes of Yucatan, in
the Pacific Coast of Mexico and in Belize) as well as
to individuals cultivated today in South America.

In Fig. 8.2, which excludes the samples from
Upper Amazon Forastero, Modern Criollo individu-
als (black filled circles) are superimposed on
Trinitario (black triangles). Furthermore they form a
continuous line between Ancient Criollo and
Amelonado Forastero, and are much less diverse than
hybrids having an Upper Amazon Forastero parent.

The genetic diversity statistics for Modern Criollo
were similar to those of Trinitario. The observed het-
erozygosity of Modern Criollo was significantly higher
than that of Ancient Criollo. Equivalence between
Modern Criollo and Trinitario is expected considering

that the distinction based on morphological traits
between Modern Ciriollo and Trinitario is subjective.

Microsatellite analyses

The 16 microsatellite loci detected 150 alleles.
Despite the increased number of alleles, the genetic
diversity of the Ancient Criollo group observed
from microsatellite data was still very low compared
with that observed for the Forastero group (Table
8.2). The gene diversity for the Ancient Criollo
group was 0.04 in contrast to that for the Forastero
group (0.78). Within geographic regions, the gene
diversity values for 13 and five individuals from the
Peru and Colombia—Ecuador regions were similarly
high (0.70). The observed heterozygosity was 0.00
for the Ancient Criollo and 0.34 for Forastero, and
other genetic statistics similarly contrasted. Figure
8.3 is the neighbour-joining tree calculated from
the shared allele distances (D,¢) (Chakraborty and
Jin, 1993). In this tree, Criollo individuals are
closer to Colombian—FEcuadorian clones (EBC,
LCT) than the latter to some Peruvian or Guyana
or Lower Amazon Forastero individuals.

In general, the microsatellite markers evidenced
the same trends regarding the genetic background

o a M
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Argh B'ta’ Lol 4R Lo
T ERLL L1 s o X
wfy o A 7
L] A X
a A Xy
. A
N X X
x x X
X

Fig. 8.2. Factorial analysis of correspondences (FAC). Squares, Ancient Criollo; circles, Modern Criollo;
triangles, Trinitario; diamonds, Amelonados; cross + bar, hybrids having an Upper Amazon parent.
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of Modern Criollo and Trinitario as those found
using RFLPs. Modern Criollo had equivalent values

for the Modern Criollo group was 0.52 while for
the Trinitario group it was 0.50. The observed het-

for population genetic statistics to those obtained
for Trinitario group (Table 8.2). The gene diversity

erozygosity was 0.61 for Modern Criollo and 0.69
for Forastero.

Table 8.2. Genetic diversity for microsatellite markers within Criollo (ssp. cacao), Forastero (ssp.
sphaerocarpum), Modern Criollo and Trinitario. Genetic diversity within Forastero from Peru and Ecuador
is shown. N, sample size; Hnb, unbiased gene diversity (Nei,1978); Hobs, observed heterozygosity;
P(0.95), proportion of polymorphic loci when most frequent allele does not exceed 95%; A, mean number
of alleles per locus.

N Hnb Hobs P(0.95) A
ssp.cacao 40 0.04 (0.13) 0.003 (0.01) 0.06 1.19
ssp. sphaerocarpum 28 0.78 (0.13) 0.34 (0.13) 1.00 8.69
Peru 13 0.70 (0.18) 0.48 (0.25) 1.00 5.50
Colombia—Ecuador 5 0.70 (0.13) 0.39 (0.19) 1.00 3.94
Modern Criollo 14 0.52 (0.03) 0.61 (0.14) 1.00 2.44
Trinitario 13 0.50 (0.05) 0.69 (0.16) 1.00 2.13
AM2
FRH1
GU14
Forastero from
GU15 Guyana
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GU34
—PA10
— PA1 w
Forastero from
— PA7 Peru
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MA1
VEN2 Amelonado type
L v
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— PER
A IAN Criollo from
B2 South and Central
HE America (n=40)
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EB1 Colombia
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{ LCT3 Ecuador
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MO9 Peru
NA3
POUD
POD1

Fig. 8.3. Neighbour-joining tree of Forastero and Criollo individuals based on the shared allele distance
calculated from microsatellite data. All Criollo individuals (N = 40) cluster under node A.
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Discussion

The analyses of RFLPs and of microsatellite markers
described here have shed new light on patterns of
genetic diversity and genetic relationships within 77
cacao L. Both techniques have yielded equivalent
results, despite the fact that the number of alleles
detected per locus was significantly higher for
microsatellite loci than for RFLP loci. It is of inter-
est, then, to ask why our results differ from those of
others obtained using RFLPs (Laurent et al., 1994;
Lerceteau et al., 1997), or isozymes (Lanaud, 1987;
Ronning and Schnell, 1994) or RAPD markers
(Figueira e al, 1994; N'Goran et al, 1994;
1997). Both our RFLP and
microsatellite analyses clearly distinguished Ancient
Criollo individuals from those introgressed with
Forastero genes particularly from the
Amazon. As mentioned above, previous studies have
taken introgressed Criollo individuals (those defined
in this study as Modern Criollo) as valid representa-
tives of the Criollo group. The present study is the
first that emphasizes this distinction, and it arises
from a proper sampling of individuals of each class.
In this way, individuals that are classified as Ancient
Ciriollo constitute the true Criollo group; that origi-

Lerceteau et al.,

Lower

nally comprising individuals cultivated before the
introduction of Forastero clones to cacao planta-
tions, which caused natural hybridization, and subse-
quently the appearance of Modern Criollo or
Trinitario. Thus a sampling that is based on historic
data can lead to results and interpretations that more
closely approach the likely evolutionary pathways. In
this case, sampling based only on germplasm collec-
tions led some of the authors to support Cuatrecasas’
(1964) theory that Criollo cacao originated in
Central America. In contrast, our data are in accord
with Cheesman’s (1944) hypothesis that South
America is the region of origin of this group.

De La Cruz et al. (1995) and Whitkus et al.
(1998) found a clear distinction between cacao trees
from the Lacandon rainforest and ‘Criollo’ from
germplasm collections. These studies used dominant
markers and it was not possible to establish the link
between what was called wild and what was studied
as Criollo. Consequently, their interpretation was
that cacao trees from the Lacandon rainforest and
from the ‘sinkholes’ were wild cacao forms from
Central America, and completely different from
domesticated cacao. Furthermore, contrary to our
results obtained they found differentiation between
samples from the Lacandon rainforest and those

from the sinkholes. Regarding this last result, they
proposed that cacao from the ‘sinkholes’, although
‘wild’, represented ancient introductions of cacao
trees probably from the Lacandon rainforest, which,
through isolation, diverged from the source mater-
ial. Their results also allowed them to support
Cuatrecasas’ (1964) hypothesis.

For the present study we analysed three differ-
ent field samplings, of eight individuals from three
sinkholes from Yucatan and did not find any
genetic difference from nine of the 13 individuals
from the Lacandon rainforest in Mexico studied
using all markers. All eight individuals showed
exactly the same genotype for 25 RFLP and 16
microsatellite loci. Genetic evidence regarding the
misclassification of Criollo trees from Central
America as wild will be further discussed below.
However it should be noted that those from the
sinkholes are found in association with Mayan ves-
tiges and also with other species cultivated by the
Maya such as mamey (Mammea americana).

Origin and domestication of Theobroma
cacao L.

A very low diversity (Fig. 8.1, Tables 8.1 and 8.2)
was found within the Criollo group comprising
individuals from the Lacandon rainforest even
though they were obtained from distant sites (up to
300 km apart). The Criollo group was proposed to
have originated in the Lacandon rainforest where
they were supposed to be in the wild state
(Miranda, 1962; Cuatrecasas, 1964; Gomez-Pompa
et al., 1990; De la Cruz et al., 1995). On one hand,
a wild population should exhibit levels of genetic
diversity similar to those observed within geograph-
ical areas (for example in Peru or Colombia—
Ecuador, Table 8.2). On the other hand, we found
that cacao from the Lacandon rainforest was identi-
cal at the molecular level to individuals putatively
cultivated by the Maya (including those found in
the sinkholes, on the Pacific Coast of Mexico and
Belize) and to individuals today cultivated in South
America. Hence, the population consisting of trees
found at the Lacandon rainforest should not be
considered wild. Furthermore, in the Lacandon
rainforest, where material was sampled, vestiges of
the Mayan civilization were frequently found.
Thus, the presence of Criollo cacao trees in the
Lacandon rainforest might be the remnant of cacao
cultivation by the Mayan civilization.



Origin and Domestication of Theobroma cacao L. 85

Odur results support Cheesman’s (1944) hypoth-
esis that cacao was introduced into Central America
and contradict Cuatrecasas’s (1964) hypothesis that
Criollo is a separate subspecies that had evolved
independently from the South American individu-
als. If this latter were the case, all wild Forastero
individuals should form a cluster independent of
those individuals from Central America. In contrast
Fig. 8.3 shows Criollo individuals closer to
Forastero from Colombia and Ecuador than to
other Forastero from Guyana or some from Peru.
Therefore, the Criollo group is not forming a sepa-
rate subspecies (cacao) to that comprising individu-
als from South America (sphaerocarpum). We
propose that the Criollo group had a South
American origin and a small number of individuals
were transported by humans. This led to a genetic
bottleneck as an important factor in Criollo differ-
entiation from Forastero individuals.

Thus the Criollo group probably originates
from a South American population where domesti-
cation commenced. But, from where? The South
American origin of the Criollo group is controver-
sial because of the lack of evidence of its presence in
this region of the continent. Pre-Columbian South
American civilizations did not develop such
advanced cultures as Maya or Aztec, and did not
leave as precise traces of their activities as the latter.
However, there exist some historical data that
report cacao cultivation at the time of the Conquest
and its utilization for beverages and ceremonies by
local Indians (Simon, 1882; Febres Cordero, 1892;
Alrolaguirre y Duvale, 1908; Jahn, 1927; Vazquez

de Espinosa, 1948; Arellano Moreno, 1950). These
reports concern the south-western region of
Venezuela where only Criollo trees are found today.
Although archaeological evidence of cacao domesti-
cation in South America is lacking, historic and
genetic evidence seems to argue for this view.

The high morphological diversity found in the
Criollo group could be due to mutations in rela-
tively few genes participating in pod morphology,
which have been deliberately selected by humans.
Indeed, such different pod types as Porcelana and
Pentagona (one very rough and the other very
smooth) are contrasting. A special human interest
could lie in the collection, maintenance and use of
these cacao types. For example, Pentagona type has
the finest pod cortex, increasing the ratio of beans
weight to pod weight and facilitating the extraction
of the beans from the fruit. Characteristic traits of
Criollo trees such as the sugared pulp of its beans
and the fact that it needs a shorter fermentation
time, may be prized as a target of human selection
through more than 2000 years of cultivation.
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Introduction

Two basic conservation strategies, each composed
of various techniques, are employed to conserve
genetic diversity: in situ and ex situ conservation.
Article 2 of the Convention on Biological Diversity
provides the following definitions for these cate-
gories (UNCED, 1992). Ex situ conservation
means the conservation of components of biologi-
cal diversity outside their natural habitat. /n situ
conservation means the conservation of ecosystems
and natural habitats and the maintenance and
recovery of viable populations of species and, in the
case of domesticated or cultivated species, in the
surroundings where they have developed their dis-
tinctive properties.

There is an obvious fundamental difference
between these two strategies: ex situ conservation
involves the sampling, transfer and storage of target
taxa from the collecting area, whereas 7z situ con-
servation involves the designation, management
and monitoring of target taxa where they are
encountered (Maxted et a/., 1997). Another differ-
ence lies with the more dynamic nature of in situ
conservation and the more static nature of ex situ
conservation. These two basic conservation strate-
gies are further subdivided into specific techniques
including seed storage, in vitro storage, DNA stor-
age, pollen storage, field genebank and botanical
garden conservation for ex sizu, and protected area,
on-farm and home garden conservation for 77 situ,
each technique presenting its own advantages and
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limitations (Engels and Wood, 1999). Ex situ con-
servation techniques are particularly appropriate for
the conservation of crops and their wild relatives,
while in situ conservation is especially appropriate
for wild species and for landrace material on farm.
Until recently, most conservation efforts, apart
from work on forest genetic resources, have concen-
trated on ex situ conservation, particularly seed
genebanks. In the 1950s and 1960s, major
advances in plant breeding brought about the
‘Green Revolution’ which resulted in the wide-scale
adoption of high-yielding varieties and genetically
uniform cultivars of staple crops, particularly wheat
and rice. Consequently, global concern about the
loss of genetic diversity in these crops increased, as
farmers abandoned their locally adapted landraces
and traditional varieties, replacing them with
improved, yet genetically uniform modern ones. In
response to this concern, the International
Agricultural Research Centres (IARCs) of the
Consultative Group on International Agricultural
Research (CGIAR) started to assemble germplasm
collections of the major crop species within their
respective mandates. It is in this context that the
International Board for Plant Genetic Resources
(IBPGR) was established in 1974 to coordinate the
global effort to systematically collect and conserve
the world’s threatened plant genetic diversity.
Today, as a result of this global effort, there are
over 1300 genebanks and germplasm collections
around the world, maintaining an estimated
6,100,000 accessions (FAO, 1996). It is important
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to mention that these collecting and conservation
activities focused largely on the major food crops,
including cereals and some legumes, that is, species
that can be conserved easily as seed. This has
resulted in over-representation of those species in
the world’s major genebanks, as well as in the fact
that conservation strategies and concepts were
biased towards such material. It is only more
recently that the establishment of field genebanks,
allowing conservation of species for which seed
conservation is not appropriate or impossible, as
well as the development of new storage technolo-
gies, including in vitro conservation and cryopreser-
vation, has been given due attention by the
international community.

In this chapter, we first briefly review the main
achievements made and problems faced with ex sizu
conservation of plant genetic resources. We then
present the main areas for research in the develop-
ment of ex situ conservation technologies and
strategies to improve conservation efforts. It is
important to mention that only technical and man-
agerial aspects of ex sizu conservation are addressed
in this chapter, and that organizational and policy
aspects have not been taken into consideration.

Main Achievements of and Difficulties
with ex situ Conservation of Plant
Genetic Resources

Orthodox seed conservation

Many of the world’s major food plants produce
seeds that undergo maturation drying, and are thus
tolerant to extensive desiccation and can be stored
dry at low temperature. Seeds of this type are
termed ‘orthodox’ (Roberts, 1973). Storage of such
orthodox seeds is the most widely practised method
of ex situ conservation of plant genetic resources, as
indicated in the Report on the State of the Worlds
Plant Genetic Resources for Food and Agriculture
(FAO, 1996), since 90% of the 6.1 million acces-
sions stored in genebanks are maintained as seed.
Over the years, techniques have been devised which
allow seeds of many species to be conserved in this
way for several decades. These techniques involve
drying seeds to low moisture content (3-7% fresh
weight basis, depending on the species) and storing
them in hermetically sealed containers, at low tem-
perature, preferably at —18°C or cooler (FAO/
IPGRI, 1994). All relevant techniques are well

established and a series of practical documents have
been published which cover the main aspects of
seed conservation, including the design of seed
storage facilities for genetic conservation (Cromarty
et al., 1982); principles of seed testing which need
to be understood when monitoring the viability of
seed accessions maintained in genebanks (Ellis ef
al., 1985a); methods for removing dormancy and
germinating seeds (Ellis ez al., 1985b); as well as
suitable methods for processing and handling seeds
in genebanks (Hanson, 1985).

Another technical achievement in the area of
orthodox seed conservation concerns the develop-
ment of the so called ‘ultra-dry’ seed storage tech-
nology (Walters, 1998), which is based on the
principle that desiccating seeds to much lower
moisture contents than those generally used in
standard procedures will allow us to store them for
an extended period at room temperature, thereby
avoiding the requirement for refrigeration facilities.
This technology, along with its achievements and
limitations, will be discussed further in another sec-
tion of this chapter.

Seeds are also a convenient form for distributing
germplasm to farmers, breeders, scientists and other
users. Moreover, since seeds are less likely to carry
diseases, in comparison with other plant material,
their use for exchange of plant germplasm can facil-
itate quarantine procedures.

Conservation of non-orthodox seed and
vegetatively propagated species

In contrast to orthodox seeds, a considerable num-
ber of species, predominantly tropical or subtropi-
cal in origin, such as coconut, cacao and many
forest and fruit tree species, produce seeds which do
not undergo maturation drying and are shed at rel-
atively high moisture content (Chin, 1988). Such
seeds are unable to withstand desiccation and are
often sensitive to chilling. They cannot be main-
tained under the conventional seed storage condi-
tions described above, that is, storage at low
moisture content and low temperature. Seeds of
this type are called ‘recalcitrant’ and have to be kept
in moist, relatively warm conditions to maintain
viability (Roberts, 1973; Chin and Roberts, 1980).
Even when recalcitrant seeds are stored in an opti-
mal manner, their lifespan is limited to weeks, occa-
sionally months. Of more than 7000 species for
which information on seed storage behaviour has
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been published (Hong ez al., 1996), approximately
3% are recorded as recalcitrant and an additional
4% as possibly recalcitrant.

More recent investigations identified
species exhibiting ‘intermediate’ storage behaviour.
While such seeds can tolerate desiccation to fairly

have

low moisture contents, once dried, they become
particularly susceptible to injury caused by low
temperature (Ellis ez 2., 1990, 1991). Even though
a continuum in desiccation sensitivity is observed
within the intermediate seed storage category, from
highly desiccation sensitive to relatively tolerant
(Berjak and Pammenter, 1994), the storage life of
intermediate seeds can be prolonged by further dry-
ing, but it remains impossible to achieve the long-
term conservation of orthodox seeds. About 1% of
the aforementioned 7000 species studied and
included in the Compendium on Seed Storage
Behaviour are reported as producing intermediate
seeds and another 1% have been characterized as
possibly intermediate (Hong e 4., 1996). Included
in this category are some economically important
species such as coffee, citrus, rubber, oil palm and
many tropical forest tree species.

It should be noted that the percentages of inter-
mediate and recalcitrant seed producing species
cited above are likely to be largely underestimated.
These figures are based on scientific and technical
publications, which, by default, concern mainly
temperate species. In addition, it can be expected
that a large proportion of the species for which no
information is available, which are predominantly
from tropical or subtropical origin, exhibit recalci-
trant, or to a lesser extent intermediate seed storage
behaviour. As an example, it has been estimated
that more than 70% of tree species in tropical for-
est ecosystems have recalcitrant seeds (Ouédraogo et
al., 1999).

There are other species for which conservation
as seed is problematic. Firstly, there are those that
do not produce seeds at all and, consequently, are
propagated vegetatively, for example banana and
plantain (Musa spp.). Secondly, there are crops
such as potato (Solanum tuberosum), other root
and tuber crops such as yams (Dioscorea spp.), cas-
(Manihot  esculenta) potato
(Ipomoea batatas), and sugarcane (Saccharum spp.)
that have either some sterile genotypes and/or

sava and sweet

some that produce orthodox seed. However, these
seeds are highly heterozygous and, therefore, of
limited utility for the conservation of particular
genotypes. These crops are usually propagated

vegetatively to maintain genotypes as clones
(Simmonds, 1982).

Traditionally, the field genebank has been the ex
situ storage method of choice for the aforemen-
tioned ‘problem materials’. According to the Report
on the State of the World’s Plant Genetic Resources for
Food and Agriculture (FAO, 1996), around 527,000
accessions are maintained in field genebanks. In
some ways, this method offers a satisfactory
approach to conservation. The genetic resources
under conservation can be readily accessed and
observed, thus permitting detailed evaluation.
However, there are certain drawbacks that limit its
efficiency and threaten its security (Withers and
Engels, 1990; Engelmann, 1997). The genetic
resources are exposed to pests, diseases and other
natural hazards such as drought, weather damage,
human error and vandalism. In addition, they are
not in a condition that is readily conducive to
germplasm exchange because of the great risks of
disease transfer through the exchange of vegetative
material. Field genebanks are costly to maintain
and, as a consequence, are prone to economic deci-
sions that may limit the level of replication of
accessions, the quality of maintenance and even
their survival in times of economic stringency. Even
under the best circumstances, field genebanks
require considerable inputs in the form of land
(often needing multiple sites to allow for rotation),
labour, management and materials and, in addi-
tion, their capacity to ensure the maintenance of
much diversity is limited.

In vitro techniques for collection,
multiplication and storage

Tissue culture techniques are of great interest for
the collection, multiplication and storage of plant
germplasm (Engelmann, 1997). For the collection
of species that produce recalcitrant seeds, and of
vegetatively propagated material, techniques have
been developed which enable a collector to intro-
duce the material i7 vitro, under aseptic conditions,
directly in the field (Withers, 1995). This approach
will allow germplasm collections to be made in
remote areas (e.g. in the case of highly recalcitrant
cacao seeds), or when the transport of the collected
fruits would become prohibitively expensive (e.g.
collecting coconut germplasm). Also in cases where
the target species does not have seeds or other stor-
age organs to be collected, or when budwood
would quickly lose viability or is highly contami-
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nated, the establishment of aseptic cultures in the
field will facilitate collecting and improve its
efficiency.

Tissue culture systems allow propagation of
plant material with high multiplication rates in an
aseptic environment. During the last 30 years, in
vitro propagation techniques, mainly based on
micropropagation and somatic embryogenesis have
been extensively developed and applied to well over
1000 different species (George, 1993a, b). Virus-
free plants can be obtained through meristem cul-
ture in combination with thermotherapy, thus
ensuring the production of disease-free stocks and
simplifying quarantine procedures for the interna-
tional exchange of germplasm. The miniaturization
of explants allows a reduction in space requirements
and consequently labour costs for the maintenance
of germplasm collections (Ashmore, 1997).

Different in wvitro conservation methods are
employed, depending on the storage duration
required  (Engelmann, 1997; Withers and
Engelmann, 1998). For short- and medium-term
storage, various techniques have been devised that
allow reduction of growth and increase the intervals
between subcultures. /n vitro conservation tech-
niques using slow growth storage have been devel-
oped for a wide range of species, including
temperate woody plants, fruit trees, horticultural
species, as well as numerous tropical species.
However, despite the availability of such tech-
niques, the Report on the State of the World’s Plant
Genetic Resources for Food and Agriculture (FAO,
1996) indicates that only around 38,000 accessions
are conserved iz wvitro worldwide, because many
conservation programmes are unable to meet
requirements for relatively sophisticated equip-
ment, reliable electricity supply and trained staff. In
addition, only a limited amount of genetic diversity
can be maintained iz vitro. Slow growth storage is
used routinely in a limited number of national,
regional and international germplasm conservation
centres with a few species including banana, some
root and tuber crops, and temperate fruits
(Engelmann, 1999a).

For long—term storage, cryopreservation, that is
storage at ultra-low temperature, usually that of
liquid nitrogen (—196°C), is employed. At this
temperature, all cellular divisions and metabolic
processes are stopped. The plant material can thus
be stored without alteration or modification for a
theoretically unlimited period of time. Moreover,
cultures are stored in a small volume, are protected

from contamination, and require very limited
maintenance. It is essential to recognize that, due to
the various problems and limitations encountered
with both protected areas and field genebanks
(Withers and Engels, 1990; Maxted e¢ al., 1997),
cryopreservation currently offers the only safe and
cost-effective option for the long-term conservation
of genetic resources of problem species.

Concerning in vitro cultured material, cryop-
reservation protocols are now available for cell sus-
pensions, calli, apices, zygotic and somatic embryos
of several hundreds of species of temperate and
tropical origin (Kartha and Engelmann, 1994;
Engelmann, 1997; Engelmann and Dussert, 2000).
Most of this work has been performed within the
framework of academic studies and has involved
only one or a few genotypes. However, due to the
development in the last 3-4 years of new cryo-
preservation procedures for apices and embryos
(encapsulation-desiccation, ~ desiccation,  pre-
growth-desiccation and vitrification),  reports
involving a larger number of genotypes/varieties
are becoming more frequent (Benson, 1999;
Engelmann and Takagi, 2000). These new freezing
procedures generally lead to satisfactory survival
rates with a wide range of genotypes using the same
technique. There is an increasing number of cases
where techniques can be considered operational on
a routine and large-scale basis. However, cryop-
reservation is significantly more advanced for vege-
tatively propagated crops than for recalcitrant seed
species (Engelmann, 1999b). In general, there is
only a limited number of cases where cryopreserva-
tion is currently used in a genetic resources conser-
vation context. Examples include 7% vitro shoot tips
of potato, cassava, Musa and pear (Schifer-Menuhr
et al., 1997; Escobar et al., 2000; Panis ez al., 2000;
Reed, 2000), seeds of some short-lived or endan-
gered orthodox species (Stanwood, 1985), dormant
buds of various tree species (Sakai, 1995), and
pollen of some horticultural species (Ganeshan and
Rajashekaran, 2000).

Management of germplasm collections
No comprehensive, independent review of
genebank facilities has been made to date, except
for that performed recently in the genebanks of the
centres of the CGIAR (SGRP, 1996). However, it is
evident that a limited number of genebanks operate
at very high standards, whereas many others are at
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present only capable of performing the basic con-
servation role of a genebank to a limited extent
(FAO, 1996). The main difficulties faced by those
genebanks are due to a number of factors, includ-
ing inadequacy of existing infrastructures, lack of
adequate equipment such as cooling units, seed
drying and cleaning devices, unreliability of elec-
tricity supply, funding and staffing constraints, and
inadequate management practices. As a result, seeds
are often stored under sub-optimal conditions and
need to be regenerated more frequently, thus
imposing additional costs on the, often, already
insufficient operating budgets of the genebanks.
Very important difficulties faced in particular with
the regeneration of the seed collections have been
mentioned by many countries in the Report on the
State of the Worlds Plant Genetic Resources for Food
and Agriculture (FAO, 1996).

In both seed and field genebanks, the technolo-
gies for storing germplasm samples are relatively
easy to apply under most operational circum-
stances. The problems relate more to resource con-
straints that affect the performance of essential
operations. This is critical in the case of core activi-
ties, of maintaining the viability and genetic
integrity of the stored accessions, as well as suffi-
cient stocks, to meet user demands (Engels, 2001).
Furthermore, budgets for activides of a public
nature such as conservation are permanently
shrinking and, consequently, the importance of effi-
cient and cost-effective genebank management has
increased over the years and has become a decisive
element in the long-term ex situ conservation of
plant genetic resources.

Other important aspects of genebank opera-
tions concern the characterization and documenta-
tion of germplasm. Characterization descriptors
concern the highly heritable characters that are
independent of the environment; for example tax-
onomic characters,
descriptors that relate mainly to traits of agro-
nomic importance that are often highly environ-

in contrast to evaluation

ment- or method-specific. Characterization of

accessions essential information for
genebank management as well as for plant breed-
ing. The extent to which germplasm collections
have been characterized varies widely between
genebanks and species (FAO, 1996), but is far
from complete in many instances. A study per-
formed in 1987 by Plucknett ez al. estimated that
80 to 95% of the world collections lacked charac-

terization or evaluation data. This situation has not

provides

substantially improved since that time and has led
to a limited use of ex sizu conserved germplasm.

As regards the extent to which ex situ accessions
are documented, the situation is highly contrasted
(FAO, 1996). Some, mainly developed, countries
have fully computerized documentation systems
and relatively complete accession data, while many
others lack information on the accessions in their
collections, including the so-called passport data.
Another important aspect at the global level is the
lack of integrated, compatible systems that would
allow for easy exchange of information.

Main Challenges and Priorities for
Improving ex situ Conservation of
Plant Genetic Resources

Conservation research

Priorities for research should focus on improving
our understanding of relevant biological mecha-
nisms directly related to conservation as well as on
developing improved conservation
Fundamental research includes studies on seed des-
iccation sensitivity and recalcitrance, on the deter-

mination of critical seed moisture content and its

techniques.

interaction with temperature. Technologies for con-
serving seed, tissue and other plant parts need fur-
ther development and particular attention should
be given to the problem species identified previ-
ously, that is, those which produce recalcitrant or
intermediate seeds. In addition, several research
topics for orthodox seed conservation have been
identified and are treated below.

Orthodox seed species

Determining critical seed moisture content

The preferred conditions recommended for long-
term seed storage are 3—7% moisture content,
depending on the species, at —18°C or lower (FAO
and IPGRI, 1994). In the late 1980s, research was
initiated to investigate the effects of very low mois-
ture content on seed longevity, based on the
assumption that further reduction in moisture con-
tent would have a beneficial effect on seed
longevity. One of the aims of such research was the
prospect of developing ‘low-input’ alternatives to
medium- to long-term cold storage of seed

germplasm through its storage at room temperature
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(i.e. ultra-dry storage). However, it was demon-
strated that drying seeds beyond a critical moisture
content provided no additional benefit to longevity
and may even accelerate seed ageing rates (Ellis ez
al., 1988; Vertucci and Roos, 1993). Further
research on the determination of optimal seed
moisture content led to a debate regarding the vari-
ous parameters involved (Walters and Engels,
1998). In particular, questions were raised with
regard to the critical relative humidity, storage tem-
perature and their interaction, as well as the conse-
quences of equilibrating seeds to levels of relative
humidity lower than the critical level. The latter
was prompted by the finding that the optimal seed
moisture content increased as the storage tempera-
ture was lowered, suggesting that there may be a
danger of actually over-drying seed (Vertucci and
Roos, 1993).

A collaborative research project involving the
National Seed Storage Laboratory at Fort Collins
(USA), the International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT) at
Hyderabad, India, and the Institute of Crop
Germplasm Resources of the Chinese Academy of
Agricultural Sciences (CAAS), Beijing, was thus
initiated to investigate several aspects related to the
interaction between storage temperature and opti-
mal seed moisture content for lettuce seed as a
model. Seeds at moisture contents between 0.0 and
0.10 g H,O g~ ' dw (i.e. 0 to 9% moisture content,
fresh weight basis) were stored at —18°C, 20, 35
and 50°C. After more than 3 years of storage, it
appeared that seeds stored at 50°C showed deterio-
ration for all water contents, but ageing was slowest
in seeds with water contents lower than 0.018 g
H,0 g~ ! dw (i.e. 1.77% moisture content, fwb)
(Rao et al., 1999). This suggests that a critical water
content exists at this or a lower water content.
Seeds stored at 35°C showed an optimal water con-
tent between 0.020 and 0.035 g H,0 g 1dw (ie.
between 1.9 and 3.4% moisture content, fwb). At
20°C, the optimal water content lay between 0.019
and 0.055 g H,0 g~ ! dw (1.8 and 5.2% moisture
content, fwb). From these results, it can be con-
cluded that the optimal water content for storing
lettuce seeds at room temperature, that is, around
25°C in tropical countries, lies somewhere between
0.019 and 0.055 g H,O g ' dw (1.8 and 5.2%
moisture content, fwb). The former moisture con-
tent is lower than those typically used in conven-
tional conservation practices. These values will be
made progressively more accurate as the storage

experiment progresses. However, storage at —20°C
(at ecither moisture content) was far superior to
storage at 20°C,
observed after more than 3 years of storage.

since no deterioration was

Developing low-input storage
techniques

Various research projects have focused on the devel-
opment of the ultra-dry seed technology, which
would allow the storage of seed germplasm at room
temperature, without the need for refrigeration
equipment. The current state-of-the-art in this
research area has been assessed in a Satellite
Symposium on ultra-dry seed storage and longevity
organized during the
Conference on Seed Science and Technology that
took place in Guangzhou, China in 1997. From

Second  International

the papers presented during this symposium, which
have been published in 1998 as a Supplement of
the journal Seed Science Research, it can be con-
cluded that although drying seed to very low mois-
ture content prior to storage seems to have fewer
advantages than was inidally expected, ultra-dry
storage is still considered to be a useful practical,
low-cost technique in those circumstances where no
adequate refrigeration can be provided. Additional
research on various aspects of the ultra-dry seed
storage technology, including, notably, drying tech-
niques such as sun/shade drying (Hay and Probert,
2000), vacuum drying or freeze drying (Come,
1983) and on its applicability to a broader number
of species should therefore be continued.

Improving and monitoring viability

The viability of conserved accessions depends on
their initial quality and how they have been
processed for storage, as well as on the actual stor-
age conditions. In the case of seed, there is evidence
that a very small decrease in inital viability can
mean a substantial reduction in storage life. This
effect needs further investigation and quantifica-
tion. To date, relatively little attention has been
given to the handling of germplasm in the field
during regeneration and during subsequent pro-
cessing stages prior to its arrival at the genebank.
Poor practices during these initial stages may be
jeopardizing the effort and expense made on pro-
viding optimum conditions for the storage of the
germplasm. Factors that affect initial viability
include, among others, the growing conditions,
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disease status and time of harvest of the plants.
Kameswara Rao and Jackson (1996) demonstrated
that seeds of three japonica rice cultivars that were
produced in cooler environments had a relatively
higher potential longevity. Maximum potential seed
longevity of these rice cultivars coincided with mass
maturity and did not decline afterwards. In con-
trast, experiments performed with seeds of barley,
pepper and tomato indicated that maximum poten-
tial longevity was not attained until some time after
mass maturity (Ellis ez /., 1993). In barley, poten-
tial longevity declined after the maximum had been
achieved, whereas in pepper and tomato, no sub-
stantial decline in potential longevity was detected
after the maximum had been attained.

Further research should also be aimed at opti-
mizing the growing conditions and minimizing the
detrimental effects of diseases. This requires com-
parative investigation of the effects of seed-borne
diseases and seed treatments on viability and
genetic stability during storage as well as on subse-
quent growing out of plants (Kaiser and Hannan,
1986).

Monitoring the viability of collections during
storage necessitates regular germination tests that
require a substantial amount of seeds of valuable
germplasm. Research into non-destructive methods
of measuring viability, explored the use of triphenyl
tetrazolium chloride (TTC) to detect viability loss
and seed leachate conductivity as an indicator of
membrane damage and seed degeneration. Reports
indicate that measures of seed vigour might be ear-
lier indicators of seed deterioration than viability
(E. Roos, Colorado, personal communication).
This is an important aspect for further investigation
since retaining the genetic integrity of the stored
sample depends on early detection of seed deterio-
ration and adequate regeneration of the sample. For
example, undetected death in part of an accession
can induce genetic shift.

Non-orthodox seed species

Understanding seed recalcitrance

A number of processes or mechanisms have been
suggested to confer, or contribute to, desiccation
tolerance (see Pammenter and Berjak, 1999, for a
review). Different processes may confer protection
against the consequences of loss of water at differ-
ent hydration levels, and the absence, or ineffective
expression, of one or more of these could determine

the relative degree of desiccation sensitivity of seeds
of individual species. The mechanisms that have
been implicated to date include intracellular physi-
cal characteristics such as the amount of insoluble
reserves accumulated and the degree of vacuolation;
intracellular de-differentiation; ‘switching-off’ of
metabolism; presence and efficient operation of
antioxidant systems; accumulation of putatively
protective molecules such as late embryogenic
abundant proteins and various sugars; development
of certain amphipathic molecules; an effective
peripheral oleosin layer around lipid bodies; and
the presence and operation of repair mechanisms
during rehydration. It is likely that additional
mechanisms will be identified in time. This infor-
mation has been gathered from a number of inde-
pendent studies performed on different materials. A
comprehensive research programme incorporating
all the above elements, focused on a well-identified
biological model, such as coffee, which includes
species with a wide range of desiccation sensitivities
(Dussert et al., 1998), would allow us to make sig-
nificant progress in the understanding of recalci-
trance.

Developing improved conservation
techniques

There are various technical options to consider for
improving storage of recalcitrant seeds. First of all,
especially with species for which no or only a little
information is available, it is advisable, before
undertaking any ‘high tech’ research, to examine
the development pattern of seeds and to run pre-
liminary experiments to determine their desiccation
sensitivity as well as to define germination and stor-
age conditions. The International Plant Genetic
Resources Institute (IPGRI), in collaboration with
numerous institutions worldwide, has developed a
protocol for screening tropical forest tree seeds for
their desiccation sensitivity and storage behaviour
(IPGRI/DFSC, 1999), which might be applicable
to seeds of other species, after required modifica-
tion and adaptation. Even if such experiments do
not allow definition of long-term storage condi-
tions, any increase in the storage duration achieved
by conventional means can have beneficial conse-
quences; for example by keeping seeds alive until
the next planting season or to transport recalcitrant
seeds from the forest to a prepared planting site.
Another medium-term option can be to conserve
young seedlings arrested in their development by
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storage at low temperature and/or under low light
intensity (Hawkes, 1980) as experimented with
Symphonia globulifera and Dryobalanops aromatica
(Corbineau and Cbéme, 1986; Marzalina et al.,
1992).

For long-term storage, it is clear that cryopreser-
vation, often coupled with 7z vitro culture, repre-
sents the only option. With some species such as
tea, mahogany, neem or coffee, seeds are relatively
small and tolerant to desiccation, and can thus be
cryopreserved  directly after partial desiccation
under the laminar flow (Hu ez 4/, 1994; Marzalina,
1995; Berjak and Dumet, 1996; Dussert et al.,
1997). With other species which are more desicca-
tion sensitive, very precisely controlled desiccation
and cooling conditions may also allow freezing of
whole seeds, as demonstrated recently with several
coffee species (Dussert ez al., 1998).

In cases where seeds are not amenable to cryop-
reservation, excised embryos or embryonic axes
should be used. The desiccation technique has been
employed preferentially for freezing such materials
and there is scope for various technical improve-
ments in the current cryopreservation protocols.
Pre-growth of embryos on media containing cry-
oprotective substances may confer tissues with
increased tolerance to further desiccation and
reduce the heterogeneity of the material. Berjak and
co-workers have demonstrated that flash drying,
followed by ultra-rapid freezing has been very effec-
tive for cryopreservation of several species such as
Landolphia kirkii and tea (Berjak er al, 1989;
Wesley-Smith ez al., 1992). The hypothesis of these
researchers is that very rapid dehydration imposes a
stasis on metabolism and precludes the deleterious
reactions that would take place under lower desic-
cation rates and that ultra-rapid freezing induces
vitrification of internal solutes or the formation of
ice crystals too small to disrupt cellular integrity.
Even though some species have proven far too
desiccation sensitive to be cryopreserved this way
(Pammenter ez al., 1993), this is a potentially inter-
esting approach which deserves further research
and experimentation with additional species. Other
cryopreservation techniques, including pregrowth-
desiccation, encapsulation-dehydration and vitrifi-
cation, which have been seldom employed so far,
should be tested (Engelmann, 1997). Finally, it
should be emphasized that selecting embryos at the
right developmental stage, which will vary from
one species to the other, is of critical importance for
the success of any cryopreservation experiment

(Engelmann et al., 1995). However, in the above
cases, basic protocols for disinfection, inoculation
in vitro, germination of embryos or embryonic
axes, plantlet development, and possibly limited
propagation will have to be established prior to any
cryopreservation experiment.

With species for which attempts to freeze whole
embryos or embryonic axes have proven unsuccess-
ful, various authors have suggested using shoot
apices sampled from embryos, adventitious buds or
somatic embryos induced from embryonic tissues
(Pence, 1995; Berjak et al., 1996). This might be
the only solution for those species that do not have
well-defined embryos but this will require that
more sophisticated tissue culture procedures are
developed and mastered. In addition to these tech-
nical difficulties, using adventitious explants would
reduce the range of genetic variability captured
(Pence, 1995; Berjak et al., 1996), especially when
using somatic embryogenesis, since response to
inducing treatments is generally highly genotype-
specific and somatic embryo cultures might be
obtained from a limited number of genotypes only.
In cases where apices are employed, it might be
more practical and efficient to sample them on 7z
vitro plantlets rather than on embryos to reduce the
risks of contamination and to use more homoge-
neous material. Finally, cryopreservation of pollen
may represent an additional option for genetic
resource conservation of difficult material (Towill
and Walters, 2000).

Materials other than seed

Pollen usually has a relatively short viability when
conserved under classical storage conditions (partial
desiccation followed by storage at sub-zero temper-
ature), and has therefore been used only to a lim-
ited extent in germplasm conservation (Hoekstra,
1995). However, long-term storage of pollen is fea-
sible using cryopreservation (Towill and Walters,
2000). Cryogenic procedures have been established
for pollen of a large number of species, including
mainly desiccation-tolerant pollen but also several
desiccation-sensitive ones (Hanna and Towill,
1995). Cryopreserved collections of pollen have
already been established for several crops, including
horticultural and fruit tree species (Ganeshan and
Rajashekaran, 2000).

Despite these recent successes using pollen for
conservation purposes, several disadvantages of
pollen storage should be mentioned. The small
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amount produced by many species; the lack of
transmission of organelle genomes via pollen; the
loss of sex-linked genes in dioecious species; and
the limited plant regeneration capacity are the most
important ones. While considering the advantages
and disadvantages of pollen conservation, it can be
concluded that storing pollen, in addition to other
materials, is useful in the framework of the estab-
lishment of complementary conservation strategies
(Withers, 1991), and is of special interest for
species that produce recalcitrant seeds. This is par-
ticularly relevant since there is no correlation
between seed storage behaviour for a given species
and the desiccation sensitivity of its pollen
(Hoekstra, 1995). Furthermore, transfer of pests
and diseases through pollen is rare (except for some
virus diseases), thus allowing the safe movement
and exchange of germplasm in the form of pollen.
DNA storage is rapidly increasing in impor-
tance. DNA from the nucleus, mitochondrion and
chloroplasts are now routinely extracted and immo-
bilized into nitro-cellulose sheets where the DNA
can be probed with numerous cloned genes. With
the development of PCR one can now routinely
amplify specific oligonucleotides or genes from the
entire mixture of genomic DNA. These advances
have led to the formation of an international net-
work of DNA repositories for the storage of
genomic DNA (Adams, 1997). The advantage of
this technique is that it is efficient and simple and
overcomes physical limitations or constraints. The
disadvantage lies in problems with subsequent gene
isolation, cloning and transfer (Maxted ez al.,

1997).

Germplasm management procedures
and strategies

The objective of any genebank management proce-
dure is to maintain genetic integrity and viability of
the accessions during conservation and to assure
their accessibility for use in adequate quantity and
quality at the lowest possible cost. As already men-
tioned in this chapter, genebanks very often face
financial constraints that hamper their efficient
operation. It is therefore very important to improve
genebank management procedures to make them
more efficient and cost-effective. Another impor-
tant problem is that the existing concepts and pro-
cedures are biased towards
orthodox seeds, and therefore are often not adapted

conservation of

to the conservation of recalcitrant seed and vegeta-
tively propagated species. Finally, new technologies
including 7 vitro culture and conservation, cryop-
reservation, molecular techniques, data processing
software and multimedia communication technol-
ogy have been developed over recent years, and they
should be integrated to the extent possible, when
relevant, in genebank management procedures.
Special attention should be given to the develop-
ment of appropriate techniques for genebanks in
developing countries where specialized equipment
is frequently lacking and resources are usually lim-
ited. The following section examines how these
might modify

genebank management procedures and concepts.

new factors some important

Exploration and collection

In vitro collecting procedures, which have been
established for a number of recalcitrant and vegeta-
tively propagated species, allow improvement of the
efficiency of collecting missions (Withers, 1995).
They should be used more systematically for col-
lecting germplasm of relevant species. With this
aim, IPGRI is preparing a technical bulletin on the
utilization of 77 vitro collecting techniques (Pence ¢
al., 2000). An understanding of the extent and dis-
tribution of diversity within a population is essen-
tial for effective sampling. The use of molecular
techniques in studying genetic diversity has con-
tributed to a better understanding of the genetic
diversity of numerous species. Ecogeographic sur-
veys provide information on species distribution as
well as intraspecific diversity. IPGRI is preparing a
technical bulletin on ecogeographic surveys for wild
species (Guarino et al, 2000). Molecular tech-
niques can be applied during such surveys for a
proper assessment of the genetic diversity patterns,
which would then permit a more effective sampling
of a particular region (Rao and Riley, 1994).

Characterization and evaluation

Molecular techniques have very important applica-
tions for the characterization and evaluation of plant
genetic resources, to complement the morphological
and biochemical descriptors used classically. More
specifically, these techniques can be used for identi-
fying genotypes, including duplicate accessions; fin-
gerprinting genotypes; analysing genetic diversity in
collections; and assembling a core collection. More
details on the various techniques available and on
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their applicability for various purposes can be
found in two publications on the use of molecular
techniques for plant genetic resources (Ayad ez al.,

1997; Karp ez al., 1997).

Seed regeneration procedures

Regeneration procedures carry risks that may com-
promise the genetic integrity of the samples. Some
of these risks are inherent in the sample selection
procedures followed, including the consequences of
the size of the population grown out. Other risks
include the effects of diseases, pests and abiotic
stresses that regenerated samples may be exposed
to. Therefore, collections must be managed with
the aim of minimizing the frequency of regenera-
Development of appropriate  strategies
towards this end is recognized as a priority area for
addition, further
research is needed in order to evaluate the level and

tion.

continued investigation. In
causes of genetic shift and drift during regenera-
tion. Improvement of cultivation procedures is also
necessary in order to minimize the risks of such
genetic changes, including enhancement of pollina-
tion, reduction of plant competition and determi-
nation of optimal population sizes. Guidelines
aiming at facilitating the development of optimum
procedures for regeneration of seed germplasm have
been developed (Sackville Hamilton and Chorlton,
1997).

Accession management

The number of accessions in a genebank has a
direct impact on operational costs. The number of
accessions can be reduced by lumping or discarding
accessions. Splitting accessions will increase the
number of accessions but may also facilitate their
management and improve the quality of genebank
operations. However, before taking such decisions,
their impact at the genetic, operational and eco-
nomic levels should be carefully evaluated (van
Hintum ez al., Chapter 11, this volume).

Management of in vitro collections

In the case of in vitro collections, the management
problems relate to slow growth storage where main-
taining the genetic stability of the cultures and
minimizing the workload of subculturing, are
objectives. The procedures worked out for manag-

ing cassava under slow growth (IPGRI/CIAT,

1994) need to be expanded to other collections of
cassava and downstreamed for wider application to
other species. Towards this aim, IPGRI is currently
preparing guidelines that will assist genebank cura-
tors in the management of field and in wvitro
germplasm collections (Reed et a/., 2000). Some of
the important managerial issues addressed in this
document concern the need for safety duplication
of the collections and for the establishment of link-
ages between field and in vitro collections.

Important considerations for a wider applica-
tion of 7 vitro culture techniques to conservation
of plant genetic resources will be the reproducibility
and flexibility of procedures, and experiments
should be performed to test these parameters. Some
crops, such as banana, plantain and sugarcane, are
prone to somaclonal variation, and this phenome-
non is accentuated when the material is grown in
vitro. It is therefore essential to develop tools allow-
ing detection of somaclonal variants in the
germplasm collections at the earliest stage possible.
With this aim, specific molecular probes may be
designed and used to screen the iz vitro collections,
as envisaged for Musa (Cote et al., 1993; Damasco
et al., 1996).

Enhancing use of collections

Besides efficiency considerations of where to store
germplasm accessions and under which conditions,
genebank curators might want to compose subsets
of accessions from a given collection to promote
their utilization. Whether a genebank needs to
focus on specific traits rather than on neutral prop-
erties will depend on the needs of potential users
and their assessment will require adequate interac-
tion. In this context, the establishment of core col-
lections will be a powerful tool for efficient and
cost-effective germplasm collection management
(Hodgkin ez al., 1995; Johnson and Hodgkin,
1999). Other aspects of how collection manage-
ment can contribute to improved use of germplasm
accessions can be found in Engels (2001).

Germplasm health aspects

Germplasm health problems affect the collection,
conservation, utilization and distribution of plant
genetic resources and are thus among the critical
constraints to the management of plant germplasm
collections. Although many genebanks have plant
protection specialists, their activities are generally
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linked to plant breeding and crop protection and
not necessarily to germplasm management. It is
therefore very important to better
germplasm health aspects, including new biotech-
nological tools for detection, indexing and eradica-

tion of pathogens in routine genebank operations.

integrate

IPGRI is currently preparing technical guidelines to
facilitate this process (Morales, unpublished).

Documentation

With the increased impact of globalization and of
the political importance of plant genetic resources
the role and importance of information on
germplasm has grown dramatically. In fact, the bio-
logical material itself is of limited use without the
corresponding  information that has, in turn,
increased the need for more substantial documenta-
Most of the
genebank operations generate information that is
key to the efficient functioning of the genebank
and Many
genebanks have computerized documentation sys-
tems, which greatly facilitate the storage and main-

tion. above-mentioned routine

safe and efficient conservation.

tenance of data, as well as their retrieval. Most
systems can also be used for the processing and
analysis of the data and, thus, be instrumental in
facilitating routine operations. A helpful overview
of the various aspects of genebank documentation
can be found in the Guidebook for Genetic Resources
Documentation (Painting et al., 1993). The descrip-
tor lists, developed and produced by IPGRI, are a
principal tool to assist curators to better document
their collections and to contribute to a better stan-
dardization of the resulting information.

Active/base collection concept

When the optimum seed moisture content is
known, and the seeds have been packaged, they
should be stored at the best available temperature.
The Genebank Standards recommends a preferred
temperature of —18°C or below for the storage of
(FAO and IPGRI, 1994).
Temperatures above zero are acceptable for active
collections. This two-tiered storage concept of the
base collection for long-term storage and active col-
lection for accessions which are frequently used, is

base collections

largely based on experience with the storage of
orthodox cereal seeds, and needs to be adapted to
non-orthodox and vegetatively propagated species.
It is further based on the assumption that there will

be a considerable turnover of germplasm stored in
the active collection. These assumptions and condi-
tions might not always apply and/or the genebank
might not have two or more storage rooms operat-
ing at different temperatures.

A recent analysis of this storage concept con-
cluded that it might be more cost-effective for
genebanks to store only those accessions in the
active collection which are actually being used by
breeders or other users (N.R. Sackville Hamilton,
J.M.M. Engels and Th.J.L van Hintum, unpub-
lished). This would justify the maintenance of sub-
samples of the same accession in a separate room
under less stringent conditions. In this same analy-
sis the concept of the ‘most original sample’ (MOS)
has been introduced. An MOS consists of seeds of a
given accession that have undergone the lowest
number of regenerations since the material was col-
lected or donated to the genebank. It is recom-
mended that the MOS is stored under the best
possible conditions, never used for distribution
purposes, and stored in the genebank that has
accepted national or global responsibilities for its
conservation. The minimum sample size of the
MOS should be determined by the amount of seed
required to regenerate the MOS, the seed required
for viability testing, and that needed to regenerate
material for distribution. For additional security
reasons a second, but smaller sub-sample of the
same material (the ‘secondary MOS’) should be
stored at a distant genebank as a back-up. This
sample should be maintained under a black-box
arrangement and stored under conditions which are
at least as good as those used for the primary MOS.

Conclusion

In this chapter, we have presented the main
achievements in and problems with the ex situ con-
servation of plant genetic resources, and identified
the main priorities to improve the conservation and
management of germplasm collections. During
recent years, dramatic progress has been made with
the development of new conservation techniques
for non-orthodox and vegetatively propagated
species, and the current ex situ conservation con-
cepts should be modified accordingly to accom-
modate  these The
incorporation of other techniques, such as molecu-

technological  advances.

lar marker technologies in genebank operational
& & p
procedures, should have a positive impact on the
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efficiency, security and cost-effectiveness of ex situ
conservation and utilization of plant genetic
resources.

Considering the fact that the requirements for
optimal conservation vary from species to species,
as well as the available infrastructural and human
resources, it is important to consider all these
aspects as well as the wider socio-economic condi-
tions under which a given conservation effort takes
place when deciding how to optimize these parame-
ters into the conservation strategy. It is now well
recognized that an appropriate conservation strat-
egy for a particular plant genepool requires a holis-
tic approach, combining the different ex sizu and in
situ conservation techniques available in a comple-
mentary manner. [z situ and ex situ methods,
including a range of techniques for the latter, are
options available for the different genepool ele-
ments (i.e. cultivated species, including landraces
and modern varieties, wild relatives, weedy types,
etc.). Selection of the appropriate method should
be based on a range of criteria, including the bio-
logical nature of the species in question, practicality
and feasibility of the particular method chosen

(which depends on the availability of the necessary
infrastructure) as well as the cost-effectiveness and
security afforded by its application (Maxted ez al.,
1997). Considerations of complementarity with
respect to the efficiency and cost-effectiveness of
the various conservation methods chosen are also
important. In many instances, the development of
appropriate complementary conservation strategies
requires further research to define the criteria, refine
the method and test its application for a range of
genepools and situations. An important area in this
is the linkage between in situ and ex situ compo-
nents of the strategy, especially with respect to the
dynamic nature of the former and the static, but
potentially more secure approach, of the latter.

Such research can be effectively carried out
through collaborative studies, involving fundamen-
tal and applied research organizations within coun-
tries as well as through close cooperation with
international institutions concerned with conserva-
tion research. In particular, the establishment of
research networks can be an efficient way to cope
with the enormous range of plant species on which
little or no information is available.
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10 The Establishment of a Regional
Germplasm Centre in the
Pacific Island Region

M. Taylor
TaroGen, Secretariat of the Pacific Community (SPC), Suva, Fiji

Introduction

There are several options available as conservation
strategies, which generally fall into two categories,
in situ and ex situ. The Convention on Biological
Diversity directs attention to ex situ storage in
Article 9 of the Convention (Lesser, 1998) to:

® adopt measures for the ex situ conservation of
components of biological diversity, preferably in
countries of origin of such components; and

® establish and maintain facilities for ex situ con-
servation of, and research on plants, animals
and microorganisms, preferably in countries of
origin of genetic resources.

The Global Plan of Action (GPA) (FAO, 1996)
states that conservation could be better achieved by
placing more emphasis on a smaller number of
quality facilities. This would in turn reduce costs,
increase efficiency, and free other facilities and
funds for the purpose of developing plant genetic
resources for food and agriculture (PGRFA). The
GPA recommends strengthening of regional and
international facilities, and the drafting of appropriate
legal agreements, which would enable countries to
place collections within them without compromising
their access to, or control and ownership of materials.
The Plan emphasizes the need for international and
regional cooperation on a wide range of interrelated
issues including access, conservation, utilization and
benefit sharing. This cooperation is essential as no

© IPGRI 2002. Managing Plant Genetic Diversity
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country is independent in terms of PGRFA needed
to sustain and improve its major crops.

The majority of Pacific Island crops are vegeta-
tively propagated and therefore lend themselves to
conservation in field genebanks. This has been the
preferred method of conservation over the last 20
years. Papua New Guinea has been the focus of
many collecting missions because of its diversity
(6% of the world’s diversity), resulting in field col-
lections of banana, yam, taro and cassava. In many
cases, these collections no longer exist, and where
collections are still being maintained, accessions
have been lost. Losses have been largely due to
insufficient resources, a factor aggravated by pests
and diseases, and climatic problems. In particular,
field genebanks are notorious for their demands on
labour and other resources; the secure maintenance
of accessions is dependent on constant vigilance and
upkeep. In many of the Pacific Island countries,
these resources are quite limited to the extent that a
member of staff often has multiple responsibilities.
Furthermore, funds are often scarce, and conserva-
tion is rarely a high priority. On some of the smaller
islands suitable land is also a limiting factor.

Pest and disease problems, too, can cause major
disasters. In the early 1990s taro leaf blight caused
by Phytophthora colocasiae, wiped out all of the local
varieties of taro in Samoa, and destroyed a very
valuable export market. A field collection in the
Solomon Islands is currently under severe pressure
from a fatal viral disease. Yam collections in the
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Pacific Island region commonly suffer from
anthracnose disease, which leads to the loss of
accessions. Climatic conditions in the Pacific Island
region can be extreme; drought, flooding and
cyclones are relatively common events, with obvious
consequences for the security of field collections.
These problems are likely to occur with any national
germplasm collection, whether maintained 7 vivo
or in vitro. Some of the countries do have tissue cul-
ture laboratories but again resources are limited and
so the most these laboratories can do is to multiply
elite material for distribution to growers.

The fragmented nature of the region lends itself,
however, to regional strategies, and conservation is
one such activity where regional policies and prac-
tices would seem to be the best option. If individ-
ual countries do not have the resources for
germplasm conservation, then it is best carried out
on a regional basis. This becomes even more logical
when one considers the commonality of the major
crops: taro, yam, banana, sweet potato and cassava.
Furthermore, many of the varieties are also the
same, but exist under different names in different
Therefore,
resources within the region, it seemed logical to

countries. when  considering  the
pool these resources, and establish a regional centre
for conservation of the region’s
Regional genebanks have been established in vari-
ous parts of the world: for example, in Lusaka,
Zambia, the SADC Plant Genetic Resources
Centre (SPGRC) established under the auspices of
the Southern African Development Community
(SADC), and the Centro Agronémico Tropical de
Investigacién y Ensenafiza (CATIE) for Central
American countries, in Turrialba, Costa Rica. These

genebanks have been set up as collaborative ven-

germplasm.

tures between a number of countries in the same
geographical region to conserve the germplasm
from that region, and to support research.

The need to conserve and the recognition of the
importance of regional cooperation in the conserva-
tion of plant genetic resources in the Pacific Island
region was acknowledged by the Ministers of
Agriculture for six Pacific Island countries at a
regional meeting held in Fiji in 1996. They
endorsed a resolution that recognized the links to
equitable sharing of benefits, and the need for
regional policies. Prior to the establishment of the
Regional Germplasm Centre (RGC) in Fiji there
already was a general consensus on the need to con-
serve genetic resources within a regional framework.
The question then arose concerning the preferred

method of conservation. Ideally, no one method
should exist in isolation, and conservation strategies
should be considered as complementary. Whichever
strategies are chosen, a clear and well-organized
management system must ensure that linkages
between the components of the conservation and
use programme are maintained. However, the
resources available often dictate what the conserva-
tion strategy will be.

Regional field genebanks may be cumbersome
and suffer from the same problems as national col-
lections. Since seed storage for Pacific Island crops is
cither impossible or has very limited application, a
regional approach using in vitro conservation seemed
to offer the most sustainable and cost-effective strat-
egy for safeguarding genetic resources. Under a
European Union (EU)-funded project (Pacific
Regional Agricultural Programme), a regional tissue
culture unit was established at the University of the
South Pacific in Samoa in the late 1980s. This unit
successfully conserved collections of taro, sweet
potato, banana, cassava and yams for 10 years, and
so experience in the region with iz vitro conservation
was positive. One advantage from 7 vitro conserva-
tion is access to pathogen-tested germplasm, which is
easily distributed as tissue culture plantlets among
countries. Access to virus-indexed germplasm is
extremely important in a region that is composed of
many islands, each with its own strict quarantine
regulations. The existence of a regional centre main-
taining pathogen-tested tissue-cultured germplasm
therefore supports distribution and utilization, as
well as being the best option for conservation.

These were the issues that were considered when
the concept of an RGC was under discussion. In
attempting to find the solution to all of the problems
surrounding plant genetic resources conservation in
the Pacific Island region, an RGC was seen as the
most practical and viable solution where the region’s
germplasm would be maintained as pathogen-tested
tissue cultures. In addition, such a centre would
facilitate crop improvement through enabling distri-
bution of pathogen-tested improved cultivars.

The RGC was officially opened in March 1999.
Funding for the establishment of the Centre came
from the Australian government through AusAID
and  Australian  Centre for  International
Agricultural Research (ACIAR) projects, and from
the EU through the Pacific Regional Agricultural
Programme. The RGC is presently being supported
by funds from different projects which operate in
the Centre. The EU supports the Plant Protection
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Service (PPS) within the Secretariat of the Pacific
Community (SPC), and the RGC operates within
the PPS. In addition, there is support from AusAID
through the Taro Genetic Resources project
(TaroGen), and from the EU through the South
Pacific Yam Network (SPYN) project.

Conservation
Strategies

The important food crops of the Pacific Island
region are taro, yam, sweet potato, cassava and
bananas. However, the number of varieties in each
country varies, with relatively few in some of the
Polynesian countries such as Samoa and Tonga.
There are significantly larger numbers in Papua
New Guinea and the Solomon Islands. For exam-
ple, the taro collections recently established by
TaroGen in these two countries number 900 and
700, respectively. SPC has 22 member countries
and therefore the RGC has to offer genetic
resources conservation to all these member coun-
tries. As the RGC has a capacity for some 5000
accessions there is an obvious need to rationalize
collections and develop appropriate conservation
strategies. So although the conservation of genetic
resources through a regional centre allows pooling
of resources, there is still a need to be economical.
Simply maintaining the collections in vitro could
put a strain on these resources through the manage-
ment of large in vitro collections held under standard
conditions. Therefore in conserving the region’s
genetic resources, both the numbers of samples for
conservation and the i witro techniques require
consideration. With standard iz wvitro conditions,
subculturing occurs at relatively frequent intervals. At
each subculture stage, there is the risk of losing mate-
rial either through contamination or human error or
both. There is also the question of genetic integrity,
which can be lost when plant material is in culture
for long periods of time. With these issues in mind, it
was decided that the RGC would utilize slow growth
for short- and medium-term storage and, where pos-
sible, cryopreservation for long-term storage.

There also was the issue of numbers of samples.
With the TaroGen project a total of 2500 taro
accessions have been collected. To date no duplicate
samples have been identified and none eliminated.
But even when this eventually occurs, the total
number of accessions in the taro collection will still

be high. For this reason it was decided to establish a
core collection. Within the TaroGen project proce-
dures for developing core collections have been
agreed. Within countries, accessions will be separ-
ated on the basis of ecogeographical regions, and
cluster analysis applied to morphological and use
data (including pest and disease reactions) to distin-
guish different groups within regions. Molecular
marker information will be used to add varieties
with unique fingerprints, and to remove duplicates.
About 400 taro accessions will be fingerprinted,
and about half this number will be conserved at the
RGC. Two molecular marker techniques have been
developed for taro germplasm, namely microsatel-
lites and inter simple sequence repeats (ISSR).
Primer pairs have already been designed and
applied to 17 taro (including one Colocasia escu-
lenta var. antiquorum and a single Xanthosoma
accession) from Fiji, Federated States of Micronesia
(FSM), Hawaii, Niue, Papua New Guinea and
Samoa. So far eight primers pairs have been devel-
oped, and the goal is to develop 20 for core samples
Thirty-three ISSR
primers were initially screened and four have been
chosen. DNA fingerprinting and virus indexing is
being carried out at the University of Queensland
under an ACIAR-funded project which runs paral-
lel to the TaroGen project.

For security purposes, collections should be dupli-
cated. The TaroGen project will hold a workshop

before the end of the project to provide information

from national collections.

for the countries on all conservation methodologies
for taro. Countries will then be able to determine
whether or not they have the resources to maintain
some accessions for their immediate use, or as
working collections for breeding purposes. Some
duplication will occur in this way. However, it is
crucial that the core collections that are maintained
in the RGC are conserved in full elsewhere.
Discussions are ongoing to see if the laboratory that
exists at the University of the South Pacific, Samoa,
could take on this role.

Methodology

Research carried out in the regional tissue culture
unit in Samoa showed that temperature reduction
was the most practical method for reducing the
growth rate of most of the crops held in the unit.
Morphological changes were observed when sweet
potatoes were cultured on media containing sugar
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alcohols such as sorbitol and mannitol. When cul-
tures
Murashige and Skoog (1962) medium at a temper-
ature of 20°C, the subculture period was extended
to 6—8 months. It was noted, however, that if the
temperature dropped below 20°C, the plants

were grown on an unsupplemented

became stressed and there was significant leaf senes-
cence. In contrast, studies at the International
Potato Centre (CIP) on a range of temperatures for
slow growth storage of sweet potato found that
15°C was optimal (Lizarraga er al, 1992). Some
preliminary experiments were also carried out with
taro looking at the effect of combining low temper-
ature, reduced light and osmoticums. The inclusion
of mannitol in the culture medium did suppress
growth, but some morphological changes were also
observed. In addition, a phytotoxic effect was
observed when mannitol was used with cultures
initiated directly from the field.

There are reports in the literature of taro being
stored for more than 8 years with transfer intervals
of approximately 3 years at 9°C in total darkness
(Bessembinder ez al., 1993). However, the experi-
ment was conducted with only one clone, and the
report does not state which taro variety was used,
var. esculenta or var. antiqguorum. Staritsky et al.
(1986) also reported that taro could be conserved
for 3 years at 9°C and remain viable. Similarly, three
species of Xanthosoma could be stored in the dark
for at least 2 years at 13°C (Zandvoort ez al., 1994).

It was generally felt that temperature reduction
would be the best option to use for slow growth,
because sufficient research has not been carried out
on the udlization of growth retardants, and their
possible effect on genetic integrity. In fact, the most
widely applied slow growth storage technique is
temperature reduction, often combined with a
decrease in light intensity or culture in the dark
(Engelmann, 1997).

Different methods for conserving taro are being
investigated as part of TaroGen. Temperature reduc-
tion is being evaluated for slow growth storage. The
study carried out by the International Centre for
Tropical Agriculture (CIAT) on cassava is being used
as a model. Local Fijian accessions are maintained at
20°C on a modified Murashige and Skoog (1962)
medium. These accessions were also planted in the
field by the Ministry of Agriculture. All inputs are
being recorded in both genebanks using spreadsheets
developed in an ACIAR project (‘Economics of pre-
serving genetic diversity in PNG in the context of
world agriculture’) so that at the end of the culture

period direct comparisons can be made between the
two systems. Genetic integrity will also be monitored
through DNA fingerprinting.

Even though a regional centre might be more
economical, and therefore more sustainable than
several national collections, there is still a need to
be realistic about what can be achieved with the
resources available. Core collections of taro and
yam of about 400 accessions will be established as
part of TaroGen and SPYN using cryopreservation.
With the taro project, a vitrification protocol
(Thinh, 1997) is being evaluated, since it has
already achieved 80-100% survival after cryop-
reservation with four different cultivars. Similarly,
an encapsulation-dehydration method developed at
the Institut de Recherche pour le Développement
(IRD), Montpellier, France, will be evaluated for
the yam collection. With both the taro and yam
core collections accessions will also be maintained
under slow growth for a period of 12 months while
the cryopreservation is being monitored.

With the other crops in the RGC, slow growth
using temperature reduction will be implemented.
The International Plant Genetic Resources Institute
(IPGRI) has provided a grant to carry out some pre-
liminary research on the cryopreservation of sweet
potato. This will look at the vitrification method used
at CIP (Steponkus et al, 1992; Golmirzaie and
Panta, 1997). This technique was relatively successful
initially with potato; with sweet potato the survival
rate over a range of genotypes has been 30-60%.

Access Issues
Quarantine

The Pacific Islands are very conscious of the impor-
tance of quarantine, and each island follows strict
rules and regulations concerning the importation of
plant material. As a general rule, the relative safety
of tissue-cultured material, and even more so with
virus-indexed material, is acknowledged by quaran-
tine staff in the various islands. Fiji quarantine is
especially sensitive about taro. When taro leaf
blight destroyed the taro export market of Samoa,
Fiji was quick to take up this market, but cultivated
varieties that are susceptible to the fungus. The
SPC has yet to develop a policy that enables the
RGC to import germplasm as tissue cultures, but
not pathogen-tested. Currently, specific requests
must be made and these are considered for approval
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by a special committee. This can take time and can
cause significant delays in the progress of a project.
A general policy to automatically grant a permit to
import germplasm to the RGC and not for distrib-
ution within Fiji will facilitate this aspect of the
project. A recent example was the importation of
coconut embryos to RGC, Fiji, from some of the
Pacific Island countries. These embryos came from
populations on atolls that were in danger of being
lost, and so there was some urgency for their collec-
tion. The embryos are merely being held in the
RGC until the tissue culture laboratory associated
with the international genebank in Medang, Papua
New Guinea, is ready to receive the germplasm.

Intellectual Property Rights (IPR)

The Convention on Biological Diversity (CBD) rec-
ognizes each country’s sovereignty over its plant
genetic resources. However, the RGC must have
germplasm that is accessible to the countries of the
region; otherwise it becomes merely a museum con-
taining resources that cannot be utilized. Within the
Pacific Island region, none of the countries yet has
any form of national legislation that governs access
to germplasm. Some countries such as Fiji are in the
process of developing such legislation but it will be
some time before it is implemented. For TaroGen,
this was an issue that was considered at the begin-
ning of the project. As a result a Code of Conduct
was formulated with certain conditions, such as:

® taro germplasm acquired under TaroGen is for
research purposes only, and remains the property
of the original source country;

® germplasm acquired under TaroGen will be
freely exchanged between the participants of the
project; and

® any material acquired during the project will
not be transferred beyond the project partici-
pants without prior informed consent of the
original source country, and without the use of
Material Transfer Agreements (MTAs).

In October 1999, the SPC presented a draft
MTA to govern access to and use of genetic
resources at a meeting of the Heads of Agriculture
of some of its member countries. The MTA was
accepted and this is now being used for all distribu-
tions from the RGC. When germplasm is requested
from the RGC, an MTA together with an SPC pol-

icy statement is sent to the potential recipient of

the germplasm, and no germplasm is distributed
until a signed MTA is returned.

It is anticipated that the SPC will establish a
regional policy on germplasm exchange in which
some germplasm may be moved freely without any
prior informed consent and that there will be other
germplasm for which such consent is required.
Currently it seems that prior informed consent will
be required for any traditional cultivars that are
stored in the RGC, whereas improved material
resulting from externally funded regional projects
can be freely distributed, within the region at least.
The Pacific Island countries have yet to decide on
an exchange policy with countries outside the
Pacific Island region. The use of an MTA is the first
step in working with this IPR issue.

Future Considerations

FAO International Network of Ex Situ
Collections

One consideration for the future is membership of
the FAO International Network of Ex Situ
Collections. This network provides a legal frame-
work for countries, groups of countries, and institu-
tions to hold material in trust for the international
community. It was established with the collections
of 12 international agricultural research centres
(IARG:) of the Consultative Group on International
Agricultural Research (CGIAR), with close to
500,000 germplasm accessions of food crops. The
agreements were signed in October 1994. More
recently the International Coconut Genebank in
India became part of the network. These agreements
were developed in accordance with the CBD.

The Global Plan of Action (FAO, 1996), recog-
nized the potential of networks on all levels and
stated as its intermediate objectives the following:

® o0 develop and strengthen national, regional
and international networks, including the exist-
ing FAO International Network of Ex Situ
Collections within the FAO Global System and
in accordance with policies and strategies set out
by the Commission on Genetic Resources for
Food and Agriculture;

® 0 assemble therein sufficient capacity to provide
options to countries for the voluntary storage —
preferably within each region — of appropriate
genetic materials and their duplicates;
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® o provide for the transfer and the ongoing con-
servation of this material under applicable inter-
national legal agreements, which ensure the
sovereign rights of the countries of origin, and
with appropriate technical and financial support.

Being part of this international network can only
serve to improve the effectiveness and efficiency of a
regional genebank. In the same way that countries
are uniting within the region to increase their effec-
tiveness in germplasm conservation, joining with
other genebanks within an international network
can only serve to improve a regional genebank, and
add to the security of the germplasm. Membership
would mean that countries that have entrusted their
germplasm to that genebank can be assured that
conservation standards are maintained at the highest
level, and that the distribution of their genetic
resources is being ‘controlled” and accurately moni-
tored. Being part of this network ensures that a
regional genebank would become instantly aware of
any new developments in germplasm policy.

One criticism that does occur is that the system
does not provide opportunity for monetary benefit.
However, this is not strictly true. There is no direct
payment mechanism for financial compensation of
suppliers of materials designated for open exchange,
but through the use of MTAs there is scope to
negotiate for some form of compensation should
the material provided through the system be
commercialized.

Regional networks

Membership of an international network will
position the regional genebank to participate more
effectively in global discussions, providing access
to information, technical support or legal advice.
The establishment of a regional network within
which the regional genebank operates could also
be of significant value in strengthening genetic
conservation and utilization in the region. The
regional network can work to strengthen national
programmes, collaboration, develop conservation
technologies, and exchange and disseminate
information on plant genetic resources. The
regional genebank or germplasm centre can act as
the hub in coordinating the network. IARCs are
supporting a number of networks in Asia in which
a centre acts as the hub and manages or coordinates
the network. For example, CIP has been coordi-
nating a network called the Southeast Asian

Programme for Potato Research and Development
(SAPPRAD) for cooperative testing of new potato
and sweet potato varieties in Asian countries.

The Global Plan of Action specifically noted
the need for a genetic resources network in the
Pacific. This was further endorsed at the GPA
Implementation Meeting held in the Philippines in
December 1998. At this meeting all representatives
from the Pacific Island countries endorsed the
importance of stronger collaboration, stressing the
need to develop collaborative arrangements for
accessing genetic resources and sharing benefits.
Other areas requiring attention that could be func-
tions of a network for the Pacific were:

® 2 need to locate, document and describe Pacific
plant germplasm collections;

® improved among
countries to enhance information exchange

communication facilities

about their own plant genetic resources, their
needs and research uses; and

® regional training courses for genetic conserva-
tion, documentation and use.

There seems to be a need for a network in the
region in which a regional genebank could function
in a coordinating role. The network would be
responsible for collecting all information on Pacific
germplasm, disseminating information, advising on
conservation strategies, identifying areas or projects
or both that require attention, and promoting
evaluation of genetic resources. Another function
of such a network could be the development and
implementation of a plant variety protection
(PVP) system that is appropriate to the plants that
the genebank or network is responsible for. If a
system exists whereby plants can be registered
then it can facilitate access and benefit sharing.

Funding

The RGC is largely supported by donor funds.
There is obviously a need to look at more long-
term, sustainable funding. Funds can come from
the budgets of the countries for which the
genebank holds accessions, that is, some form of
member country contribution. A further source of
funds could come from donor agencies almost in
the form of a multilateral fund that recognizes the
ongoing contribution that germplasm exchange
makes to the agricultural community and society.
All plant-based projects utilize germplasm but
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there is very rarely any recognition of this within a
proposal; there should be acknowledgement of
this through appropriate funding.

Conclusions

It is hoped that the RGC will acquire interna-
tional status as a germplasm centre, and that it
will be of immense benefit to agriculture in the
region. Some of the international centres of the
CGIAR do conserve some crops important to the
Pacific region. For example, the International

(IITA) in
Nigeria conserves yams. However, Pacific species
and varieties tend not to have high priority and
none of the centres has accepted a responsibility

Institute for Tropical Agriculture

to conserve what is the region’s most important
crop, namely taro. There is, therefore, a need for a
germplasm centre in the Pacific. Although initially
attention will focus on the major root and tuber
crops, there are a number of crops, classified as
minor, that are endemic to the region, and impor-
tant nutritionally such as Abelmoschus manihor or
bele. Attempts will be made to establish collec-
tions of these in the RGC.
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Introduction

Creating collections of plant genetic resources for
ex situ conservation can be relatively easy: choose a
crop, and gather all, or a particular subset, of the
available samples. In fact this strategy has been
common practice in the past, and has resulted in
many collections with huge numbers of accessions.
According to the FAO Report on the State of the
World’s  Plant  Genetic  Resources for Food and
Agriculture (FAO, 1996), the number of genebank
collections has grown to more than 1300 in which
more than 6 million accessions are stored and
conserved as seed and more than half a million
accessions held in field genebanks.

After a first period of collecting, documenting
and evaluating accessions, the genebank commu-
nity has gradually shifted towards a phase of
developing strategies for improving the composi-
tion and management of collections. Currently,
there is a need to streamline conservation activities
and increase efficiency. This is due in part to two
factors: the pressure of decreasing budgets, and
the changing role of governments as privatization
increases.

Accession management is not new. Since the
first genebanks started conserving germplasm,
decisions have been made concerning the composi-
tion of accessions. This starts during the collecting

© IPGRI 2002. Managing Plant Genetic Diversity
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phase, and continues during preparation of the
samples for inclusion in the genebank collection. A
good example is the common practice to separate
the different genera or species in a mixed sample. In
many genebanks it stops at that point. Other
genebanks go further, by separating accessions of
selfing crops into different morphotypes (Lehmann
and Mansfeld, 1957). Only rarely are accessions
being lumped prior to inclusion in the collection.

Controlling the number of accessions is one of
the key considerations in managing the genebank
budget. Reducing the number of accessions is only
possible by discarding or lumping accessions.
However, this may directly conflict with the
objectives of the genebank, and have major
genetic consequences such as loss of alleles, geno-
types, or even complete populations. Splitting
accessions increases the number of accessions, but
can facilitate the management of the accessions
and improve the quality of genebank operations.
In this chapter we provide an overview of the
most important considerations for lumping or
splitting accessions.

Genetic markers are used to describe the genetic
make-up of genebank accessions. In this way it is
possible to formulate expectations, and to monitor
the consequences of splitting or lumping. This
approach is illustrated using examples of recent and
ongoing studies in this area.

113
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Considerations for Splitting or
Lumping

Under which circumstances is splitting or lumping
of genebank accessions acceptable or even desirable?
There are three categories of issues that need to be
considered. First, there are the genetic issues, such
as the distribution of genetic diversity within and
between accessions. The second category consists of
operational issues, such as the impact of splitting
on regeneration protocols. Finally, there are the
economic aspects, which will often be the starting
point of the attempts to increase the efficiency of
genebank management.

Genetic issues

It is obvious that if two accessions in a collection
are identical in all aspects, one of them is redun-
dant and can be removed. However, when a cross-
fertilizing crop is considered, two accessions will
very rarely be identical. Therefore, the question Are
the accessions identical?’ should be reformulated as
‘Are the accessions sufficiently different to consider
them distinct?” This is related to another question:
‘How is the genetic diversity distributed within and
between the accessions?” Similarly, the applicability
of splitting accessions is related to how many differ-
ent genotypes constitute an accession. The distribu-
tion of genetic variation has several relevant aspects
such as the genetic variation for single traits, the
correlation between traits, and the role of the trait
concerned in reproduction.

Distribution of genetic variation

If separation of an accession into groups of differ-
ent genotypes for a specific trait is being consid-
ered, the trait must be observable, as should the
distribution of its expression, and its genetic basis.
These factors are also relevant in decisions to lump
accessions. The first factor is obvious. If it is
impossible or very difficult to observe the pheno-
typic expression of the trait, it cannot be used as a
criterion for separation or lumping. If the expres-
sion of a trait within an accession has a discrete
distribution, that is, with a number of distinct
states, and if it is possible to distinguish between
the different classes, then splitting can be a useful
and feasible option. However, if the expression
follows a continuous distribution as a result of

environmental effects or a large number of genes
involved in the expression, splitting the accession
into two or more new accessions is less straightfor-
ward. Splitting is likely to result in lower within-
accession genetic variance as compared to the
original, but this will in most cases have only a
relatively small impact on the reduction of the
probability of drift and selection. This of course
assumes that these latter aspects are the reasons for
splitting an accession. Fitness traits are an excep-
tion to this rule.

The effect of splitting on the reduction of
intra-accession diversity is even lower for outbreed-
ing species since they will contain heterozygotes, in
which recessive genes may be hidden. Therefore,
even if the identification of trait states is perfect,
the progeny of the separated fractions may not
necessarily conform to the parental state. Another
issue for outbreeding species is the possibility of
inbreeding depression, which may result from
splitting when too few plants are used for a new
accession in an attempt to reduce variance.

Conversely, forming one new accession by
combining two or more original accessions may
be a useful option if the accessions have similar
genetic distributions. This will result in a rela-
tively small increase in the probability of drift
and selection. Obviously, accessions should not
be combined if they are homozygous for different
discrete states. Thus, accessions containing a
small number of discrete, easily identifiable
homozygous genotypes are the best candidates for
splitting, while accessions with high continuous
variation within accessions and low variation
between accessions are the best candidates for
lumping.

Correlation between traits

If a particular trait is not correlated with other
traits within the same accession, it will not pro-
vide a strong basis in supporting decisions for
splitting or lumping. Even if a trait is present in a
small number of discrete, easily identifiable
homozygous states, and not correlated with other
traits, separating on this basis will only result in
reducing the diversity for that particular trait.
Therefore, splitting is not logical except if it con-
cerns an economically very important trait, such
as a disease resistance. If this trait occurs at a low
frequency it might be lost or no longer noticed if
not fixed in a separate accession.
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If the variation for traits is correlated within an
accession, this could be a candidate for splitting.
Correlation between traits may arise from a num-
ber of genetic mechanisms. The first is pleiotropy,
the phenomenon whereby a single gene affects
several traits. Since this correlation is not based on
an association between alleles from different
genes, it is irrelevant in decisions for splitting. The
second mechanism is genetic linkage, in which
case separation on the basis of one gene may result
in separation of a number of linked genes. Since
the number will be limited, this mechanism is also
of limited importance for accession management.
However, the third mechanism, correlation by
descent, is very important. For mixtures of inbred
lines or apomicts, this correlation is complete
since all genes will be correlated. For example,
imagine an accession of a selfing crop that con-
tains a few distinct genotypes. Splitting on the
basis of a few well-chosen traits would result in
complete separation of all traits that show diver-
sity in the accession.

Also, with respect to lumping accessions, the
correlation between traits is an important consider-
ation. If, for example, two homozygous accessions
of a selfing crop are thought to be duplicates, only
a few discriminating traits are needed for confir-
mation. In the case of an outbreeder, however, a
much more complete description of the genetic
variation is needed.

Reproductive traits

Since variation for traits with a direct influence
on the fitness of the plant will increase the danger
of genetic drift and selection during regeneration,
these traits are very relevant for accession man-
agement decisions. Variation in flowering date,
number of flowers, seed set, cold tolerance, or
maturity date, can cause a severe change in the
genetic make-up of the accession through selec-
tion, which should generally be
Variation in such traits can therefore be a justified

avoided.

reason for splitting, or a reason not to lump.
Alternatives that may avoid selection by reducing
the selective advantage are generally rather labour
intensive, and therefore not appealing. For exam-
ple, the influence in differences in seed set can be
avoided by harvesting equal amounts of seeds
from all plants, and the effects of differences in
maturity date can be overcome by harvesting at
several intervals.

Operational issues

Splitting or lumping accessions has implications for
the number of accessions and for the diversity
maintained in accessions. These factors will have a
major impact on nearly all operations in a
genebank: regeneration, characterization, evalua-
tion and documentation, storage, monitoring via-
bility and facilitating use.

Regeneration

Many aspects that influence accession management
decisions are related to regeneration. The greater
the number of accessions, the less input for regener-
ation per accession is available for a given genebank
capacity. But reducing the number of accessions by
lumping usually increases diversity within the
accessions; and the more diversity within the
accession, the higher the magnitude of shift and
selection if not properly managed.

One of the most difficult aspects of collection
management in a genebank is maintaining the
genetic integrity of accessions during regeneration.
This is easy in the case of an accession containing
only one genotype of a selfing crop, but very diffi-
cult in the case of mixtures of mainly selfing lines,
or with populations of largely cross-fertilizing
plants. Major threats are drift as a result of random
effects (usually sampling too few plants), selection as
a result of a higher fitness of some genotypes, and
contamination as a result of pollination between
accessions. Contamination of seed lots during seed
handling before and after growing the plants is also
a threat. If there is more diversity within the acces-
sion, it will be more difficult to maintain it.

Variation for reproductive traits is especially dif-
ficult to maintain in accessions. It is also more diffi-
cult to recognize contamination in a heterogeneous
accession as compared with a homogeneous acces-
sion. Therefore, to maintain the genetic integrity of
accessions, a heterogeneous accession will demand
more attention than a homogeneous one, and can
therefore be more expensive. In some cases splitting
one heterogeneous accession to create several
homogeneous accessions might prove beneficial for
achieving the aims with a given level of resources.
However, in the case of outbreeding species the
extent of splitting should not be taken too far since
it might result in relatively uniform lines that may
suffer from inbreeding depression.

Even for an ‘easy’ crop such as batley, maintain-
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ing the genetic integrity of genebank accessions
proves very difficult. A recent study revealed that the
effective population size in barley regenerations using
an estimated 600 plants, was only 4.7 (Parzies ef al.,
2000). Van Hintum and Visser (1995) showed that
duplicate barley accessions had developed into quite
different mixtures in different genebanks. Both stud-
ies looked at the results of procedures from the past;
these procedures might have improved.

In some cases intentional loss of diversity within
accessions due to drift might be an option. If it is
clear that avoiding selection and contamination or
maintaining large numbers of accessions is too
expensive, one might consider choosing the diversity
between accessions rather than the diversity within,
by using relatively few plants per regeneration. By
disregarding the effects of inbreeding depression, it
is easier to isolate the accessions for regeneration
and hence to maintain larger numbers of accessions.

Characterization, evaluation and
documentation

Intra-accession variation complicates the descrip-
tion and documentation. This may be solved by
simply ignoring the low-frequency genotypes,
notwithstanding the fact that these may contribute
to the value of the accession, and possibly the col-
lection as a whole.

If intra-accession diversity for a qualitative trait
should be scored, obviously this diversity must be
assessed. Depending on the frequency and genetic
background of the trait, this may mean that rela-
tively large numbers of plants should be observed.
For example, if a recessive allele occurs at a frequency
of 5% in a panmictic population, 1197 plants must
be observed to be 95% sure that the allele is
detected.! Moreover, once the diversity is observed,
the question arises as to how it should be recorded
and documented. Several systems have been devised
to solve this problem, including a scoring protocol
that denotes the presence of diversity without speci-
fying what, the recording of estimates of the frequen-
cies of each score, or intermediate approaches (e.g.
Rana et al., 1991; van Hintum, 1993).

In the case of quantitative traits there is another
problem connected to intra-accession diversity,
namely that environmental variance is entangled

with genetic diversity. Large-scale experiments are
needed to quantify the genetic component. This is
very rarely done, and consequently within-
accession variation for such traits will often simply
be neglected altogether. Splitting accessions into
more homogeneous accessions may help to reduce
these problems. In the case of lumping accessions,
care should be taken that these problems are not
created or aggravated.

Storage and monitoring viability

The next group of issues to consider are related to
the storage of the germplasm and monitoring its
viability. Again, the key elements for considera-
tion are the number of accessions and the intra-
accession diversity. The minimum number of
seeds that are stored and distributed is often
dictated by the requirement of maintaining the
entire diversity of an original sample, and to
distributing that same range of diversity to users.
Obviously, if the diversity in the sample is elimi-
nated by splitting the separate genotypes into
separate accessions, this will have an impact on
the number of seeds required.

Intra-accession diversity has implications for
monitoring the viability of the samples only if
this diversity affects storability. However, since
this is typically a trait that is difficult to observe,
it is difficult to separate the genotypes in an
accession on that basis. More importantly, if
lumping occurs, the situation of mixing and sub-
sequently storing seed lots with different seed

quality should be avoided.

Facilitating use

Facilitating the use of genebank material is a key ele-
ment in genebank operation. For the user the qual-
ity of a genebank depends to a large extent on the
ease of use of the conserved germplasm. Lumping or
splitting can have a direct effect on this.

If a user is looking for traits that can be
observed from single plants, there might be a pref-
erence for highly variable accessions containing
much variation. For the curator it might be an
option to lump the accessions in the collection
into a limited number of genetically similar

" The chance of finding a phenotype occurring with the frequency fp in a sample of n plants is
1= (1— ). The frequency of a phenotype (f,) corresponding with'a homozygous recessive allele
occurring with frequency fg in a panmictic population will be fgz.
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groups. A user might prefer to screen this limited
number of lumped accessions rather than the large
number of individual accessions. But also for the
curator it might be preferable to distribute only a
limited number of lumped accessions rather than
large numbers of individual accessions.

In other situations there might be a preference to
evaluate larger numbers of less variable accessions, in
which case the curator may consider splitting acces-
sions to facilitate use. This applies if it is difficult to
distinguish single plants within a dense population,
such as in grass swards. It also applies for traits where
the contrast between desirable and undesirable geno-
types is not visually striking, so that it is difficult to
detect elite plants within a population. Finally, it
applies where the user’s methodology is based on
scoring whole plots, and observing individual plants
is inconvenient. In all three cases, identifying elite
plots from among a large number of relatively uni-
form accessions may be more convenient than trying
to identify elite individuals within a few plots.

Economic issues

Genebank management strategies in general serve
an economic purpose: optimizing the use of the
limited financial resources to achieve the aims set
by the genebank, usually conservation and facili-
tating use of genetic resources. In the case of
accession management decisions this means that
the optimum should be sought in terms of num-
ber of accessions and intra-accession diversity.
Important parameters are, among others, the costs
of labour, experimental fields and greenhouses.
But there are more difficult factors such as the risk
of contamination with a given labour input per
accession for regeneration, and the loss of value of
the accession in the case of a certain degree of
contamination or loss of alleles. Economic theory
to support these decisions is not available yet,
though some developments are encouraging.

The Role of Genetic Markers

Decisions on lumping or splitting samples are gen-
erally made on the basis of experience, practical
considerations and population genetic theory.
Recently, new technology has become available that
allows the formulation of expectations or the moni-
toring of the genetic impact of accession manage-

ment decisions. Using genetic marker technology it
is now possible to quantify the intra-accession
diversity, for example, the change in genetic com-
position of an accession before and after regenera-
tion. We will describe recent and ongoing studies,
involving a number of crops, carried out to support
practical decisions that were needed at an opera-
tional genebank, in this case the Centre for Genetic

Resources, The Netherlands (CGN).

Lumping cabbage and brussels sprouts
accessions

The Netherlands has a long history of selection and
breeding of Brassica oleracea. Breeders and farmers
have made their own selections of landraces and old
cultivars. The Dutch material in the CGN B. oler-
acea collection consists to a large extent of such
selections, so-called ‘umbrella varieties’. Sometimes
there were up to 16 selections from one landrace
combined into one umbrella variety. Since cabbage
is an insect pollinated biennial crop, and regenera-
tion is difficult and expensive, it was decided to
limit the number of accessions as far as possible
(Boukema and van Hintum, 1994).

Material derived from the same parental lan-
drace was planted side by side. Assisted by B. oler-
acea experts involved in commercial plant breeding
and variety registration, groups of very similar
selections were composed. Other selections were
kept as individual accessions. In some cases a num-
ber of groups from a single umbrella variety were
created on the basis of maturity or other distinctive
traits. As a result the number of accessions in the
CGN collection of Dutch B. oleracea was reduced
from 273 to 54, a reduction of 80%.

Subsequently, the process of lumping accessions
was validated by an isoenzyme study, using a num-
ber of cabbage and brussels sprouts groups. We
tested the hypothesis that isoenzyme markers
would correctly place a single accession in one of
the groups. It appeared that most of the accessions
were correctly classified. All misclassifications were
within similar groups. In two cases the isoenzyme
patterns suggested that the groups could have been
even larger. In one of these cases this was a real
option since it involved two groups made from the
same umbrella variety. In the other case it involved
groups with a common genetic background but a
distinct identity as defined by morphology and his-
tory (van Hintum ez a/., 1996).
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Lumping flax accessions

Sometimes genebanks receive collections of poten-
tially valuable germplasm, but with hardly any docu-
mentation. An example is the CGN flax collection.
For about 30% of the accessions there was no more
than a coded accession name consisting of a few let-
ters and a number, such as ‘M 25-341" or ‘324-Rm’,
for example. These names allowed grouping of the
material in series, such as the M 25 or the Rm
series. To investigate the genetic relationships of the
accessions within and between the different series, an
amplified fragment length polymorphism (AFLP)
study was carried out on 29 accessions belonging
to three of such series. Subsequently, an analysis of
molecular variance (Excoffier et al., 1992) was used to
compare the genetic variation observed within and
among accessions. Substantial differences in intra-
accession variation were observed and accessions
that were not significantly different were bulked into
groups. As a result, more or less homogeneous
accessions remained separate entries while more
heterogeneous accessions could often be lumped (Fig.
11.1). It appeared that the 29 accessions could be
reduced to 14, reducing the among-population
component of variance by only 2.6%. This flax case
study showed that it was possible to achieve a consid-
erable reduction in collection size while at the same
time maintaining similar levels of variation among
accessions (van Treuren et a/., 2001).

0.25

Diversity in barley accessions

Some genebanks routinely divide a barley accession
into the morphotypes that are observed within the
accession, while at the same time also maintaining a
sample with the original constitution. This can result
in a considerable number of accessions arising from
one original landrace. However, since morphological
variation is often restricted, molecular markers can
assist in the identification of the different genotypes.
In order to determine the applicability of AFLPs for
that purpose, intra-accession variation was studied in
two cultivars, two landraces, and two wild popula-
tions from the CGN barley collection (Fig. 11.2).

The wild material, Hordeum vulgare ssp. sponta-
neum, was surprisingly uniform, probably because of
the collecting protocol. Each accession could very well
have been derived from a single plant. Despite the
genetic purification that is normally practised in the
development of new varieties, genotypic variation was
detected in the cultivars. Assuming that this level of
variation can be considered purely as ‘background
noise’, the only accession exhibiting a substantial level
of genotypic variation was the landrace from Nepal.
However, the genetic differences observed between the
genotypes displayed a gradual pattern rather than the
separation of genotypes into a number of distinct
classes. In this case, splitting the accession into separate
lines could not be done unambiguously (van Treuren
and van Hintum, 2001).

-0.25

-0.25

0 0.25

Fig. 11.1. Principal coordinate (PCO) plot of flax plants from the M 25 series. Common symbols are plants
from the same accession and the clusters of accessions that qualified for lumping are circled on the plot.
The x-axis represents 28.0% and the y-axis 8.5% of the variation (from van Treuren et al. (2001),
reproduced with kind permission from Springer-Verlag).
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Fig. 11.2. UPGMA cluster analysis of the different barley genotypes based on 104 polymorphic AFLP
markers. The numbers at the end of the branches indicate the frequency at which the genotype occurred
in the sample (from van Treuren and van Hintum (2001), reproduced with kind permission from Kluwer
Academic Publishers).

Conclusions provide a sound decision-making basis for acces-

sion management. This scientific basis of accession

Accession management decisions concerning the
composition of accessions have been made since
the first genebanks started operating. However,
the pressure to increase efficiency in genebank
operations requires a more scientific approach to

management has now become available; marker
technology especially can help to monitor genetic
consequences of accession management decisions.
The only element missing is the economic theory
to support these decisions.
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Introduction

The fact that plant genetic resources (PGR) are the
very raw materials for crop improvement is generally
understood by agriculturists as well as biologists in
both developed and developing countries. They are
also aware that recently human civilization has under-
gone rapid change which has had a great impact on
PGR existence. Ways and means to conserve PGR for
crop improvement have been sought to ensure their
continuous availability. Unfortunately, for policy
makers in general and in many Vavilovian centres in
particular, where commitment to PGR conservation
is a determining factor for its implementation, the
importance of such resources is usually too abstract
and hard to grasp.

As early as 1936 Harlan and Martini noted that
crop germplasm in Vavilovian centres was vulnera-
ble to loss due to technological and economic
changes. But not undl late 1960 did the global
efforts to collect and then conserve genetic resources
begin in a more concerted way. At the same time the
Green Revolution saw the introduction of high
yielding varieties (HYVs) of major crops (rice and
wheat) in many developing countries. With the
introduction of the Green Revolution’s products
(HYVs), many local varieties of these crops were
replaced. A group of concerned scientists assisted
the Food and Agriculture Organization (FAO) to

take an initiative for a global movement to conserve

© IPGRI 2002. Managing Plant Genetic Diversity

these crops (Frankel and Bennet, 1970). In 1983
FAO established an intergovernmental forum, the
Commission on Plant Genetic Resources, which has
now become the Commission on Genetic Resources
for Food and Agriculture. This is a permanent inter-
governmental body which monitors the implemen-
tation of the International Undertaking (IU), a
non-binding agreement on PGR which is currently
being revised to bring it into harmony with the
Convention on Biological Diversity (CBD).

The CBD was signed in 1992 and came into
force in 1993. Biological diversity embraces a much
larger scope than PGR, in fact, PGR are only a
small part of biological diversity (UNEP, 1994).
Unlike the FAO International Undertaking, which
is a legally non-binding instrument, the CBD is
legally binding, hence countries are more serious in
implementing the convention compared with the
FAO-IU. Moreover, the Conference of the Parties,
which is the highest governing body for the CBD,
has decided that the Global Environment Facility
(GEF) is its temporary financial mechanism allow-
ing the agreed activities on biological diversity to be
carried out.

Issues like pollution, depletion of the ozone layer,
land degradation, or water scarcity are more easily
understood by the public at large than the loss of
biological diversity. Although 7 years have passed
since the CBD came into force and 5 years since the

FAO-Global Plan of Action (GPA) (FAO, 1996) was

(eds J.M.M. Engels, V. Ramanatha Rao, A.H.D. Brown and M.T. Jackson) 121
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launched, the importance of biological diversity,
including PGR, for sustainable development has not
been mainstreamed into many sectors of govern-
ments responsible for implementing development
activities. In such a situation it becomes obvious that
there is a need to identify key issues within the pro-
gramme of work of the CBD and the FAO-GPA
which can be used as eye-openers to those who
should play an active role in national development.

Agrobiodiversity refers primarily to genetic vari-
ability in cultivated plants and domesticated animals
together with their progenitors and closely related
wild species, maintained within agroecosystems and
surrounding natural environments. Thus, plants and
animals harvested from the wild are also included in
this term (Thrupp, 1998). To provide parties of the
CBD with a standard term on agrobiodiversity, the
Subsidiary Body of Scientific, Technical and
Technological Advice (SBSTTA) of the CBD in its
fifth meeting (2000) defined the scope of agrobiodi-
versity, as

all components of biological diversity of relevance to
food and agriculture, and all components of biological
diversity that constitute the agroecosystem: the variety
and variability of animals, plants and microorganisms,
at the genetic, species and ecosystem levels, which are
necessary to sustain key function of the agroecosystem,
its structure and processes. (UNEP, 2000a)

It should be noted that, within this scope, farmers
are identified as managers of the agrobiodiversity.
The man-made ecosystems which are intended for
agriculture purposes are, therefore, named agro-
ecosystems. The relationship between agrobio-
diversity, crop genetic resources, management in
agroecosystems, and the complexity of the issues in
the context of socio-economy are discussed in this
chapter with the emphasis on the Asia Region. Not
only does Asia represent several Vavilovian centres,
but it is also rich in agroecosystems, agrobiodiver-
sity and population.

This chapter deals with genetic diversity in agro-
ecosystems, the role of agrobiodiversity and genetic
diversity in national development, the management
of genetic diversity on-farm, challenges to the scien-
tific community and, finally, ways to move forward.

Genetic Diversity in Agroecosystems

Archaceological evidence indicates that humans began
domesticating plants and animals approximately
10,000 years ago in several locations of the globe.

Through trial and error food crops were identified,
selected, cultivated, tested, maintained and
improved. This process of domestication continues
today. In the emerging agriculture, consideration was
not only given to the selection of plants but also to
the physical environment in which they grow. Water
availability and soil fertility were the determinant
factors for cultivating annuals, biennials, perennials
or combinations of these. Humans modified natural
ecosystems into many types of agroecosystem for the
cultivation of plants and the raising of animals.
Today’s agricultural landscape presents a wide range
of practices covering traditional ways of mixed farm-
ing to a more intensified monoculture system. In
Asia, where most of the population live in rural
areas, various types of agroecosystem can be found.
In forested areas of South-East Asia, for example,
slash and burn agriculture is still going on, while in
many parts of the highland areas, simple tools such
as those employed in the Stone Age are still being
used (Koentjaraningrat, 1994). In general, those
farmers practising traditional agriculture are subsis-
tence farmers. In lowland areas where irrigation has
been developed, intensified agricultural systems
dominate the scene. Unlike those of developed coun-
tries, farmers in South-East Asia have small land
holdings which, on average, are less than 1 ha
(Conway, 1997).

Harwood (1979) described four stages of small
farm development: primitive hunting-gathering, sub-
sistence level farming, early consumer, and primary
mechanization. The change from hunter-gatherer
stage to subsistence level farming allowed a larger
human population to live in a given area. Many
species of plants were grown together in a semi-
cultivated or cultivated way in a given area to satisfy
basic human need, that is, food security. In addition
to food crops, medicinal plants, fruit trees, and fire-
wood species were also cultivated for their own daily
uses. Seeds and other planting materials were rou-
tinely gathered from the farm for the next planting
season. The same holds true for the need for green
manure and organic fertilizer. In this way subsistence
farming is non-commercial in nature. Thus, knowl-
edge and practices for managing crops and natural
resources were embedded in the local cultures of peo-
ples and households. The species selected for food,
medicine and spiritual purposes varied from one
place to another. The combination of cultural prefer-
ence and physical environment induced the forma-
tion of so-called landraces or traditional varieties of
crops which were unique in each agroecosystem.
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Growth of markets and the global spread of a
few crops led to the reduction of the varieties of
plants grown. Meanwhile, new technologies for
farming were introduced which pushed the produc-
tivity level of staple food (rice, maize and cassava)
still higher. Then came the era of the Green
Revolution which is characterized by uniformity
and efficiency of the HYVs. Such technology was
suitable for arable land where water and soil fertility
were secured. Small farming systems which occupied
marginal land and less favourable environments,
with many traditional crops, were hardly affected by
this new technology. HYVs demand arable land,
good irrigation and high chemical inputs. Therefore,
lowland areas with the above-mentioned conditions
are those where HYVs are being cultivated.

The landraces or traditional varieties of major
crops which have developed over time in many
places in the world are thus being replaced by mod-
ern varieties. The displacement of rice landraces
between 1970 and 1990 by the International Rice
Research Institute (IRRI) through the Green
Revolution in  South-East  Asia
Philippines, Indonesia, Vietnam and Thailand) was
documented by Perlas and Vellvé (1997). In 1990
traditional varieties occupied only 45% of the area
under rice cultivation in Myanmar, < 20% in the
Philippines, < 20% in Indonesia, and 25% in
Vietnam. In Thailand, however, modern varieties

(Myanmar,

have not much impact on the existence of traditional
varieties, hence they are planted on only less than
10% of the rice growing area. In India, about 70%
of the rice area and 95% of the wheat land are now
occupied by a handful of HYVs (Jardhari and
Kothari, 1996).

New HYVs were not without negative impacts.
In Asia, for example, the most populated countries,
China, India and Indonesia, welcomed the Green
Revolution technology and enjoyed the results of it.
However, based on the analysis of the production
performance of rice over the past two decades, early
indications of unsustainability were revealed (‘Rural
Asia: beyond the Green Revolution’, unpublished
Asian Development Bank seminar). The growth of
yield per unit area of rice demonstrates a declining
trend. The rice producing countries enjoyed an
increase in productivity from 1960 to 1990 of, on
average, 2.1% a year. This number has dropped to
1% since 1990 (Brown, 1997). One of the explana-
tions is that plant breeders have largely exploited
the genetic potential for increasing the share of
photosynthate that goes to seed (Brown, 1997). A

number of experiments present evidence that
deficiencies and
tributed partly to the declining yield (Conway,
1997). Such a trend, of course, should send an
alarm signal to policy-makers to find new ways to
keep the production on track.

microelement toxicities con-

One of the options for securing sufficient food
production at the national level is to extend inten-
sive agriculture, which relies on employing HYVs
and chemicals in less favourable environments. It
should be noted, however, that such areas are usually
associated with small farming production systems,
many crops and, in general, lack of resources.
Moreover, the existing technology associated with
HYVs and high chemical inputs mainly deals with
single crop farming. Difficult as they are for agricul-
tural intensification, the ADB recommended that less
favourable environments be the target areas for agri-
cultural productivity improvement. Should that
recommendation be implemented, the traditional
agroecosystems and the PGR they contain will go, too.

Meeting the Needs of National
Development through
Agrobiodiversity

After the Second World War many countries rich in
biological diversity, which is predominantly con-
tained in natural forests and oceans, began to
exploit this resource for national development.
Agriculture in its broadest sense, including forestry
and fishery, suddenly became the backbone of their
economy. Unfortunately, however, the means to
utilize biodiversity is mainly by way of direct
exploitation. Timbers and other forest products are
harvested from natural forests. The same holds true
for fisheries. Although sustainable management,
both in forestry and fishery, is theoretically
accepted as an optimal solution, such ideal manage-
ment is hardly followed in practice due to, among
other things, lack of appropriate technology for
large-scale operation in tropical regions. To extract
timber species from natural forest, for example, a
technology of selective cutting was developed and
followed to ensure the sustainability of the timber
stand. But in reality, sustainability of timber pro-
duction could not be attained because natural
regeneration of timber species after cutting was
poor, hence the recovery of timber stands did not
happen as expected. In the case of cultivated
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species, such as those of food crops that have been
in cultivation for centuries, technology for sustain-
able production has progressed accordingly.

When the new technology for food production
became well known with the introduction of the
Green Revolution, every government was eager to
welcome it. The yields of the major food crops were
indeed doubled or even tripled. At the national
level, the miracle of the Green Revolution was
praised due to the fact that many countries could
avoid importing food. At the community level,
however, the Green Revolution seemed to benefit
only the resourceful farmers (Conway, 1997). The
impact of the Green Revolution on poverty allevia-
tion is subject to interpretation. The poverty level
in some countries before and after the Green
Revolution was compared and the result showed
that the Green Revolution had indeed decreased
the number of the poor at the national level
(Conway, 1997; Anonymous, 1999). However, in
the opinion of many commentators, the technology
benefited large farmers at the expense of small ones
(Conway, 1997). The challenge to governments
thus remains to find ways and means to eradicate
poverty and at the same time provide a good
quality of life for farmers who seemed to be unaf-
fected by the Green Revolution.

During the Earth Summit meeting in Rio de
Janeiro in 1992 countries expressed their commit-
ment to aim at sustainable national development.
This means that governments will do their utmost
to meet adequately the needs of the citizens today
and also those of future generations. In other
words, the environment in which we live today
should be kept in such a way that coming genera-
tions can meet their needs as we do now. Adequate
food production, which will secure the availability
of food, is the basic element of any national devel-
opment. The commitment of the international
community to ensure food and nutrition security to
every child, woman and man on our planet was
stated in the Bellagio Declaration in 1989
(Anonymous, 1996) on Overcoming Hunger in the
1990s. The FAO (1996) reaffirmed the need to
achieve the goal of Food for All' because, today,
over 10 years after Bellagio, more than 800 million
people still suffer from hunger and malnutrition.
Many believe that this is not caused by inadequacy
of food, but rather its distribution. On the other
hand, there is an increasing concern about the
Earth’s capacity to produce enough food for the
growing population (Brown, 1997), despite the fact

that science has tremendously improved world food
production over the past three decades.

The globalization of the world economy has
affected the life of almost everyone on Earth.
Farming communities are no exception. The tradi-
tional farming community which depends very
much on agriculture, is facing pressures to produce
more in order to be able to buy various things that
are offered in the markets. Unfortunately, however,
many cannot rely solely on their farm products to
keep pace with such increasing needs. They are
compelled to work outside the farm to gather addi-
tional income. Those who live near to cities are
tempted to abandon farming and migrate into the
city. Cities provide them with an opportunity to
earn money more easily. As a consequence, most
farming communities are no longer isolated. Radios
are common and television is also available to
some. Both radio and television bring information
on modern agriculture as well. New crops are intro-
duced and/or new varieties of such crops, such as
melon, tomato, cabbage, chilli pepper, eggplant
and bitter gourd, which invade the traditional
farming systems. These new crops and varieties are
highly valued and the prices they fetch on the mar-
ket are attractive. Naturally, farmers plant what the
market demands despite the fact that new seed
often has to be purchased at the beginning of every
planting season due to the hybrid nature of those
seeds. In this way, traditional varieties of many
crops, including those classified as minor crops, are
pushed out from the farming systems, which leads
to their genetic erosion. Unfortunately, not every
country is prepared to take action to collect and
conserve these endangered local crops, and the
variation within them, in genebanks.

At the global level genebanks of the interna-
tional agricultural research institutes and several
national genebanks conserve germplasm samples
of predominantly major crops that are endangered,
in ex situ facilities. However, not all traditional
farmer varieties are represented in these ex situ
germplasm collections. Therefore, ex situ conserva-
tion approaches only are not sufficient to conserve
all the PGR needed for crop improvement. One
possible way to conserve traditional farmers’ vari-
eties is through iz situ conservation on-farm, an
option that is gaining more attention nowadays
(Brush, 1999). This kind of conservation is con-
ducted in farmers’ fields and they are the actors
who manage the system within which PGR are
just one component.
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With regard to in situ conservation on-farm,
Brush (1999) listed five reasons for promoting it,
which are, among others, that agroecosystems will
continue to generate new genetic resources, and
provide
research. Brown (1999), describing an attempt to

natural laboratories for agricultural
strengthen the scientific basis of in situfon-farm
conservation, presents several advantages of in
situ/on-farm conservation to farmers as well as to
management issues including environmental policy.
Worede et al. (1999) showed that in Ethiopia in
situ/on-farm conservation is one of the most effective
strategies for poor resource farmers to cultivate mar-
ginal land with low-input agriculture in a sustainable
manner. To support such a farmer-based conservation
approach research on genetic, ecological and social
dynamic aspects of landraces has now become one
of the
International Plant Genetic Resources Institute
(IPGRI)(www.ipgri.cgiar.org).

To ensure the genetic integrity of landraces on-
farm, Qualset ez al. (1997) are of the opinion that
the agricultural system as a whole needs to be con-
served. The question is then how the attitude of

major programme activities of the

farmers, who maintain the system, is expected not
to change with time. While the idea proposed is
acceptable, from a practical point of view it is
unlikely to work. Farmers, like other communi-
ties, are socially dynamic and responsive to
change. Therefore, according to Pistorius and van
Wijk (2000) 77 situlon-farm conservation should
not only be perceived as the possible maintenance
of traditional crops but, more importantly, should
be linked with rural development programmes.
Thus, tangible benefits should be associated with
such a conservation effort, if farmers are expected
to cooperate.

It will be interesting to learn from the Ethiopian
experience whether or not the attitude of farming
communities to conserve landraces will change, for
instance if poverty is alleviated. In Indonesia, the
diversity of crops on individual fields is generally
closely linked with subsistence agriculture and
poverty (A. Sudjarwo, personal communication,
2000). When government workers advised such
farmers to plant more valuable crops for potential
markets, farmers did not want to listen. However,
when merchants persuaded them to plant certain
crops, which were sometimes new species to them,
farmers complied readily with the request. The
merchants provided them with cash security in
advance and farmers did not need to worry whether

or not there was a market, an assurance which
government officials cannot give. Thus, on-farm
conservation is vulnerable to economic incentives
provided by other commodities and because of
social change. It becomes apparent that incentives
for farmers to maintain crop diversity on their
farms for national or global needs are indeed
necessary.

There is no doubt that % situ/on-farm conserva-
tion provides an alternative way for countries which
lack genebanks to maintain genetic resources and
for the global community to complement ex situ
conservation in genebanks. Attractive as it sounds,
in developing countries, conservation of genetic
resources is often considered a long-term exercise,
whereas politicians would like to see the results of
activities for national development during their
term of office (E. Salim, personal communication,
2000). Moreover, the site specificity of crops in var-
ious agroecosystems means that national policy-
makers as well as scientists in general may put less
effort into this issue since the impacts, if successful,
are felt only locally rather than nationally. Of
course, the importance of existing diversity for
future crop improvement is well recognized by
scientists. However, unless the short-term benefits
to farming communities of maintaining diversity
are demonstrated, attention from the government
cannot be expected.

It is obvious that % situ on-farm conservation in
countries with many types of agroecosystem,
especially those in developing countries, needs gov-
ernment support. The political commitment of
governments to enhance food security at the house-
hold level has been expressed at the global level
(FAO Leipzig Conference, 1996). Such a commit-
ment needs to be integrated into national develop-
ment plans and translated into the workplans of
various sectors of government. Furthermore, in
order to reach the household level, a strategy differ-
ent from that planned at the national level seems to
be necessary. After all, the agroecosystems in a
country are the building blocks of the national agri-
cultural system. The specificity of agroecosystems
and the genetic resources they contain play an
important role in guaranteeing local food availabil-
ity which, in turn, will contribute to national food
security. Each agroecosystem offers various sources
of carbohydrate, protein and vitamins for local use
which, in some cases, differ from those promoted at
the national level. If in many countries in South-
East Asia rice is considered the main carbohydrate
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source at the national level, in certain agroecosys-
tems sweet potato, cassava, maize, taro and other
minor tuber crops are consumed daily. The same
holds true for protein sources. There are a number
of legume species, including Phaseolus beans, wing
bean and velvet bean, which are readily available at
the household level. These minor crops are hardly
recognized as important food at the national level
and hence should be taken into account for target-

ing household food security.

Managing diversity in agroecosystems

In dealing with the management of biodiversity the
CBD stresses the importance of the ecosystem
approach (UNER 1998). Within the CBD agricul-
tural biodiversity is defined as covering a broad
range of elements, including a wide range of ecosys-
tem services. The SBSTTA of the CBD, in its deci-
sion V/10 (UNEP, 2000b) elaborates on this
ecosystem approach and it is expected that this
approach leads to direct as well as indirect values of
biological diversity, including that of ecosystem
functioning. It considers human dimensions to be
an integral part of biodiversity management. In his
note on agrobiodiversity, the Executive Secretary of
the CBD (UNED, 2000b) described the application
of the ecosystem approach for managing agrobio-
diversity, using rice integrated pest management
(IPM) as an example. It is shown that farmers who
are the managers of their crops, after participating
in training on IPM, were able to improve produc-
tion while pesticide inputs were greatly reduced. He
further pointed out that the IPM approach, applied
to the rice ecosystem, is consistent with the princi-
ples of the ecosystem approach as defined by
SBSTTA of the CBD (UNEP, 2000a). However,
nowadays in farming rice is mostly cultivated in
monoculture while in traditional agricultural prac-
tices rice is multiple-cropped with many other
species. In Java, the accompanying field crops are
maize, cassava, sweet potato and taro, while the
legume species include long bean, Phaseolus bean
and wing bean. They are planted along the borders
of the rice field. In addition to rice-based agroe-
cosystems there are several other systems which are
based on maize, cassava or other species. In Nusa
Tenggara Timur maize is the main crop which is
mixed with cassava, upland rice, legumes and water
gourd (KEPAS, 1986). Cassava is the main crop
planted in drier areas of Gunung Kidul (Central

Java), Sukabumi Selatan (West Java) and Pacitan
(East Java) and is quite often mixed with biannual
legumes such as velvet bean and Phaseolus bean.

According to the World Resources Institute
(2000), agroecosystems cover more than one-quarter
of the global land area. However, almost three-
quarters of the land has poor soil fertility. In addi-
tion, about one-half of the arable lands occupy
steep terrain. To make matters worse, about 40% of
agricultural land has been severely degraded. When
calculating the size of the human population within
various agroecosystems existing in the world and
comparing different regions, it is shown that Asia’s
agroecosystems are the most densely populated.
China has a population of 1275 million of which
67% live in rural areas; India has 1000 million of
which 72% are in rural areas; and Indonesia has
209.4 million of which 62% live in rural areas. The
process of land degradation will continue in the
coming years considering that the growth rate in
India is 1.9% and in Indonesia 1.6%. Although the
Chinese population growth rate is only 1%, the
actual increase of the human population in terms of
numbers is still high (Asiaweek, 2000). Without
serious attempts to improve such degraded land,
more and more agroecosystems will become waste-
land or be converted into other uses. With the
steadily growing population in Asia agriculture is
the only sector that can absorb a large labour force.
Thus, maintaining agricultural land from degrada-
tion so that agricultural activities can be sustained
will solve in part the problem of job opportunities
in rural areas.

A traditional agroecosystem is conceptualized as
a web of social relationships between a specific
group of people with plants and animals which they
keep in a particular space. It is a major repository of
PGR. When an ecosystem approach is applied to
the management of PGR within an agroecosystem
the decentralization of management to the lowest
appropriate level is applicable. Farmers are the key
player at this level. Their desire to respond to
change should be taken into account when design-
ing the 7n situ/on-farm conservation. Moreover, the
sustainability of efforts is in the hands of the young
generation of farmers. Many of them are no longer
interested in farming, which is indeed a hard job
and in terms of cash income is not attractive. It is,
therefore, necessary to complement efforts to imple-
ment Zn situlon-farm conservation with other
economic activities so that the young farmers’ genera-
tion can choose the best options for their lives.
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In Indonesia, for example, the political will of
the government to provide enough food at house-
hold level has promoted national interest in dealing
with agroecosystems and local crop diversity
(Badan Urusan Ketahanan Pangan, unpublished).
At the moment the country is heavily dependent
on rice as the main staple. Indonesia is compelled
to import more than 3.5 Mt (Biro Pusat Statistik,
1997) 1993, while in 1984
Indonesia had achieved self-sufficiency in rice pro-
duction. The increase of rice production between

1969 and 1984 was promoted by the application of

annually since

HYVs and the technology accompanying it.
However, at the beginning of 1993 rice productiv-
ity started to decline. The decrease in rice area,
especially in Java, coupled with the decline of pro-
ductivity, contributed to this
(Purwoto et al., 1998). Another worry is that noo-

phenomenon

dles and bread are now widely accepted as snack
food between meals. In this way, wheat, which is
not grown in Indonesia, has to be imported in large
amounts as well, close to 4 Mt yearfl. Both rice
and wheat imports are heavily subsidized by the
Therefore, the Department of
Agriculture is determined to alter this economically
unhealthy situation in the years to come. Since
1972, realizing that the country was heavily depen-
dent on rice as its staple, the government has tried
to promote food diversification with the hope that

government.

the other carbohydrate producing crops could be
cultivated to decrease the demand for rice. Sago
palm in eastern Indonesia, sweet potato and taro in
the highlands of Irian Jaya, yam in the drier areas of
the country, elephant yam and other minor tuber
crops may be developed to substitute rice demand
in different parts of the country. Together with the
minor legumes and fruits which grow in different
agroecosystems, they offer a range of alternatives
to developing food security not only at local level
but also at national level. Unfortunately, however,
no serious attempt to create food diversification
has materialized.

The future of various agroecosystems and the
related diversity of PGR in them is dependent on
human culture, particularly that of farmers, whose
livelihood is inseparable from their crops. The link
between farmers, agroecosystems and PGR as
discussed earlier is indeed very complex. The
deployment of PGR in an agroecosystem is not a
simple matter which can be resolved easily by for-
mal institutions, such as the government, or
through informal arrangements, such as non-

governmental organizations (NGOs). Like a natural
ecosystem, an agroecosystem is a hierarchy of sys-
tems from the lowest level of plants, animals and
microbes, to farms and the village level. Each lower
level of the hierarchy becomes a component of the
next higher one. In order to ensure its proper func-
tioning each agroecosystem should maintain the
following four characters: productivity, stability,
sustainability and equitability. To illustrate these
properties, Conway (1997) compares the home gar-
den and the rice field ecosystem. In the home gar-
den system, for example, productivity shows a
higher net income, while in the rice system a higher
gross income is being generated. With regard to sta-
bility, the home garden system allows year-round
production while seasonal production with vulnera-
bility to climate and disease variation characterizes
the rice field system. Sustainability in home gardens
means maintenance of soil fertility and protection
from soil erosion; rice fields face heavy pest and dis-
ease attack. As far as equitability is concerned, the
beneficiaries of home gardens are all households while
rice fields benefit the landowner. Here it is shown
that the diverse agroecosystem tends to be more sus-
tainable than a comparable field crop system.

As managers of an agroecosystem, farmers
should be concerned not only with the crops of
interest but also with the totality of the system,
including the associated biodiversity and the abiotic
(Almekinders and Struik, 2000).
Scientists are in a position to assist farmers in mak-
ing an agroecosystem work for the four functions
mentioned above. Through research the right com-
bination of crops, which will give high productivity,
can be made. Moreover, the stability of productiv-

components

ity, which will ensure sustainability in times of
stress and protection of soil from erosion, should be
attempted. It should be kept in mind that the social
and economic aspects which will enhance the
livelihood of farmers cannot be separated from the
technical aspects of agroecosystems. Therefore,
involving farmers in research activities from the
very beginning will ensure the adoption of the
research results. In this way, equity will be achieved
if many farmers are involved. Studies on various
agroecosystems in Indonesia were conducted by
KEPAS (Research Group on Agroecosystems); on
upland agriculture in East Java (KEPAS, 1985a),
swampland agriculture of Southern Kalimantan
(KEPAS, 1985b) and dryland agriculture in Nusa
Tenggara Timur (KEPAS, 1986), developing models

which follow the four principles.
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The challenge to the scientific community

For more than two decades scientific research on
various aspects of in situ and ex situ conservation of
PGR has been conducted all over the world.
However, further research is needed in several areas
of PGR conservation, especially with regard to the
minor crops. In tropical developing countries,
where modern improved varieties have not yet been
adopted, significant diversity of crops is still man-
aged by farmers in their farming systems. The tradi-
tional Dayak community of Long Apo village in
Kalimantan (Indonesia), for example, uses 150
food plants of which 67 are wild species. No less
than 90 species are cultivated around their com-
pounds (Soedjito, 1999). In other agroecosystems,
such as that of ‘pekarangan’ (home garden) in Java,
on average 56 different useful plants are grown
around a farmer’s house. The size of the land occu-
pied by these plants is only 0.5 ha (Conway, 1997).
A case study of Merkal village (Karnataka State) in
India shows that villagers are using more than 140
useful plants in their everyday life. Those plants are
either cultivated in their fields or taken from the
neighbouring forested areas (Bhatta and Bhat,
1997). Considering the enormous amount of diver-
sity, both in terms of farming systems as well as
PGR cultivated therein, iz situ on-farm conserva-
tion as an alternative development in germplasm
conservation, is gaining growing interest from the
scientific community. The challenge remains: how
well can scientific information be translated by
policy-makers so that it can be integrated into
policy actions which, in turn, will enable many
actors (scientists, conservationists, seed suppliers
and government officials) to work together. The
following areas have been proposed as ‘entry
points’ for research.

PGR for food security

Food security is one of the top priorities, which
many developing countries are still struggling to
achieve. It is true that the application of HYVs
since the late 1960s has increased production of
major crops significantly in those countries.
However, the rate of population growth is keeping
pace with production and thus will compel each
country to produce more food in the years to come.
For that purpose new HYVs which are better than
the existing ones need to be developed at the
national level. The PGR of the major crops which

are needed to assemble such new HYVs are kept in
international and national genebanks and, there-
fore, are readily available. With regard to food secu-
rity at the local and household level, minor crops
will remain the source of daily dietary require-
ments. Germplasm of these minor crops is not well
represented in the genebanks. The importance of
the minor crops for household food security was
stressed by  the Group on
International ~ Agricultural (CGIAR)

System Review. An international consultation to

Consultative
Research

discuss the role of the International Agricultural
Research Centres (IARC:s) for crops not specifically
covered in their mandates was held in Chennai,
India. A number of activities, including public
awareness, conservation, processing and marketing,
were identified to be appropriate for the work of
the CGIAR System (Anonymous, 1999). In order
to enhance the role of PGR in local food security,
research on the development of improved local
varieties which are adapted to a less favourable
environment (LFE), on the right combination of
crops cultivated, on the level of soil fertility, on the
role of soil microbiology, and on the availability of
watet, needs to be promoted. Improved local PGR
will assist farmers to obtain better yields from their
lands and, thus, help to secure their need for food.
At the same time the diversity of local crops can be
maintained within the agroecosystems and, conse-
quently, genetic diversity at large.

Increasing value addition of PGR for income
generation

The production of food crops alone is not sufficient
to sustain life nowadays. Technology to enhance the
added value of crops needs to be developed as well
as to increase the monetary gains. Cassava, for
example, is produced abundantly by many develop-
ing countries as food. The price is low if sold as a
food crop. However, flour extracted from cassava,
known as tapioca, fetches a good price on the mar-
ket. By processing it further into other products
even higher prices can be obtained. Many crops
cultivated in traditional farming systems have not
been developed into marketable products. Many
species planted or growing in agroecosystems are
valued as medicinal or ornamental plants. Research
on and development of these crops will promote
their value further. Markets to generate monetary
income have to be created for new products which
are developed from such crops. However, creating
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such markets for new products is not easy, but once
it is done, job opportunities for young farmers may
be generated.

Agribusiness development seems to be the
answer for boosting the market for local crops. A
recent increase in demand for medicinal herbs in
Indonesia can be used as an illustration. A number
of medicinal plant species are being cultivated by
farmers in their backyards or as components of the
agroecosystem. The herbal medicine factories rely
on farmers for the supply of raw materials.
However, they demand quality products and conti-
nuity of supplies. Therefore, farmers need to
improve the quality of their produce by using good
planting materials and, at the same time, also
improve their cultivation. The factories process the
raw materials into marketable products and distrib-
ute the products to their agents. A chain of activi-
ties from farmers fields to consumers through
factories and their agents requires many workers
and also generates farmers’ income. At the same
time the development of machinery for processing
the medicines is being promoted.

Balancing diversity and environmental
quality

Like other components in an ecosystem, agrobiodi-
versity has a role to play as a valuable ingredient for
ecosystem functioning (Thrupp, 1998). The more
diverse an agroecosystem is in crop species, the
more stable the system is. Diversity of crops, for
example, will provide protection from soil erosion
by avoiding water runoff. In this way nutrient recy-
cling as well as soil biota functioning are not dis-
rupted. crop diversity  prevents
epidemics of harmful insects and diseases. Thus,
application of insecticides is minimized which is
environmentally desirable. Moreover, an appropri-
ate combination of crops will require less chemical
fertilizer as compared with a monoculture. A mixed

Moreover,

cropping system makes the best use of available
nutrients, water and sunlight. Each crop matures at
a different time so that there is an assurance of
adequate ground coverage as protection against
wind and water erosion. Quite often, multipurpose
tree species are a component of agroecosystems.
Fast growing legumes species such as Leucena leuco-
cephela and Sesbania grandiflora are valuable for fire-
wood. In many less favourable areas in developing
countries, however, there is a problem of getting
sufficient firewood. Such a demand, if it cannot be

fulfilled locally, will affect the safety of the
protected areas, because people will get the fire-
wood from nearby forests. This is turn can cause
environmental problems such as soil erosion and
biological diversity loss. At the national level the
issue of firewood for cooking is considered trivial,
therefore it has never been included in the discus-
sion of food security. However, at the local level,
the problem is real because even if raw food materi-
als are available they cannot be consumed in the
absence of firewood. Scientific research on crop
diversity and environmental quality may offer
technical solutions to these problems.

Traditional farming systems

There is a need to understand the reasons for the
threat or disappearance of such traditional farming
systems in order to mitigate the loss of genetic
diversity. For example, the policies of governments
to encourage HYVs, market forces, and the intro-
duction of new crops, may cause the disappear-
ance of traditional farming systems. It is worrying
to note that the number of landless farmers tends
to increase over time. By keeping traditional
farming systems alive, and at the same time
putting agribusiness in place, these landless farm-
ers will have an opportunity to remain in the
agricultural sector.

Scientific information for policy formulation

In many developing countries, policy in agriculture
promotes rapid change which leads eventually to a
decrease in agroecosystem types. Monocultures
dominate the existing agroecosystems because of
their efficiency. Uniformity in crop varieties signi-
fies ‘modern’ agriculture with its high inputs.
Credits are provided so that farmers can readily
adopt the system. Such technology is appropriate
for certain agroecological conditions, leaving the
less favourable areas almost untouched. However,
agricultural expansion as a way to produce food by
growing more major crops will, sooner rather than
later, expand to these areas. To diversify agricultural
practices that are suitable for agroecological and
socio-economic conditions, new policies such as
small credit schemes for village enterprise, market-
ing facilities for minor crops, and investment in the
development of processing equipment, need to be
formulated. Scientific information should provide a
sound basis for the development of such policies.
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Ways Forward

Agrobiodiversity offers a powerful defence against
the fatigue of the Green Revolution and the loom-
ing food shortages. Intensification of efforts to con-
serve agrobiodiversity by way of in situ/on-farm
conservation can help us to decrease the burden on
the environment, as well as to ensure the future
availability of PGR for plant improvement. Such
efforts must include:

1. Farmers empowerment. In many regions of the
world farmers who live in marginal lands and have
limited resources are still practising traditional agri-
culture despite the promotion of more efficient
technology. If farmers are expected not to abandon
their crop diversity as part of an iz situ/on-farm con-
servation strategy, farmers need to be empowered to
enlarge their food basket with local grains, tuber
crops, fruits and vegetables. Not only does such
empowerment lead to enhanced livelihood security,
but it also allows increased usage of crop varieties
that are being neglected (Swaminathan, 1994).

2. Mobilization of scientists. Considering the large
number of farmers who need to be empowered,
scientific criteria for selecting places and areas to be
included

programme should be a priority. Improved local

in an iz situlon-farm conservation
crops, the betterment of agricultural practices, as
well as adding increased value to local agricultural
products, and the social implications of the chang-
ing economic atmosphere of the country as a
whole, are the immediate issues for scientists deal-
ing with in sitw/on-farm conservation. Both
National Agricultural Research Systems (NARS)
and centres of the Consultative Group on
International Agricultural Research should work
together in providing scientific information for
policy-makers and practical solutions for farmers.

3. Government commitment. Without government
commitment to deal with farmers who have limited
resources, an in sitw/on-farm  conservation
programme will merely be a scientific exercise.
Therefore, as suggested by Pistorius and van Wijk
(2000), to be beneficial to farmers, efforts towards
in situ/on-farm conservation should be integrated

into rural development programmes. Politically, all

governments that are members of FAO expressed
such a commitment in 1996. What is needed now
is the political action to materialize the commit-
ment by allocating sufficient resources to carry out
rural development programmes.

4. NGO involvement. Unlike in the formal gover-
nance system, the NGOs way of operating is
flexible and less bureaucratic. Moreover, members
of NGOs are usually young, energetic and full of
dedication and idealism. Donors trust them to
work at the grass-roots level with communities.
Therefore, the role of NGOs in in situ/on-farm
conservation activities should be recognized and
be included in the overall efforts. A forum of
NGOs, scientists, private sector and government
representatives at the local level, which meets
periodically, may provide a vehicle for working
together effectively and in a harmonious way.

5. Private sector participation. By nature the private
sector is geared towards profit making. Unless they
see the dividend of their efforts, they are reluctant
to act. Poor farmers are not their business targets.
However, there is a possibility that they will join
efforts for in situ/on-farm conservation if invited.
They have to be convinced that they have a signifi-
cant role to play in an effort to help those who are
less fortunate. Consequently, the private sector is
not in the group of stakeholders concerned with
the conservation of genetic diversity, especially on-
farm conservation.

6. Global community attention. At the moment, not
all local crop genetic diversity which still exists in
farmers’ fields around the globe, is represented in
genebanks. Therefore, if in situ/on-farm conserva-
tion is considered as an important complement to
existing ex situ conservation efforts, ways and
means to make this complementarity work should
be attempted. The global community is in a posi-
tion to assist those countries which are identified as
centres of diversity for specific crops to conserve
their local crops’ genetic diversity on-farm. There
is no simple way of doing this, because on-farm
conservation involves not only plant species, and
their respective habitats, but also farmers as man-
agers of the plant diversity. Dealing with farmers
whose culture is as diverse as plant diversity is cer-
tainly a great challenge.
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Introduction

The advantages of maintaining accessions in an ex
situ collection are many and diverse. Firstly, if man-
aged according to the international guidelines for
genebanks the samples are expected to be safe.
Secondly, access to the seed or planting material is
generally easy. Thirdly, during the course of time
much information is generated on genebank acces-
sions and can be accessed with increasing ease
through the Internet. To ensure reliable information
on the samples now and in future it is essential that
the accessions do not change their character. Gene-
banks must therefore manage static collections of
plant genetic resources for food and agriculture
(PGRFA) while keeping their genetic integrity.
Evolution and domestication are dynamic
processes with a biological, time and space dimen-
sion. When we collect seeds, plant parts or plants
and conserve them as genebank accessions we sam-
ple only a specific segment of the species’ evolution
or the crops’ domestication history. In contrast to
ex situ collections it is a declared aim of in situ and
on-farm conservation programmes to allow genetic
changes to take place in plant populations. Bretting
and Duvick (1997) emphasized the dynamic nature
of in situ and on-farm conservation and suggested
that the term 7 situ conservation, including 77 situ
on-farm conservation, should be substituted by
‘dynamic conservation” and ex situ conservation by
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‘static conservation’. Taking into account that
maintenance of plant genetic resources ‘on the
farm’ always comprises a selection component, the
term on-farm management of PGRFA has become
popular (Gass et al, 1999) and in fact describes
what farmers in traditional farming communities
have achieved for centuries: they manage the
genetic diversity on their farms as they manage the
soil fertility of their farm fields.

The Global Plan of Action (GPA) developed by
the 4th International Technical Conference on
PGRFA held at Leipzig appeals to countries to ‘sup-
port on-farm management and improvement of
PGRFA’ in ‘Activity 2’ (FAO, 1996). The recom-
mendation aims at the development of national
programmes that encourages farmers to use and
maintain their crop germplasm. The main target
group of the recommendation are countries where
farmers still reproduce their own seed material. With
the beginning of variety breeding based on scientific
knowledge, in industrialized countries, the tradi-
tional seed supply systems have changed. Around
1900 especially skilled seed producing farmers set up
seed production companies and created the
economic basis of today’s breeding industry. The
development of medium- and large-sized breeding
companies led to economically efficient task sharing
between the seed producers and the growers.
Currently, in Germany only very few farmers
develop and maintain their own varieties and these
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farmers belong to the ecological farming sector,
mainly. Against the background of this historical
development it is difficult to define what on-farm
management of PGRFA could mean for farmers in a
highly industrialized country like Germany.

The German Ministry of Agriculture is currently
developing an integrated national concept for
PGRFA whereby 77 situ and on-farm measures shall
supplement ex sifu activities and vice versa. [ situ and
on-farm measures need to be planned warranting a
continued adaptation of a wide range of crops and
related wild species to environmental changes. This
would supplement the already existing extensive ex
situ conservation and utilization programme. While
the objectives of in situ conservation projects of wild
species can be formulated more straightforwardly, it
appears to be more difficult to elaborate on the func-
tion of farmers as managers of crop germplasm on
their farms. Traditional seed supply systems no longer
exist and for conventional farmers the only incentive
to produce seeds of modern varieties of self-
pollinating cereals on the farm is saving seed costs.
However, there is also a growing public interest in
growing ‘old landraces. Several to a few hundred
accessions of major and minor crops are reproduced
by engaged individuals or seed saver associations on a
limited acreage today (Maier, 2000).

There are reasons to subsidize farmers for the
cultivation of obsolete crops and varieties on their
farm because the management of PGRFA can be
regarded as an ecological service which has to be
rewarded by society. As early as 15 years ago, it was
argued that the production and use of a higher
diversity of crops will help to reduce environmental
problems arising from extremely narrow crop rota-
tion systems (Dambroth, 1985). On-farm manage-
ment projects are considered as potential founders
of regional production initiatives serving specific
market niches that may grow in time and may
finally significantly contribute to a higher genetic
diversity in crop production. Some crops have
indeed found market niches as regional products
like the old potato variety ‘Bamberger Hérnle' or
the ‘Einkorn’ wheat.

The establishment of on-farm management pro-
grammes has been called for with the argument
that we must promote the continued evolution of
crops. It can be assumed that the evolution of a
crop on the farm, that is, a measurable net gain in
useful genetic variation, will be hard to measure,
even if a programme lasted a few decades. What we
could prove during the duration of a public funded

programme is useful adaptation of crop genetic
resources to different ecological conditions and we
could test new concepts for the maintenance and
more efficient utilization of inherited traits. The
key question is: which useful and measurable effects
can we expect to achieve with regard to sustainable
agriculture and use of PGRFA and how farmers in
a highly task-sharing and market-oriented society
can support on-farm management and improve-
ment of PGRFA in an economically feasible way.
According to Jana (1999) conservationists and
genebank curators should seek for the best practice
that helps to prevent loss of genetic diversity using
either 77 situ, on-farm or ex situ methods or a com-
bination thereof. The common objective of in situ,
on-farm and ex situ programmes is to manage
genetic resources so as to guarantee their evolution,
adaptation and availability for
exchange. Hence, for the sake of clarity, in this

international

chapter procedures and measures that guarantee
long-term conservation of the genetic integrity of
accessions, easy access to collections and access to
reliable information linked with them are called
‘static management’ of PGRFA. Procedures and
measures that sustain the genepool and its evolution
and assist in operating the adaptation process of the
crop are called ‘dynamic management’ of PGRFA.

Organizations like the World Beta Network
(WBN) are challenged to develop a germplasm
conservation and management concept integrating
static and dynamic measures. Germplasm manage-
ment concepts that may be useful to supplement
the static management of PGRFA in countries with
a highly developed seed industry have, for example,
been discussed by Schnell (1980), Namkoong
(1989), Bretting and Duvick (1997), Jana (1999)
and more specifically for the genus Beta by the
Swedish plant breeder Bosemark (1989). The first
operational programme linking static and dynamic
management procedures for wild Bes was devel-
oped by the Turkish genebank. Populations of Beza
species occur in Gene Management Zones where
they are maintained iz situ along with the target
species (Tan et al., 2000). This is the only example
of a national programme managing and monitoring
Beta populations in their natural environment. In
the cultivated species the static management of
genetic resources is currently supplemented by
dynamic management approaches for sugarbeet
in France and Germany. A more detailed descrip-
tion of the underlying concepts is provided in the
following sections.
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Description of the Crop, its Genepool
and Breeding History

The sugarbeet is produced on about 7.5 Mha in
countries mainly located in the Northern hemi-
sphere. Fodder, garden and leaf beets are of much
less economic importance. In addition, the garden
beet has some economic significance as a storage
vegetable in Eastern Europe. The genus consists of
four sections: Beta (primary genepool), Corollinae
and Nanae (secondary genepool) as well as
Procumbentes (tertiary genepool) (Table 13.1)
(Buttler, 1977; Letschert, 1993; Lange et al., 1999).
The genus Beta is native to Europe and adjacent
areas (Fig. 13.1). Sections Nanae (Greece) and
Procumbentes (Canary Islands) have a limited distri-
bution area, while wild species of section Beta occur
along the coastline from the south of Sweden to
Morocco and from the Canary Islands to Iran.
Section Corollinae has a large distribution area in
Turkey and neighbouring countries. The centre of
diversity is probably located where the species
distribution of sections Beta and Corollinae ovetlap

and the
Transcaucasia). The domestication of beets proba-
bly started in the Euphrates and Tigris regions and
continued in Turkey and Greece from where culti-
vated beets were introduced to northern Europe
(Boughey 1981). Cultivated beets
occurred in China since the 5th century (Sun Yi
Chu, 1994) and in Arabic countries.

One of the youngest cultivated forms, the sugar-
beet, has become a cash crop of worldwide impor-
tance which has been cultivated on a large scale
only since 1806 when Napoleon decreed that beet

(eastern  Turkey western  part  of

have also

should be grown for sugar. As the sugarbeet was
probably selected from one single cultivated popu-
lation only, the “White Silesian’, the genetic base of
the crop is supposed to be very narrow. The “White
Silesian’ beet had a rather low sugar content; how-
ever, the German scientist Achard considered the
good root shape of this fodder-beet-like type as a
favourable trait and started to select within this
population on higher sugar content and yield. The
sugar content increased from 4% to 16.5%
between 1784 and 1981 (Winner, 1981).

Table 13.1. Taxonomy of the genus Beta.

Primary genepool

Section Beta syn. vulgaris Ulbrich

B. vulgaris L.
subsp. vulgaris (cultivated beets)
Leaf beet group
Garden beet group
Fodder beet group
Sugar beet group
subsp. maritima (L.) Arcang.
subsp. adanensis (Pamuk.) Ford-Lloyd & Will.
B. macrocarpa Guss.
B. patula Ait.

Secondary genepool

Section Corollinae Ulbrich

Base species
B. corolliflora Zosimovich
B. macrorhiza Steven

B. lomatogona Fisch & Meyer

Hybrid species
B. intermedia Bunge
B. trigyna Wald. & Kid.

Section Nanae Ulbrich

B. nana Boiss. & Heldr.

Tertiary genepool

Section Procumbentes Ulbrich syn. Patellares

B. procumbens Smith
B. webbiana Moq.
B. patellaris Moq.
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Fig. 13.1. Distribution of wild species of the genus Beta grouped by sections.

Before 1960 open pollinated multigerm vari-
eties were developed using family selection methods
and the breeding material had a comparatively
broad genetic variation (Desprez and Desprez,
1993). Compared with potato, barley and other
economically important crops, sugarbeet did not
seriously suffer from pest and disease attacks or
adverse environmental conditions in the main pro-
duction areas (Lewellen, 1992). Although almost
all beet pests and diseases were already known, the
sugarbeet crop was considered as a relatively healthy
crop until the 1960s. However, because of the
growing acreage, the sugarbeet was increasingly cul-
tivated in short crop rotation, amplifying disease
problems. During the 1960s the rising cost of hand
labour became an even more pressing problem. The
ordinary sugarbeet seed ball contains 3-4 seeds,
seedlings emerge in clumps and had to be thinned
by hand. Savitsky (1950) found in a seed field of
about 1.5 ha one monogerm, homozygous plant.
The monogerm genotype occurred in a component
of the synthetic ‘Michigan Hybrid 18" (Lewellen,
1992). The monogerm character was essentially
inherited by a single recessive gene which became
of great economic importance in sugarbeet breed-
ing and production. Lines derived from that plant
such as SLC101 (Savitsky, 1952) were extensively
used in breeding programmes.

In 1942 Owen (1948, 1954) discovered cyto-
plasmic male sterile (cms) germplasm. After the
Second World War, sugarbeet breeders focused
their work on the development of monogerm, cms
hybrid varieties with a high sugar quality, a high
yield of recoverable sugar (Oltmann er al., 1984)
and a good level of field resistance to diseases. In
the beginning, only one monogerm seed parent line
(C562) was resistant to bolting and all of the first
monogerm varieties from the Hilleshég company,
which reached more than 60% of the European
market (cv. ‘Monohill’ and others), were derived
from this line.

For the maintenance of cms lines specific geno-
types are required that, when crossed with a cms
plant, produce a 100% male sterile progeny. In sug-
arbeet breeding these maintainer lines are called ‘O-
types which were first selected from multigerm
material. Hence, monogerm O-types had to be
developed by crossing multigerm O-types with
monogerm material tracing back to the single plant
found by Savitsky. All breeders used this monogerm
material to introduce the trait into their elite cms-
and O-type elite breeding stock. During this
process the female breeding pool passed through a
genetic bottleneck. Breeders had to enlarge the
female genepool by crossing monogerm germplasm
with a wide range of breeding families from the
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multigerm breeding stock. After 30 years of base
broadening, the female genepool has sufficient vari-
ability (Frese and Desprez, 1999). Today, breeders
wish to broaden the whole basis of the breeding
programme as such (female and male pool).

Strikingly, for sugarbeet breeders the collective
set of varieties and breeding material still is the
most important genetic resource used for the devel-
opment of improved varieties today. One could
argue that the genetic basis of the crop as such is
not as narrow as generally assumed. It seems rather
that it is a lack of specific traits that hampers breed-
ing progress. Indeed, because commercial plant
breeders use a large number of different, heterozy-
gous pollinator populations, hybrid varieties still
have much genetic variation (Bosemark, 1979).

Additionally, sugarbeet is a wind-pollinated,
strongly out-crossing crop. Therefore, plant breed-
ers today may profit from exotic germplasm that
was introgressed in the sugarbeet breeding pool,
either by chance or deliberately by breeders. First
introductions of wild germplasm into the sugarbeet
probably occurred at the beginning of the 20th
century, in Russia, the USA and Italy. Cultivated X
wild beet crosses were, for example, described by
Tjebbes (1933) who used Beta vulgaris subsp. mar-
itima from the North Sea coast with a sugar con-
tent ranging from 15.7% to 17.6%, and Munerati
(1932) who crossed a population from the Po estu-
ary with sugarbeets to introduce genetic variation
for resistance to Cercospora beticola. The Munerati
material, in particular, has been widely used in
breeding. Due to a negative correlation between
leaf spot resistance and exploitable sugar yield,
selection of varieties with a high resistance and a
high sugar quality and yield proved to be extremely
difficult.

Probably because of these eatly experiences with
wild beet crosses, in the 1970s and early 1980s
there was a great fear that introgression of undesir-
able genes of wild or exotic germplasm along with
the desired disease resistance trait would destroy the
results of costly selection on high sugar quality and
bolting resistance. However, the view on potential
benefits arising from the utilization of exotic
germplasm began to change when soil-borne dis-
cases like the beet cyst nematode (Heterodera
schachtii) (Hellinga, 1943) or the beet necrotic yel-
low vein virus (BNYVV) (Griinewald ez 2/, 1983)
started to spread and threaten sugarbeet production
in the whole northern hemisphere. In 1956
Savitsky (1960) detected a strong H. schachtii resis-

tance in Beta section Procumbentes. However, due
to strong crossing barriers between section Beta and
section Procumbentes, the utilization of this source
proved to be very difficult and time-consuming.
Since the strong nematode resistance in section
Procumbentes was the only source, scientists from
the public and commercial sector struggled through
the problems and finally succeeded in producing
resistant germplasm used in variety breeding
(Uphoff, 1997). It is easy to understand that this
experience did little to promote a broader use of
exotic material in breeding programmes (Desprez
and Desprez, 1996).

In the 1980s, the continued collection and eval-
uation efforts of the USDA/ARS programme
yielded more and more exciting results on new
sources of resistances, for example to the BNYVV
(Doney and Whitney, 1990) in B. vulgaris subsp.
maritima, which crosses easily with sugarbeet. Since
then, the interest in utilization of Beta genetic
resources collections has been increasing world-
wide. Breeders are mainly searching for disease
resistance genes in collections to supplement their
breeding pool. Nowadays, they keep more than just
a single accession with a desired trait in their work-
ing collection to capture allelic variants or addi-
tional genes just in case the one used is broken by a
new pathotype. The introduction of additional
genetic variation for sugar content and yield genes
from exotic germplasm together with the target
trait is thereby welcomed as a positive side-effect
that can benefit breeding progress in the long run.
Today, breeders wish to broaden the whole basis of
the breeding programme as such (female and male
pool). The sources for long-term strategic breeding
projects are stored in genebanks.

Static Management of Beet Genetic
Resources by Genebanks

Characters like the cms and monogermy have had a
substantial impact on agricultural practices and the
economy of the sugarbeet. cms facilitated breeding
of genetical monogerm hybrid varieties. cms and
monogermy were found within the sugarbeet
breeding material. With a growing demand for pest
and disease resistant varieties for sustainable agri-
cultural production, breeders are perceiving that
the genetic variation contained in the elite stock
will not suffice to match all the breeding aims. Beta
genetic resources received increased interest in the
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1980s when scientists began to report on new
sources of resistance in B. vulgaris subsp. maritima
against diseases like rhizomania and Cercospora beti-
cola. Collecting activities were intensified to rescue
endangered germplasm and to manage this poten-
tally valuable material in static collections. Today,
about 9500 accessions of wild and cultivated forms
are maintained within the WBN, a network of
decentralized collections located in 23 countries.
The International Database for Beta (IDBB) man-
aged by the BAZ Gene Bank serves as a central link
between collections and as a network management
tool (Frese, 1992; Germeier and Frese, 2000). In
most cases, users contact the national genebanks
directly and request information and/or seeds
which are provided at no cost. Users looking for a
specifically composed set of accessions often request
the IDBB manager to search for suitable material,
to compile a list of accessions and to provide the
addresses of genebanks holding the germplasm.
Within the WBN, germplasm curators and other
scientists collaborate closely. Task-sharing in all rel-
evant fields, that is, collecting missions, collection
management, characterization, evaluation and uti-
lization, is either jointly organized or information
on national activities is exchanged.

Together the members of the WBN seek to
complete the world Beza genetic resources holding.
The IDBB is used to detect geographic and taxo-
nomic gaps in the global holding (Hazekamp and
Frese, 1992) and is applied as a planning tool to
prevent unintentional duplication of collecting mis-
sions and germplasm accessions. In the 1980s and
1990s many collecting missions have been imple-
mented to rescue endangered landraces and wild
populations or to gather material that could be of
use in breeding programmes. A review of the
collecting activities was presented by Doney et 4l.
(1995). Since then only a few collecting missions
have been implemented in Italy and Azerbaijan,
mainly to cover existing geographic gaps in the
world holding. Decreasing collecting activities indi-
cate that a large proportion of the Beta genepool is
already stored in genebanks.

All three genepools of Beta (see Table 13.1) con-
tain useful traits (Dale ez al., 1985; van Geyt ez 4l.,
1990; Lewellen, 1992; Paul et al., 1992; Stanescu,
1994; Biittner ez al, 1997; Yu, 1997; Panella,
1998). Examples are provided in Table 13.2.
Within the framework of the European project
‘Evaluation  and Beta
collections for extensification of agricultural pro-

enhancement  of

duction — GENRES CT95 42’ funded by the
Commission of the European Countries a Beta core
collection has been developed to improve access to
the genetic variation summarized in Table 13.2.
Since 1996 the core collection is mainly evaluated
for disease resistance. This more recent activity is
supplementing the continued evaluation work
carried out by various institutions under the coor-
dination of the USDA/ARS programme (Doney,
1998) and sporadic evaluation work carried out by
breeding companies and research institutes in
European, North African and Asian countries.
There is an increasing amount of evaluation data
available in genebank information systems and
breeders are using this information to identify
material useful for the introgression of novel
genetic variation into their elite breeding pools.

If a trait is purposefully introduced into the
breeding pool through crossing and selection, this
is called introgression (Simmonds, 1993). The
introgression of BNYVV resistance genes from wild
sources into the sugarbeet is a recent example. The
disease is transmitted by the vector Polymyxa betae
and caused by the BNYVV. In the case of strong
BNYVV resistance, which is possibly inherited by
two closely linked major genes (Scholten, 1997),
the trait is introgressed into sugarbeet elite breeding
material starting with the fixation of the gene in a
donor line through selection of a resistant plant
in a wild beet accession and the development
of a inbred
Subsequently, the line is crossed with the sugarbeet
(Biittner ez al, 1997). BNYVV resistances genes
can be attributed to resistance donor names like
‘Holly-1-4" (gene Rz), collection numbers (WB42,
gene Rz2) (Scholten, 1997) or genebank accession
numbers (BGRC54817/RNR870909, gene not yet
identified) (Biittner ez al, 1997). The original

donors are well identified and if the accessions are

non-segregating,  resistant line.

properly managed in collections the resistance data
documented in genebank information systems will
remain valid and valuable for future generations of
plant breeders. Static management of this specific
material is the best possible conservation practice.
From the breeders’ point of view static manage-
ment of genetic resources may not be the most effi-
cient way to maintain traits that are quantitatively
inherited. There is the risk of losing minor genes
for disease resistance when heterogeneous wild beet
accessions are maintained ex sizu in a region where
the disease hardly occurs. In Bezalittle is known
about the co-adaptive interaction between diseases
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and the wild species harbouring resistance genes.
The co-adaptive processes resulting in the evolution
of a number of valuable resistance genes are far from
being understood. Nevertheless, B. vulgaris subsp.
maritima growing in the Po estuary in north-eastern

Italy and the leaf spot disease (C. beticola) may serve
as a hypothetical but realistic example. The region
is known for regular and heavy disease epidemics
and we can assume co-adaptation between plant
and pathogen. A seed sample of B. wulgaris subsp.

Table 13.2. Occurrence of useful breeding traits in species of the genus Beta.

Section

Il ‘ 1] ‘ v

Taxon code

Trait 112 |3 |4 |5 |6 |7

8 |9 |10 |11 (12 |13 |14 |15 |16 |17 |18 |19

cms

Genic male sterility

Salt tolerance

Frost tolerance

Curly top

Yellowing viruses

Beet mosaic virus

BNYYV virus

Yellow wilt

Peronospora farinosa

Erysiphe betae

Rhizoctonia solani

Cercospora beticola

Polymyxa betae

Black leg disease

Erwinia subsp.

Heterodera schachtii

Heterodera trifolii

Meloidogyne hapla

Myzus persicae

Pegomya subsp.

Taxon codes used: B. vulgaris subsp. (1), B. vulgaris subsp. vulgaris (2), B. vulgaris subsp. vulgaris leaf
beet group (3), garden beet group (4), fodder beet group (5), sugarbeet group (6), B. vulgaris subsp.
maritima (7), subsp. adanensis (8), B. macrocarpa (9), B. patula (10), B. corolliflora (11), B. macrorhiza
(12), B. lomatogona (13), B. intermedia (14), B. trigyna (15), B. nana (16), B. procumbens (17), B. web-

biana (18), B. patellaris (19). = = variation detected.
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maritima collected there will contain genetic varia-
tion for leaf spot disease resistance. If we regenerate
the sample in an alien environment without any
leaf spot disease stress, disease resistant genotypes
will no longer have a selective advantage and will
gradually decline in frequency with increasing
number of seed reproduction cycles. Sylvén (1937,
cited in Hill ez al, 1998) investigated forage yield
in meadow fescue (Festuca pratensis) selected for
forage production in north Sweden and reported
strong changes in yield after only a single genera-
tion of seed production in south Sweden. Hill et 4/.
(1998) pointed out that selective genetic shift is a
particular problem of static management of out-
crossing species outside their natural enviroment. If
there is a risk of losing genes through genetic shift,
dynamic management procedures complementing
the static management will play an important role.

Dynamic Management of Beet
Genetic Resources

The term ‘dynamic’ is associated with different
concepts of beet genetic resources management.
Firstly, wild beet populations are maintained and
managed in their natural habitats (Tan er al,
2000). The WBN should, therefore, promote the
dynamic management of wild species and should
seek to transfer the Turkish programme to other
Beta distribution areas in Europe. For such a pro-
gramme more information on the structure of
genetic diversity of wild beets is required, facilitat-
ing realization of effective management projects for
all species. Information on the sea beet (B. vulgaris
subsp. maritima) is already increasing. The species
occurs in a dynamic habitat along the west Atlantic
and Mediterranean sea shores on shingle beaches
in a narrow band between high tide and inland.
Mainly during the cold season, tidal movements
and sea currents alter the coastline by soil erosion,
which sometimes destroys wild beet populations.
The same process creates new habitats by washing
soil ashore. Seed balls of the sea beet are dispersed
by sea currents along the linear habitat. Founder
populations arise at suitable places and start to
exchange genes with neighbour populations.
Currently, methods based on molecular marker
techniques are being developed that will allow us
to determine at which spatial distance the rate of
gene flow between populations drops below a criti-
cal value and indicates the beginning of a new,

genetically distinct population (Raybould and
Clarke, 1999). We have started to understand the
genetic structure of this species and the dynamics of
gene flow within its habitat. This knowledge mainly
stems from investigations on the origin of weedy
beets in sugarbeet production fields and from risk
assessment studies for genetically modified sugar-
beet.

Owing to the large distribution area of the sea
beet and closely related wild species (Fig. 13.1, sec-
tion Beta), dynamic management programmes
would require the determination and selection of
sites with genetically distinct populations and a
monitoring scheme to ensure that the sites are safe
and populations can continue to exist.

Secondly, the term ‘dynamic’ stands for utiliza-
tion of genetic resources through incorporation of
sea beet germplasm into the sugarbeet. Thirdly, the
term describes a concept of pooling resistance genes
contained in genebank accessions. Evaluation of
static collections is a prerequisite for this approach.
Concentration of genes in dynamic genepools is the
prominent objective.

A programme integrating static and dynamic
management elements has been developed by the
French Beta Network. The charter of the French
crop specific networks regulating the required con-
tribution of network partners were laid down for
cereals by Mitteau (1997) in an exemplary manner.
The underlying principle is free access to material
held or created within the network for those part-
ners actively contributing to the network activities.

B. vulgaris subsp. maritima is distributed along
the French Atlantic and Mediterranean sea shores.
A geographically stratified sample of 22 native
accessions was chosen for the development of
‘buffer’ populations. Buffer populations link the
wild with the cultivated species and purposefully
reconstruct the natural gene flow between leaf beets
and wild beets. The original wild populations are
maintained in their natural environment while
plants produced from collected seed samples are
allowed to recombine with sugarbeet at various
locations ‘on the farmy, that is, in the fields of sug-
arbeet breeders or any institution or individual will-
ing to contribute to the common work (Table
13.3). In this system evolution can act on the origi-
nal wild source as well as on pre-breeding material.
The dynamic management of wild beet germplasm
in buffer populations has no trait-specific focus. It
rather concentrates on the elimination of two unde-
sirable wild characters while keeping as much of
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Table 13.3. Organization and development of ‘buffer’ populations. Based on the principles developed by

Doggett and Eberhart (1968).

Country of the participant(s)

BEL DNK FRA GER GRC NLD SWE
Number of subpopulations
Year 2 2 6 6 2 2 2
1996 Sugarbeet (Doggett population) X Beta vulgaris subsp. maritima (No.1 ... 22)
1997 Production of F, seeds
1998 Production of F; seeds
1999 Mutual exchange of F, families
2000 Intermating of 22 subpopulations at each location to produce a buffer population.
The buffer population is segregating for male sterility and male fertility (1:1) and contains 50%
of the wild genome
Next Adaptation of the buffer population through mild selection on bolting resistance and root shape.
years Exploitation of the population at the discretion of each participant

the wild genome as possible. Wild beet material is
often early bolting and develops fibrous or fanged
roots. It is known that screening of annual (wild)
beets on pest and disease resistance is therefore dif-
ficult. Biennial forms that resemble cultivated beets
can be tested in the field more reliably than can the
original, early bolting wild types. The programme
has been set up so as to allow introduction and
recombination of a large amount of the wild beet
genome in the buffer while imposing a mild selec-
tion pressure on essential agronomic traits, that is,
bolting resistance and sugarbeet-like roots. Through
the specific design of the breeding scheme 50% of
the genome of the wild parents can be maintained
and can recombine in the buffer populations for as
many generations as breeders wish to allow. Half-sib
families and inbred lines can be tested and selected
at the breeders’ discretion without changing the
buffer.

A different, trait-specific, collaborative pro-
gramme for the management of genes has been
suggested by a plant breeding company in
Germany. The programme is part of a long-term
breeding strategy aiming at the improvement of
the level of leaf spot resistance in sugarbeets. A
comprehensive review on breeding for C. beticola
resistance was presented by Skaracis and Biancardi
(2000) and is the basis of the following descrip-
tions. The first resistant breeding material was
developed by the Italian breeder Munerati from a
sugarbeet X B. vulgaris subsp. maritima. The wild

species was sampled from the Po river bank where,
although endangered by ditch upkeep, it still
exists. Around 1935 the most resistant material, in
particular line R 581, was distributed to breeders
in Europe and the USA where it was widely used
in breeding programmes. Although other resistant
sources were detected in section Beta, and in the
more distantly related sections Corollinae and
Procumbentes, the Munerati material is essentially
the only source used in current breeding. The
inheritance of the C. beticola resistance is of poly-
genic nature with a broad-sense heritability of
60-70% (Smith and Gaskill, 1970) and a narrow
sense heritability of 24% (Smith and Ruppel,
1974). The investigations of Koch (1997) con-
firmed the quantitative nature of the resistance.
Using an 77 vitro test system, Koch described three
quantitative trait loci (QTL) on linkage groups
2, 3 and 5 explaining almost 50% of the total vari-
ation of the segregating F2 mapping population.
In contrast to Koch (1997), Schifer-Pregl er al.
(1999) tested their F2 and test-cross material
under attack
Monselice (Italy), a location with the highest leaf

natural  disease conditions at
spot disease pressure known in Europe. Schifer-
Pregl et al. (1999) were able to localize QTLs for
resistance to C. beticola with highly significant
likelihood odds ratios (LOD) on linkage groups
2, 6 and 9, if F2 data were considered only. QTLs
were also detected on linkage group 4 and 5, and

under artificial inoculation another QTL occurs
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on linkage group 3. Statistically, there are at least
three to five chromosomes carrying QTLs which
contribute to the resistance expression and these
minor genes probably originate to a large extent
from the Munerati source. The findings from QTL
investigations not only confirm the quantitative
nature of the resistance but also provide an idea of
how minor genes contributing to the resistance
trait expression are distributed over the genome.
Leaf spot resistance qualifies for collaborative
conservation activity because: (i) the resistance is
inherited by many genes; (ii) promising genebank
accessions show only a certain resistance level; (iii)
the desired genes are probably scattered all over the
natural distribution area of the species B. vulgaris
subsp. maritima; and (iv) many accessions have a
strong tendency to early bolting and fanged roots.
Because of the difficulty experienced by all sugar-
beet breeders to develop highly leaf spot resistant
varieties and the economic risks connected with a
long-term  breeding
between companies appeared to be advantageous.
The data required for the choice of accessions
with variation for leaf spot resistance provided
the GRIN database and the GENRES CT95 42

Community

strategy, a collaboration

European germplasm  screening
project. Owing to recent systematic evaluation work
wild and cultivated accessions have been detected

scoring ‘3’ (= low susceptibility to the leaf spot

disease). A map with the collecting sites of the respec-
tive wild populations and cultivated accessions is pre-
sented in Fig. 13.2. These accessions are maintained
as a static collection in genebanks. They may contain
minor genes not yet present in the breeding pool.
Currently, the accessions are retested in the USA to
confirm the earlier evaluation results. If these acces-
sions are combined in Cercospora resistance genepools
(CRGs) more minor genes can be assembled and can
recombine. The German plant breeding company
KWS has therefore developed a breeding concept that
aims at pooling all available B. vulgaris subsp. mar-
itima accessions with low disease susceptibility in two
different CRGs, that is, a pool built up from wild
beet material distributed along the Adantic coast and
a second one created from Mediterranean wild beet
populations. As described for the French ‘buffer’ pop-
ulation programme, basic characters like bolting resis-
tance and a better root shape will be introduced in
the pools. For that purpose sugarbeet material will be
crossed with the bulked Atlantic respectively
Mediterranean wild germplasm. Through mild mass
selection for acceptable root shape and bolting resis-
tance biennial material with a sugarbeet-like root
shape will be developed that yields more reliable eval-
uation results than annual types when screened for
disease resistance. By backcrossing with the wild beet
up to 75% of the wild beet genes can be maintained

in such CRGs.

L.Frese

Fig. 13.2. Geographic distribution of the B. vulgaris accessions showing variation for resistance to leaf

spot disease (Cercospora beticola).
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The CRGs will not only be subjected to mild
selection to re-domesticate the material, but also
need to be subjected to artificial (in the breeding
garden) or natural selection pressure for disease
resistance by growing CRGs on farm fields in areas
with a regular and strong disease epidemic like at
Monselice in northern Italy. In this way, all avail-
able genes contributing to the leaf spot disease
could be maintained ‘on the farm’.

Discussion and Conclusions

Activity 2 of the GPA contains a recommendation
to ‘support on farm management and improvement
of PGRFA. But how can this recommendation be
realized in the case of Bera? The cultivated species
B. wulgaris subsp. wulgaris consists of the leaf,
garden, fodder and sugarbeet. In Europe most of
the old beet landraces or obsolete varieties are no
longer used by farmers and have either been lost or
are conserved in genebanks. In a market-oriented
society there is no strong economic incentive that
stimulates farmers to use old beet varieties; to the
contrary, fodder beet production is steadily decreas-
ing in Germany (1950: 566,000 ha, 1997: 17,000
ha) (Keller ez al., 1999), the garden beet is grown
on about 800 ha only and the use of leaf beet is
even more limited. Hence, the reintroduction of
beet germplasm from genebanks into agricultural
production systems with the objective of managing
it ‘on the farm, requires either idealism, an interest-
ing market niche in the high price sector and/or
subsidies from the government. All three require-
ments have weak points: idealism may subside with
the change of generations and life objectives of
people, market demands may be cursory as may be
political and administrative support.

In rural areas of the Mediterranean region small
farmers and gardeners still produce their own seeds
of leaf beets. In a village like Liapades (Kerkira,
Greece) population sizes of a few individuals up to
30 seed bearer plants can still be found today.
There is no strong spatial isolation between popula-
tions which most likely exchange genetic material.
In Italy gene flow from B. vulgaris subsp. maritima
into subsp. vulgaris and vice versa can be observed
(Frese and Burenin, 1994). If it were possible to
maintain the local seed production in a village like
Liapades or the introgression from wild into
cultivated form it would supplement static manage-
ment of beet germplasm. We can assume continued

evolution under such situations which can create
new genetic variation in local populations during a
period of 1040 107 years. However, since land use
may suddenly change or gardeners may decide to
abandon cultivation of leaf beets, the situation in
villages like Liapades may not be stable enough to
provide a long-term and meaningful contribution
to the static management of PGR. In Beta,
dynamic management of genetic resources probably
needs to be organized by institutions of the public
services together with breeding companies or
skilled seed-producing farmers. The basic manage-
ment concepts were outlined in previous chapters.

Buffer populations organizing the gene flow
from the wild ancestor of beets to the cultivated
material can be described as one element of
dynamic management programmes. We can think
about additional elements. In the global Beta hold-
ing distinct groups of leaf, garden and fodder beets
exist, like leaf beets with a broad and fleshy petiole
and glossy, smooth green leaves. An assemblage of
the various accessions could be called a ‘type group’.
Within the group the individual accessions may be
clearly distinct because of different leaf size or peti-
ole length. We could pool all accessions belonging
to a group, send seed lots to cooperating breeders
or farmers and reproduce the gpe specific genepool
on-farm, preferably on different sites in Europe, to
allow a maximum adaptation of the type specific
genepool. The purposeful management of type
specific genepools would reconstruct the selection
by farmers which created landraces of beets in the
past until the onset of modern plant breeding in
Europe. While the individual accessions are still
managed by genebanks, the type group as such can
participate in the evolutionary process, which is the
major advantage arising from dynamic manage-
ment of PGRFA. While we select on essential agro-
nomic traits (bolting resistance and root shape) in
buffer populations only, the management aim for
type specific pools would be to maintain a range of
typical characters that distinguishes the group
from others. In the case of the #ruit specific pools we
aim at the maintenance of all genes and alleles
contributing to the expression of a specific charac-
ter. The Cercospora disease is only an example trait
and can be replaced by others, for example
drought tolerance.

The creation of buffer populations, type and
trait specific genepools can be seen as components
of management programmes that will contribute to
the realization of GPA Activity 2 in Europe. The
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advantage of these components is that they facili-
tate the definition of objectives and the justification
of projects. The objectives are:

® Maintenance and monitoring of wild species
populations and populations of cultivated forms
in their natural habitat (including home gardens,
farm fields).

® Promotion of gene flow from the wild ancestor
into the cultivated species and basic adaptation
of the source material to agricultural practices
(buffer populations).

® Promotion of evolutionary processes within a
restricted number of distinct cultivated types
(type specific genepools).

® Concentration of valuable, trait specific genes in
genepools to avoid unintentional loss of genetic
variation by genetic shift and drift through static
management (trait specific genepools).

GPA Activity 2 calls, in the first instance, for
political support for a technical recommendation
that, in 1996, was considered of crucial importance

for the sustainable conservation and use of PGRFA.
It must be clear that dynamic management pro-
grammes based on this recommendation will bind
capacities for a long period. The most prominent
example of a long-term programme in agricultural
science is a series of experiments in microevolution
that were conducted at the University of California
(Davis) over a period of four decades (Allard,
1988). There are probably only a few more such
cases in the world. Political support that finally
results in the creation of a budget line required for
the technical realization of dynamic management
programmes will more likely be provided at the
(Germany) or
Community) level if the objectives of a programme
can be categorized so that decision-makers can set
priorities. To be meaningful and successful the
organization of a cooperative European network

national regional  (European

dealing with the dynamic management of beet
populations cannot be based solely on input in
kind. Rather a framework programme is required
that guarantees long-term support.
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Introduction

The current debate on the release of transgenic
crops is a useful reminder of how complex the
deployment of new varieties is. Not only must the
expected benefits be taken into account but also all
the potential consequences at very different levels:
agroecological, social, economic and political. Long
before genetically modified organisms, the release
of semi-dwarf high yielding varieties by rice breed-
ers had a tremendous impact on the life of rice
farmers and consumers. The first modern rice
variety, IR8, was released in 1966. In Asia, rice
production increased by 114% between 1966 and
1996, surpassing the 82% population increase dur-
ing the same period (Hossain and Pingali, 1998).
The breeding of high-yielding varieties made this
increase possible, but was also associated with
dramatic changes in rice farming practices and
economy. The release of modern rice varieties has
had an impact on which varieties rice farmers grow,
why they grow them and how they grow them.

For a long time, only the first point really mat-
tered to genetic resources conservationists, as ex sizu
conservation was receiving most of their attention.
Priority was given to the collection of local
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landraces threatened by the adoption of modern
varieties, in order to make them available to all rice
genetic resource users. Given the increasing interest
in 7z situ conservation on-farm, the conservation of
rice genetic resources must include new research
activities in agroecosystems that can lead to a better
understanding of what this approach means and
how it can be implemented (Bellon et 4/, 1997).
This is particularly needed in rapidly changing
agroecosystems, where the conservation of agrobio-
diversity needs to be supported by providing farm-
ers with the appropriate options. This is a matter of
urgency. The risk of genetic erosion is higher in
agroecosystems submitted to changes in their
cultural, economic or technological environment.
While cases of coexistence of local and modern
varieties are reported for several crops worldwide
(see the examples cited in the next section), it does
not mean that such ‘equilibrium’ situations can be
reached in all cases, nor are they durable.
Furthermore, developing in situ conservation strate-
gies for rapidly changing agroecosystems is an
important issue as it may eventually result in the
preservation of diversity and its integration in
agricultural development policies in much larger
areas than those of traditional agroecosystems.
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In the Philippines, two main research institu-
tions are involved in rice biodiversity conservation,
the International Rice Research Institute (IRRI) and
the Philippine Rice Research Institute (PhilRice).
PhilRice maintains the national collection of rice
genetic resources. IRRI holds in the International
Rice Genebank the world’s largest rice collection
(Jackson ez al., 1997). In 1996, IRRI and PhilRice
implemented collaborative research activities to
study rice diversity and its management by farmers
in the Cagayan Valley, and identify opportunities to
involve farmers in the overall framework of rice
genetic resources conservation (Pham et al., 1996).!

This chapter presents some of the results of this
work. It shows how the survey of the on-farm
diversity of rice varieties of the Cagayan Valley
allowed the description of diversity in terms of
genetic groups and of agronomic and cultural
functional groups. Then, the identification of the
constraints and threats to this diversity resulted in
the definition of testable strategies to sustain it.
This research illustrates the role that genebanks
and research institutions can play in the mainte-
nance of genetic diversity on-farm.

Study Sites

Despite the intensity of the Green Revolution, rice
agriculture intensification has not been uniform all
over Asia. As observed in other major crops and
countries, for example potato in Peru (Brush e al.,
1992), and maize in Mexico (Bellon and Brush,
1994; Louette et al, 1997) and Burkina Faso
(Sanou, 1996), agroecosystems can be found where
modern varieties coexist with traditional ones.

The Cagayan Valley, located in Northern
Luzon, the Philippines, is a good example of these
situations. Three different rice ecosystems are
present in the Cagayan Valley: rainfed upland, rain-
fed lowland and irrigated lowland. A differential
impact of modern varieties was observed from the
upland to the irrigated lowland ecosystem from a
survey of 16 households by ecosystem (four
villages/ecosystem, four households/village) (Bellon
et al., 1998). The ratio of modern to traditional
varieties was 24:61, 20:19 and 43:5 in the rainfed
upland, rainfed lowland and irrigated ecosystems,
respectively. The analysis of the genetic polymor-
phism at 16 isozyme loci of 149 accessions of tradi-

tional and modern varieties showed that a gradient
of genetic diversity followed a similar pattern, as
the Nei’s heterozygosity index demonstrated, that is
0.25 in the upland, 0.21 in the rainfed lowland and
0.15 in the irrigated ecosystem.

The results presented in this chapter mainly come
from the study of the rainfed lowland ecosystem.
Although not as genetically diverse as the upland
ecosystem, we considered this ecosystem represented
the main target for maintaining genetic diversity on-
farm because of the much larger production areas it
represents in Cagayan. Because of the obvious com-
petition between traditional and modern varieties and
the changing agroeconomic conditions, in particular
the development of irrigation, the rainfed lowland
ecosystem offers a unique challenge to study the
dynamics of on-farm rice diversity, and to develop
strategies to sustain this diversity.

The study sites were located in three municipal-
ities adjacent to each other, in the centre of
Cagayan Province. On the western side of the
Cagayan river were the municipalities of Solana and
western Amulung. On the eastern side were those
of Iguig and eastern Amulung. In these municipali-
ties, 15 barangays (villages) and 207 households
were selected to represent a diversity of agroecologi-
cal, economic and ethnic conditions.

The selection of study sites was done with the
help of local officials from the Philippines
Region and the
Cagayan Valley Lowland and Marine Research
Outreach Station.

Department of Agriculture

Methods
Farmers’ classification of varieties

In order to complement the study on farmers’ per-
ceptions of varieties presented in Bellon et a/. (1998),
we conducted an analysis to understand the farmers’
classification of rice varieties. Given the high number
of variety names encountered in the Cagayan Valley,
we suspected that farmers have their own classifica-
tion of the varieties they use, and perceive and man-
age these varieties as elements of larger groups.

The primary methodology used for identifying
variety classes was successive pile-sorting, where an
informant is asked to sort a set of items into smaller
and smaller piles until each pile is a single item

IThis project was conducted within the component ‘On-farm conservation’ of the project ‘Safeguarding and
Preservation of the Biodiversity of the Rice Genepool” funded by the Swiss Agency for Development and Cooperation.
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(Bernard, 1988; Borgatti, 1992). If two varieties are
split on the first split, their relationship is one, on
the second split two and so on. Higher values (later
splits), imply greater perceived similarity between
individual varieties. From pile-sorting a similarity
matrix can be produced in which pairs of varieties
with a higher mean value are considered more
similar than those pairs with a lower mean value.
The resulting matrix was plotted using multidi-
mensional scaling and only the 20 most commonly
known varieties were used.

Farmers were asked to give the reasons for splitting
at every split. The earlier splits (especially splits one
and two) are indicative of more general critetia for dis-
tinguishing all available varieties and the later splits
tend to be more precise and variety-based details.

Changes in diversity over time

In 1996 and 1998, two surveys were conducted in
the rainfed lowland ecosystem. Among the ques-
tions that were put to the households were the
name of the varieties that they were planting, and
the origin of the seeds.

Microsatellite polymorphism analysis

Two distinct sets of accessions were studied for
microsatellite polymorphism: the same set of 149
accessions collected in the three ecosystems previously
studied for isozyme analysis, and another set of 205
accessions collected in the rainfed lowland ecosystem.
DNA was extracted from healthy leaves of
4-week-old plants using the CTAB (cetrimide-
trimethylammoniumbromide) method. Polymer-
ase chain reaction (PCR) was carried out in 1X
PCR buffer (100 mM Tris-HCI, 500 mM KCl,
0.1% gelatin); 1 mM MgClz; 0.1 mM dNTP mix;
0.2 pM primer-reverse and forward (Research
Genetics); 1 unit 7zg polymerase and 20 pl
genomic DNA. Amplification was carried out using
an M]J Research thermal cycler with the following
profile: initial denaturation for 5 min at 94°C; 35
cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 2 min, and a final extension of 72°C for 5
min. PCR products were viewed using silver staining
after electrophoresis on a 6% polyacrylamide gel.
Eighteen microsatellite primers were used for
the first set of 149 accessions: RM 1, 2, 3, 5, 6, 9,
11, 12, 13, 15, 16, 17, 18, 122, 148, 164, 167,
168. For the second set of 230 accessions, the fol-

lowing eighteen primers were used: RM 1, 3, 6, 11,
12, 18, 25, 26, 27, 60, 122, 167, 168, 169, 254,
255, 258 and 261. This set of primers slightly
differed from those used for the first set of acces-
sions because of practical and technical reasons. All
primers (Panaud ez al., 1996; Temnykh er al, in
press; Cho ez al., in press) were purchased from
Research Genetics.

Diversity Assessment

The analysis of farmers’ classification of the 20
most frequent varieties in the study villages gave a
clear picture. The clusters of varieties could be
interpreted as functional groups: varieties were clus-
tered together because farmers recognized them as
having similar traits and patterns of use.

Three primary sorting groups came out from
the multidimensional scaling (Fig. 14.1), which can
be interpreted as follows from the reasons farmers
gave for splitting:

® The group of glutinous varieties: Imelda,
Imelda Diket, Diket, Bongkitan. These varieties
all share the fundamental characteristic of being
glutinous varieties. Glutinous variety grains are
sticky when cooked. In Cagayan Valley, glutinous
varieties are used for special cakes and sweets.

® The group of short growth duration varieties:
IR68, C22, IR66, BPRI10, PSBRcl2 and
PSBRc10. The short duration group includes
those varieties that mature in a relatively short
period, usually between 90 and 130 days. The
members of the short duration cluster are all
modern varieties. Short duration is a character-
istic that is valued by farmers because it allows
for multiple crops per season.

® The long duration group includes the varieties
Elonelon, Java, Wagwag pino, Wagwag,
Wagwag tawataw, Wagwag bilog and Wagwag
red. Long duration varieties are those that
mature in more than 130 days. The long duration
group is characterized by traditional varieties. It is
possible to further classify the long duration
group by recognizing that it includes a major sub-

group of all the Wagwag types.

The Wagwag Varieties

The Wagwag variety type is prevalent throughout the
region and it can be found in 14 of the 15 research
villages. Figure 14.2 shows that out of the 72 variety
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Fig. 14.1. Cultural perception of most frequent rice varieties in the Cagayan Valley. First two axes of a
multiscaling analysis of the similarity matrix resulting from the successive pile-sorting.

names that were collected in the rainfed lowland
ecosystem in Cagayan, four accounted for more than
50% of the plots. Out of these four varieties, two
were modern varieties (IR66 and PSBRc10) and two
were Wagwag varieties (Wagwag and Wagwag pino).
Wagwag varieties are long duration photosensitive
varieties. They are valued for their taste, cooking
quality and adaptation to the variable local growing
conditions. These varieties generally command a bet-
ter price at the local and regional markets. Breeders
have long recognized the agronomic value of Wagwag
varieties but their use in breeding programmes has
been hampered by their low combining ability.

The genetic analysis showed that the Wagwag
varieties bring an original contribution to the over-
all rice genetic diversity in the Cagayan. Although
not all accessions of Wagwag varieties clustered
together — in that respect, the microsatellite analysis
tended to blur the image previously obtained from
isozyme data (Bellon ez al., 1998) — a large group of
them were clearly separated from the rest of the
accessions (Fig. 14.3). To illustrate what the genetic
loss would be if all Wagwag varieties were to disap-
pear, the genetic diversity at each of the microsatellite
loci was computed for the second set of samples
collected in the rainfed lowland ecosystem, and for
this set minus the Wagwag variedes (Fig. 14.4). It
shows that a decrease in genetic diversity would be
observed at the majority of studied loci.

Threats to Rice Diversity

Double cropping with short duration
varieties

The survey on farmers perceptions conducted in
1996 demonstrated that long duration is the main
reason for farmers in the irrigated and rainfed low-
land ecosystem to discard varieties (Bellon et al.,
1998; Fig. 14.5). The analysis of the cropping cal-
endar shows that the use of long duration varieties
by farmers precludes the shift to double cropping
(Fig. 14.5). Thus, the development of irrigation,
which makes the double cropping of short duration
varieties possible, appears to have potential negative
consequences on rice diversity in Cagayan. This is
an example of how the development of a technology
(irrigation) induces perturbation of the agroecologi-
cal niche occupied by particular varieties.

Threats to genetic diversity revealed by
natural catastrophes

In 1997 and 1998, two major weather phenomena
affected the Cagayan Valley. In 1997, El Nifio
caused a severe drought that affected Cagayan
Valley and much of the Philippines. The total
amount of rain in 1997 was lower than usual and
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Fig. 14.2. Distribution of varieties in the Cagayan Valley (rainfed lowland ecosystem, wet season 1996,
15 villages, 14 farmers per village). The relative frequency of each variety name was computed.The bars
represent the cumulative frequencies. The most frequent varieties are on the right-hand side of the graph.

the timing of rain was not good. The drought came
when the rice plants were at the seedling stage, a
stage when the tolerance to drought is nearly nil.
Some farmers who had decided to wait for more
rains were never able to plant.

In September and October 1998, the typhoons
Loleng and Iliang hit the valley and caused severe
infrastructural damage and early season flooding.
The level and intensity of these floods was devastat-
ing. Again, rice seedlings were lost and even plants
in later growth stages were badly affected.

Our surveys demonstrated that these catastro-
phes had a major impact on the frequency of tradi-
tional and modern varieties in Cagayan. The use of
traditional varieties by farmers decreased from
roughly 45% in 1996 to about 25% in 1998 (Fig.
14.6). The surveys and discussions with farmers
and extension agents provided four main explana-
tions for this rapid change in the varieties grown by
Cagayan farmers.

1. Deficient household seed storage technology. Due to
the humid climate conditions, the normal seed
storage conditions in farming households in

Cagayan do not permit farmers to maintain the
germination ability of seeds for much longer than
6-9 months. This means that farmers cannot
jump’ a production season: if they do not produce
seeds for a given variety during a given season, they
will have to find an external source to get seeds to
be able to plant the variety at the next season.
Obviously, another option for them would be not
to plant the variety.

2. Lack of infrastructure for seeds of traditional vari-
eties. In a situation where seed stocks of most farm-
ers were affected, farmers had to rely on external
sources to obtain seeds for the next planting season.
The seed stores generally carry only modern
varieties, and certified seed growers, part of the
Department of Agriculture’s system of seed procure-
ment strategy, grow only modern varieties.

3. Support for the use of modern varieties. In 1997 and
1998 the Municipal Agriculture Offices sponsored a
‘plant now pay later’ scheme. In this programme farm-
ers are given seeds at no cost and, on harvest, are
expected to pay for them. The seeds given in the
scheme are from the certified seed growers and are
always modern varieties, and sometimes only the



154

J.-L. Pham et al.

24— T T T T T T T T T T T T
[ |Ecosystem of origin ; ; ; ]
C Upland i i i ]
1,8 I @ Rainfed lowland f--------- i------------i ----------- R ]
[| @ Irrigated E ° ]

Axis 1 (7.9%)

Axis 2 (5.7%)

Fig. 14.3. Microsatellite polymorphism of 149 accessions from three rice ecosystems in the Cagayan
Valley: first two axes of a correspondence analysis (data from 18 loci).

recommended varieties. The varieties available in 1998
were IR66 and PSBRc28, the former a popular but
older modern variety, and the latter a new and
currently recommended variety. Traditional varieties
are not planted by certified seed growers and were not
included in the scheme.

4. Resilience of irrigated plots. The varieties that
were planted on irrigated plots were obviously
less affected by the drought than the varieties
planted on rainfed plots. Therefore, irrigation
sustains the use of the modern varieties, as farm-
ers plant only modern varieties on irrigated plots
(Morin et al., 1998).

Strategies to Sustain On-farm
Diversity

The research in Cagayan shows the importance of a
continuous monitoring of the rice varieties being
grown. While genebank scientists can provide the
methodology to do the surveys and initiate the
collection of baseline data, they may lack the prox-
imity to the field or the resources to perform the

survey at regular intervals. The implementation of
‘diversity lighthouses’ managed in collaboration
with farming communities and local extension
offices is needed to provide data on the changes of
diversity over time, whether due to particular
climatic circumstances or not. These data would
also be useful to help farmers obtain seeds from a
variety they have lost. Community-based projects
in Vietnam and Nepal were successful in develop-
ing the use of biodiversity registries in farming
communities (Sthapit ez 4/, 2000). In Cagayan
Valley, the assessment of the diversity of rice
varieties and the analysis of threats to this diversity
indicate that strategies need to be identified to sus-
tain the cultivation of long duration varieties in the
rainfed lowland agroecosystem.

Making diversity a viable option for
farmers

There is a general consensus that farmers are not
conservationists by nature but are ‘conservationists’
through use. In other words, farmers have to be pro-



Rice, Farmers and Genebanks 155

0.9

All varieties
(205 samples)

Varieties other
than Wagwag
(130 samples)

Nei’s (1973) heterozygosity

Microsatellite locus

Fig. 14.4. Comparison of the genetic diversity at each of the 18 microsatellites for two sets of
accessions: set of 205 accessions from the rainfed lowland ecosystem and subset of 130 accessions
other than Wagwag varieties.

35

30 — Rainfed Upland

25 —
[l Rainfed Lowland
20 ] —

%

15 — | ] Irrigated

10 +— - —

Pests/
diseases Yield Duration

Fig. 14.5. Farmers’ reasons for discarding traditional varieties in three rice ecosystems in the Cagayan
Valley (from Bellon et al., 1998).

vided with the right technical and economic options, The idea of investigating new cropping patterns
so that they see the advantages in growing the vari- came from the observation of the practices of a
eties targeted by the conservationists. Cagayan farm-  farmer who was planting his traditional varieties in
ers cannot afford to maintain long duration varieties  late October, a full 3 months after his neighbours.
if this results in a loss of income. According to him, this practice posed no risk and
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Fig. 14.6. Changes in the proportion of cultivated modern (MV) and traditional (TV) varieties, in selected

municipalities in Cagayan Province, 1996—-1998.

he felt he achieved higher yields with his tradi-
than his neighbours. Field
trials conducted on the experimental fields of
IRRI in Los Bafios confirmed these observations.
Late planting not only permitted a decrease in
maturity of the Wagwag varieties, but there was
also an increase in yield (Figs 14.7 and 14.8).

tional varieties

Consequently, it is possible to propose a new
cropping pattern, which would allow farmers to
do double-cropping with both modern and tradi-
tional varieties (Fig. 14.9). However, large-scale
tests need now to be conducted. It will be
extremely important to assess the potential impact
of this pattern on the occurrence of pests and dis-
eases.

Strengthening farmers’ access to seeds

The seed supply system is considered by both
breeders and conservationists to be a key element
in the deployment and management of crop vari-
eties in agroecosystems. The development of local
genebanks managed by farming communities,
and of local seed markets, has been the objective
of numerous non-governmental organizations
(see for example Salazar, 1992) involved in on-
farm conservation activities. More recently, the
IPGRI-coordinated project for in situ conserva-
tion on-farm has also integrated the development
of local seed markets into its research agenda. It

is, therefore, of no surprise when we conclude
that it is necessary to strengthen farmers’ access to
seeds to sustain on-farm diversity. However, in
this chapter, we will not discuss the possible
implementation of local genebanks or the imple-
mentation of seed flow mechanisms within and
between farming communities. We present two
activities in which institutional genebanks can
play an active role.

Improve on-farm storage

As discussed in the analysis of the consequences of
the natural catastrophes in Cagayan, poor storage
conditions are a cause of genetic erosion. We are
developing a simple and cheap seed drying and
storage device that farmers could use to store the
seeds for several years. With a simple plastic drum
as a container, and old rice seeds as a drying
medium agent, preliminary tests show the moisture
content of fresh-harvested seeds could be brought
down to 12%, that is, at a level that would permit
the conservation of seeds in the closed drum for
several years. A prototype of the device is currently
being tested by a pilot group of farmers.

Linking farmers and genebanks

In November 1998, we went to Cagayan Province
to take seeds back to farmers who had participated
in our project. The seeds had been collected from
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farmers in 1996 and planted and characterized at
IRRI in 1997. No multiplication had been pur-
posely conducted with the objective of seed distri-
bution, which explains the relatively small amount

of seeds distributed for traditional varieties. A
total of 28 varieties, including both modern and
traditional types, were distributed to farmers in 15
villages. In all, about 1.5 t of seeds were given. A
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total of 609 bags of modern variety seeds (2 kg)
and 105 bags of traditional variety seeds (1 kg)
were distributed.

It appeared 2 years later that the small amount
of seeds distributed had limited the efficiency of
the distribution. Only 57% and 32% of the bags
of modern and traditional varieties respectively,
were successfully multiplied. In particular, the
small multiplication plots implemented by indi-
vidual farmers were affected by limited floods,
while larger plots, possibly conducted at the
community level, would have been more resilient.
Nevertheless, the distribution helped to change
the ongoing trend of decreasing number of
farmers growing traditional varieties (175 in
1996, 110 in 1997, 84 in 1998) as it went up to
148 in 1999.

Although this distribution was not organized
in response to the catastrophes in Cagayan, its
impact illustrates the need for genebanks to
develop an expertise in the restoration of local
diversity. One of the activities included in the
FAO’s Global Plan of Action is the assistance to
farmers in disaster situations to restore agricultural
systems. The example of the Cagayan Valley shows
that disasters do not necessarily happen on a very
large scale. The design and logistics for local oper-
ation of diversity restoration might have to be
very different from that conducted at a national or
regional level.

On-farm Conservation: an Additional
Role for Genebanks

The increasing interest in in situ conservation on-
farm makes the institutional genebanks face a new
challenge. While being mainly familiar with the
closed, controlled environment of cold rooms and
multiplication fields and the uninterrupted flow of
seed requests, genebanks must now face the open,
changing agroecosystems where farmers are not
only the end-users but also the decision-makers.
On-farm conservation cannot be imposed on farm-
ers. The idea of freezing genetic lanscapes (Iltis,
1974) has long been abandoned. The research
activities of the Genetic Resources Centre of IRRI
and PhilRice illustrate the role these genebanks and
research institutions can play in collaboration with
other stakeholders to contribute to the develop-
ment of the right balance of incentives for farmers
to maintain diversity.

The role of genebanks and research institutions
is to:

® assess existing iz situ on-farm diversity and its
structure;

® assess the potential benefits of this diversity to
both farmers and conservationists;

® identify endangered varieties or varietal groups,
and the threats to these varieties.

Their role is then to develop options to make
diversity a viable option for farmers:

® 0 identify technical or policy opportunities
for the continued cultivation of these varieties
(or to change policies that negatively affect
diversity);

® (o contribute to the transfer of knowledge/tech-
nology to farmers through the appropriate
channels.

Finally, genebanks and research institutions have
an important role to play to strengthen farmers’
access to diversity:

® o understand the impact of seed policies on
farmers’ access to genetic diversity;

® 0 understand the technical constraints faced by
farmers in conserving genetic resources and to
improve or develop seed technologies at the
local level;

® o develop channels for the reintroduction of
lost varieties when needed, and develop links
between farmers and genebanks not only to sus-
tain the diversity on-farm but also to improve
its management by farmers.

Understanding the processes that affect the
dynamics of diversity in ecosystems goes far
beyond the conservation objective. It may provide
plant breeders and extension agencies with new
options for better deployment and management
of diversity in agroecosystems.
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15 A Study on the On-farm
Maintenance of Farmers’ Varieties of
Sorghum in Malawi

E.A. Chiwona
Malawi Plant Genetic Resources Centre, Chitedze Agricultural Research Station,
Lilongwe, Malawi

Introduction

For several years of germplasm collection and con-
servation of crop genetic resources, ex situ has been
the main conservation strategy against the loss of
genetic diversity in crops. However, it has become
evident that views that led to the dismissal of the i»
situ conservation strategy are no longer valid. For
example, it has been realized that the ex situ facili-
ties (seed storage and field genebanks) cannot
accommodate the full range of useful genetic diver-
sity, nor can the facilities conserve the dynamic
process of crop evolution and farmers knowledge
of crop selection and maintenance inherent in the
development of farmers varieties (FAO, 1996;
Maxted ez al., 1997). These shortcomings of an ex
situ strategy however, be
addressed by an iz situ on-farm conservation
approach. Therefore, in order to conserve the full

conservation can,

range of genetic diversity of crops, there is a need to
consider both ex situ and in situ on-farm conserva-
tion methods.

In situ on-farm conservation is a conservation
technique which aims at maintaining genetic diver-
sity of crops and their wild relatives in farmers’
fields (FAO, 1996; Maxted ez al., 1997). However,
the technique for implementing on-farm conserva-
tion of crop genetic diversity has not been devel-
oped; it is still in its initial stages.

© IPGRI 2002. Managing Plant Genetic Diversity

A study to understand the on-farm maintenance
of farmers’ varieties of sorghum was carried out in
the Lower Shire Valley, Malawi, with the aim of
generating information that could be used to
develop a strategy for implementing on-farm con-
servation in the country. For this study, farmers’
varieties are defined as variable plant populations,
adapted to local agroecological conditions, which
are named, selected and maintained by the farming
communities to meet their socioeconomic, cultural
and ecological needs. Specifically, the study’s objec-
tives were to: (i) assess the status of farmers’ vari-
eties of sorghum and its associated crop species in
the target area; (ii) identify methods used in main-
taining the varieties; (iii) identify key factors influ-
encing farmers’ decisions in maintaining or limiting
farmers’ varieties; and (iv) propose a way forward
for the development of an on-farm conservation
strategy.

Materials and Methods
The choice of the crop species

Sorghum (Sorghum  bicolor (L) Moench) was
selected as a target crop species for the study due to
its importance in Malawi. While sorghum is the
world’s fifth largest cereal crop, it is the most
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Fig. 15.1. Location of Lower Shire Valley, Malawi.

important indigenous cereal crop in the country.
The Lower Shire Valley (Fig. 15.1) is the main
sorghum producing area in the country, hence its
choice as study site.

The study targeted all farmers' varieties of
sorghum. In the absence of more efficient tech-
niques such as molecular markers, different farmers’
varieties were distinguished on the basis of local
names used in the study area. The problem with this
method, however, was the apparent use of different
local names for the same variety. This was especially
so when one moved from Chikwawa to Nsanje (Fig.

Tanzania

~~~~~~~~~~ International Boundary
——— District Boundary

e District HQ

Mozambique

200 km

15.1). For example, Gonkho in Chikwawa is a
sorghum variety charac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>