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PREFACE

Advances in modern biotechnology have provided powerful tools for the
identification, mapping, characterization, isolation and manipulation of
genes. They provide the keys for understanding and solving many problems
associated with animal production and health, and offer exciting
opportunities for enhancing agricultural productivity and food security.

Currently, the focus of biotechnological research is on issues and
problems of significance for livestock producers and consumers in the
developed world. In order to address the problems facing livestock owners in
developing countries and to fully realize the benefits from gene-based
technologies, there is a need to identify, characterize and apply appropriate
gene-based technologies in and for these regions. To this end, an
International Symposium was organized by the Joint FAO/IAEA Division of
Nuclear Techniques in Food and Agriculture in cooperation with the Animal
Production and Health Division of FAO.

The year 2003 marked the 50™ anniversary of the discovery of the double
helical structure of DNA by Watson and Crick. Given the numerous
developments that have taken place in the “-omics” technologies, we thought
it opportune to take stock of what has and what could be achieved using
these modern scientific tools to maximize the benefits from the so-called
“livestock revolution” taking place in many developing countries.

The Symposium comprised a plenary session and four thematic sessions,
covering animal breeding and genetics, animal health, animal nutrition and
the environment. Other sessions covered ethics, safety and regulatory aspects
of gene-based technologies, and there were three thought-provoking panel
discussions. One hundred and thirty representatives from 60 Member States



vi Preface

of IAEA and FAO attended the Symposium, with a good balance between
private and public sector institutions, policy-makers and international
assistance agencies. Stimulating debates developed, both from the floor and
during more informal sessions. The Symposium received generous support
from the private sector, for which the sponsoring Organizations are most
grateful.

This publication provides a compilation of peer-reviewed scientific
contributions from authoritative researchers attending the Symposium.
Valuable information is provided on the role and potential of gene-based
technologies for improving animal production and health, the possible
applications and constraints in the use of these technologies and the specific
research needs and constraints in developing countries. It is hoped that these
Proceedings will be of benefit as a reference source for researchers, students
and policy-makers, and help bridge the gap between developed and
developing countries in the understanding of applications of gene-based
technologies in animal agriculture and in exploring future roles of such
technologies in the developing world.

James Dargie Samuel Jutzi
Director Director
Joint FAO/ IA.EA Du./lszon' of Animal Production and Health
Nuclear Techniques in Animal Division
Production and Health, FAO i

IAEA



EXECUTIVE SUMMARY

Research aimed at improving animal production and health has been
revolutionized by recent developments in biotechnology, particularly those
involving gene-based technologies. These have generated not only new
opportunities for knowledge creation but also new options for solving
established and emerging problems.

The underlying theme of this Symposium was the exploitation of gene-
based technologies for use in the livestock sector in developing countries. In
this regard, consideration was also given to inherent problems in developing
countries, given their weak research base and lack of training, which in turn
limits their ability to effectively utilize gene-based methods. The contrasts
between the resources available to developing and developed countries were
clearly evident. However, even in technologically advanced countries, there
are relatively few examples of novel biotechnological products that can
demonstrate key advantages to people and communities. That is not to say
that the potential of gene-based technologies were understated, only that
tangible proof of practical use was lacking. The main problem seemed to be
one of ensuring large-scale, sustained funding of such technologies in the
livestock arena. It did, however, become clear that less-developed countries
might benefit even more than developed countries from advances in genetic
research. Nevertheless, a concerted effort is needed to understand real needs
and to make adjustments for the longer developmental time scales needed. It
is clear that genetic analyses are already well established, or at least readily
achievable in most developing countries, although genomic analysis still
rests with a few specialized centres in the developed world.

The scientific information presented at this symposium was of a nature
that elicited much excitement regarding the potential applications for gene-
based technologies, particularly in those field that have matured more,
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notably in animal disease diagnostics and therapeutics, rather than in animal
production. Developing countries could thus acquire more economic benefits
in the short term by focusing research and development work on animal
health. In the area of animal production, benefits are more likely to accrue in
the medium to long term. The timing of the Symposium was opportune in
the face of various recent disease epidemics and the continuing debate on the
“livestock revolution” that is expected to address global food requirements
and influence trading patterns.

1.1 Animal production

1. The genetic manipulation of grain crops and tropical forages to increase
the efficiency of nutrient availability to animals and to decrease
phosphorus and nitrogen emission into the environment offers
considerable potential in increasing livestock productivity while
protecting the environment. This could be achieved through molecular
manipulation, transgenesis, and site-directed or conventional mutation
breeding.

2. International and national bodies should further promote the use of
quantitative methods for polymerase chain reaction (PCR) and
oligonucleotide probe-based analysis for reducing methane, countering
the effects of antinutritional factors, monitoring gut pathogens associated
with food safety, improving utilization of feed resources, and in
identifying new pro- and pre-biotics and antibiotic substitutes for
addition to feeds in developing countries.

3. The practical applications of genomic studies on rumen microbes are
currently unpredictable, but could involve industrial production of key
lignocellulytic enzymes for pre-treatment of fibrous residues. Rumen
genomic studies might provide insight into the nutrient requirements of
these organisms and this knowledge could be employed in practical
feeding strategies. Because of present uncertainties and the high cost of
genomic research, developing countries should preferably not initiate
such studies, but should rather direct resources to enhancing capacity in
the area of bio-informatics, since sequence information will become
publicly available.

4. In developing countries, the use of genotype information is likely to be
more useful in marker-assisted introgression than in selection within
breeds. Introgression of a single mutated gene is relatively easy and
holds promise for livestock improvement in developing countries and
should thus be targeted. Some single-gene mutations are known and
information on many more is likely to become available in the near
future. A model for introgression is the Booroola gene of the Garole
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breed, as demonstrated in India and which could be replicated in other
countries.

5. Locally adapted breeds should be characterized for nutritional resilience,
behaviour, metabolic rates, energy expenditure, muscle and bone
structure, feed conversion efficiencies, female reproductive performance
and lactation, protein turnover, mobilization of energy for lactation, etc.
In low-input systems in developing countries, complete phenotypic and
pedigree information is often not available except in some intensive
breeding units. The real value of marker information will thus be under-
utilized. A proper recording system must also be in place if the full
potential of marker-assisted selection for breed improvement is to be
realized.

6. If transgenic animals were to gain acceptance in developing countries,
then gene constructs and transgenic technology should be used to modify
locally adapted breeds rather than introducing elite transgenic breeds
from developed countries. It should be noted that transgenesis is unlikely
to be successful for genes encoding traits governed by gene networks,
although it is feasible, and should be pursued in the case of single-gene
traits.

1.2 Animal health

1. The increasing demand for and trade in animals and animal products is
fuelling a livestock revolution in developing countries and posing
increased health problems, to both animals and man. Gene-based
technologies are playing an increasingly important role in addressing
such problems.

2. Major advances have been made in elucidating host-pathogen
interactions, diagnosis, molecular epidemiology and predictive
epidemiology of veterinary diseases, as well as in vaccine production,
through the exploitation of gene-based technologies. Major progress has
also been made in the sequencing of animal genomes.

3. Different solutions are required to solve problems of animal health and
food safety in developed versus less-developed countries. For the latter,
more appropriate exploitation of gene-based technologies could be
identified. Developed countries tend to regard developing countries as
sources of disease and a threat. There is also a large differential in the
attitudes towards various diseases according to the state of economic
development. The prospect for increased trade is a major factor in
promoting gene-based methods and research in developing countries.
More appropriate targeting of research by developed countries is needed
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to help produce more relevant vaccines and diagnostic methods for
transfer to developing countries.

4. Training is an essential pre-requisite to allow pure and applied research,
and, by extension, to produce appropriate reagents, therapeutics and
vaccines to deal with problems peculiar to developing countries.

5. Molecular tools such as PCR and micro-arrays have driven
developments, particularly within the fields of disease diagnosis and
control. Molecular epidemiology based on sequence comparisons is
now commonplace, as also are real-time and forensic analyses of
diseases and pathogens.

6. Gene-based technologies allow for more direct, non-invasive diagnostic
methodologies within a short time frame. An increasing number of
faster and more sophisticated molecular diagnostic techniques based on
PCR are available for the detection of cellular and viral pathogens.
Sensitive and specific techniques will be more readily usable at the site
of infection, but the challenge remains of ensuring validation to
ascertain true diagnostic sensitivities. Care is needed to ensure that
existing serological tests remain in use in tandem with molecular
methods.

7. Gene-based technologies have already made a major impact on animal
vaccinology. As an illustration, widespread studies are in progress on
the use of naked DNA vaccination. For control programmes, it is
important that newly designed vaccines include markers to distinguish
vaccinated from infected animals. The concept was first tested using
DNA viruses whose genomes could easily be manipulated using
molecular techniques. Reverse genetics of viral pathogens can provide
new immunogenic constructs that act as marker vaccines for many RNA
viruses. The development of vaccines against invertebrate disease
vectors so as to directly attack the source of the transmission and spread
of many important human and veterinary pathogens, offers exciting
possibilities. Major constraints on vaccine development occur where
there is a high rate of mutation and selection of pathogens, requiring the
availability of multivalent vaccines. The physical and environmental
stability of such vaccines must also be assured.

1.3 Education, intellectual property rights, ethics, biosafety
and related aspects

1. Technologies and expertise should be transferred to developing
countries through capacity building programmes whose aims and focus
are driven by the countries themselves. Appropriate modalities for
achieving this must be determined. Equally important is institutional
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strengthening for strategic planning, priority setting and policy
development for identification of appropriate gene-based technologies
and their applications. Regional and subregional approaches should be
used to enhance cooperation, capacity building and sharing of
knowledge.

2. Establishing and strengthening the networking of groups in developing
countries for research and development work in “modern
biotechnology” and application of gene-based technologies will provide
the necessary impetus to address the emerging challenges for enhancing
animal productivity and health. Increased contact between academics
and industry is essential, and is one of the main prerequisites to
becoming more competitive in biotechnology. Initiatives to stimulate
such interactions should be encouraged and actively supported.

3. There is an urgent need to involve industry in the commercialization of
research products, especially in the early stages where venture capital
plays an important part in the developed world.

4. Intellectual property rights (IPR) and the use of patented products and
procedures are important issues to consider with any application of
genomic-based procedures worldwide, including in developing
countries. There is a need for the international research community to
coordinate their activities efficiently in order to address issues of IPR —
issues that have often limited collaboration among public and private
institutions.

5. Issues of ethics and biosafety need to be addressed at the institutional
and national levels, but harmonization should be at inter-governmental
or international level.

6. Gene-based technologies are unlikely to have an impact if applied in
isolation. Programmes that work to understand and improve the full
socio-economic system of animal production and marketing are more
likely to succeed than those that deal with individual components of the
system.

7. International funding agencies should assist and support countries to
ensure that gene-based technologies are deployed within the framework
of national development aspirations.
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FAO/TAEA INTERNATIONAL SYMPOSIUM ON
APPLICATIONS OF GENE-BASED
TECHNOLOGIES FOR IMPROVING ANIMAL
PRODUCTION AND HEALTH IN DEVELOPING
COUNTRIES

Summary, conclusions and recommendations

1. INTRODUCTION

The symposium was held from 6 to 10 October 2003 in Vienna. One
hundred and thirty scientists and decision-makers from 60 Member States
participated in the Symposium. A total of 44 oral and 33 poster presentations
were made. The programme consisted of opening addresses, an opening
session to set the scene and four scientific sessions covering, respectively,
animal breeding and genetics; animal health; animal nutrition; and
environmental, ethical, safety and regulatory aspects of gene-based
technologies. There were also three panel discussions. In the opening
address session, three distinguished speakers (Werner Burkart, DDG and
Head of the Department of Nuclear Sciences and Applications, IAEA;
Samuel Jutzi, Director, Animal Production and Health Division, FAO; and
James Dargie, Director, FAO/IAEA Division of Nuclear Applications in
Food and Agriculture) presented their views. Mr Burkart stressed the
importance of the close relationship between FAO and IAEA for enabling
the exploitation and deployment of nuclear technologies in food and
agriculture. Mr Jutzi stressed the challenges and opportunities faced by
animal agriculture globally, and emphasized the importance and nature of
specific and general development policy measures for enhancing the impact

1
H. P. S. Makkar and G. J. Viljoen (eds.), Applications of Gene-Based Technologies for
Improving Animal Production and Health in Developing Countries, 1-21.
© 2005 IAEA. Printed in the Netherlands.
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of gene-based technologies in animal agriculture in developing countries. Mr
Dargie emphasized the need for training, technical support and capacity
building in developing countries for enabling the application of gene-based
technologies in key areas of the livestock sector.

2. OPENING SESSION: SETTING THE SCENE FOR
THE INTERNATIONAL SYMPOSIUM

Samuel Jutzi
Director, Animal Production and Health Division, FAO, Rome

Two keynote addresses were presented: A4 vision of gene-based
technologies for the livestock industries in the third millennium by E.P.
Cunningham, and Challenges and opportunities for controlling and
preventing animal diseases in developing countries through gene-based
technologies by M.H. Jeggo and J.R. Crowther. The salient points that
emerged from this session are summarized below.

2.1 On the technological front

1. The vast expansion of knowledge in the last ten years in the development
of new techniques for isolating, amplifying, reading and inserting DNA,
the up-scaling and automation of those techniques, and their coupling
with information management suggests the continued and accelerated
achievement of breakthroughs in the exploration and management of
gene function.

2. One of the largest impacts of gene-based technologies on livestock sector
so far, given the large economic significance of feed in livestock
production, has been through their application in maize and soybean
transformation (reduced production costs, reduced mycotoxin levels,
higher P- and N-digestion efficiencies, and better balance of amino
acids).

3. Non-contentious and fast advancing gene-based technology frontiers are
those that relate to genome mapping, exploration of genetic diversity,
DNA typing, fingerprinting, genetic tracking, marker technology and
functional genomics. Transgenesis is of little concern as long as it is only
used for vaccine generation. The need to further strengthen efforts in the
production of more efficient vaccines was, however, stressed.
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4. Public concerns about animal transgenesis for purposes related to growth
and nutritional performance, health management and pharmaceutics or
organ supply for human medicine, as well as the application of
genetically modified growth hormones, has tended to slow both
technological progress and the market introduction of such products and
processes.

2.2 In the functional context

Gene-based biotechnology requires an appropriate policy and
institutional framework to exploit its full potential. Emphasis should be on
developing relevant and effective livestock sector policies, and on
development of institutions, organizations and services.

3. SESSION I: GENE-BASED TECHNOLOGIES
APPLIED TO LIVESTOCK GENETICS AND
BREEDING

Oswin Perera and Harinder Makkar
Animal Production and Health Section, Joint FAO/IAEA Division,
[AEA, Vienna

Four keynote addresses were presented. These focused on
(1) approaches, opportunities and risks of molecular genetics and livestock
selection; (2) technologies for germline manipulation; (3) state of the
world’s animal genetic resources; and (4) integration of gene-based methods
and reproductive technologies for genetic improvement of livestock.
Molecular genetic and genomic technologies have been applied to gene
detection, genetic selection and assessment of genetic diversity and genetic
transformation of livestock for the past 20 years. Research has taken place
mostly in the developed world and these technologies and their applications
are still a young science, but consideration must be given to adapt these
technologies to meet the specific needs of developing countries. The paper
on the state of world’s animal genetic resources revealed a wide gap between
developed and developing world in research, development and applications
of gene-based technologies. Developing countries should be prepared to
receive and fully exploit these technologies.

1. Genetic improvement of livestock is already very effective using
conventional technologies, and new technologies, such as use of
molecular genetic markers, must compete with these conventional
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approaches. Molecular genetic markers are recognized as being useful
and cost-effective technologies that can be incorporated into genetic
improvement programmes to improve efficiency or rate of genetic gain,
or both, but they do not in themselves provide large extra genetic gains
and nor do they substitute for existing methods of genetic improvement.
There are opportunities for application in the developing world, but the
difficulties in terms of needs for advanced training and development of
technical capacity should not be underestimated.

Marker assisted selection is mainly useful for traits where phenotypic
measurement is less valuable because of low heritability, sex-limited
expression, non-availability before sexual maturity, or unavailable
without sacrificing the animal (e.g. slaughter traits). Traits such as feed
intake or disease resistance may also be expensive or difficult to
measure, and information on genotype might be useful in selecting for
these traits. Genotypic information has extra value in the case of early
selection and where within-family variance can be exploited.
Reproductive technologies usually lead to early selection and more
emphasis on between-family selection. DNA marker and reproductive
technologies are therefore highly synergistic and complementary. In the
low-input systems existing in developing countries, complete phenotypic
and pedigree information is often not available, except in some intensive
breeding units. Under these scenarios it would be more difficult to
realize the value of the marker information, and it would be harder and
more expensive to determine linkage in the case of using linked markers.
A proper recording system must be put in place if the full potential of
gene-based technologies for breed improvement is to be realized.

There are opportunities for application of molecular genetic approaches
in the developing world. Rather than exploiting existing quantitative trait
loci (QTLs) through within-breed selection, a more likely scenario for
developing countries will be that valuable QTLs will be introgressed
from one population into another. In developing countries there is a huge
variation across breeds, much of it being useful to exploit in genetic
improvement programmes. This includes the variation coming from
“foreign” breeds in developing countries. Indigenous breeds may contain
valuable QTLs, but could benefit from upgrading through crossing with
superior exotic breeds. Alternatively, valuable QTLs could be
introgressed from exotic breeds. Examples are the Booroola gene in the
Garole breed in India, having a moderate and desirable effect on number
of lambs weaned, and a number of genes affecting resistance to endemic
local diseases. There are many cases of QTLs found in crosses of
extreme breeds, and a number of those will be candidates for
introgression. In developing countries, use of genotype information is
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therefore probably going to be more useful in marker-assisted
introgression (MAI) rather than in selection within breeds. Also, in the
case of MAI, reproductive technologies will be beneficial because they
can help increase the number of animals with the desired genotype.

4. Information is currently available for a number of “direct markers” such
as myostatin affecting double muscling in cattle, calipyge doing the
same in sheep, and Booroola affecting fecundity. Many of these
mutations have a major phenotypic effect. Even if the genetic marker
were a direct marker, its effect on phenotype would have to be estimated
for the population and the environment in which it is used. The effects of
individual genes are likely to be dependent upon the background, which
must also be characterized. Phenotypic information may be less used in
actual selection in the future, but recording of phenotype will be
continuously needed for the purpose of monitoring the QTL effect
(retrospectively), and genetic change over time.

5. Genetically modified (GM, transgenic) livestock have not yet entered
commercial production. The technology of producing GM livestock
remains expensive and difficult, but recent breakthroughs promise
substantial reductions in cost and increases in efficiency in the near
future. Similarly, increasing knowledge of mammalian and avian
genetics and genome function is opening new avenues that could be of
economic and social value in both developed and developing countries.
Opportunities to create disease resistance seem particularly promising,
but applications for livestock improvement in developing countries are
likely to be medium to long term rather than short term.

6. The ongoing FAO survey of the State of the World’s Animal Genetic
Resources has already revealed several consistent demands from
developing countries for biotechnology applications. Demands for breed
characterization, for cryopreservation of livestock germplasm and for
application of embryo transfer technologies were highlighted. There was
little expressed demand for advanced genetic technologies, and the gap
between the developed and developing worlds in such technologies was
clear. Where demand for advanced biotechnologies was expressed, there
was little evidence of an underlying strategic plan. These results identify
needs for capacity development and technology access in advanced
biotechnologies and strategic planning.

7. The country reports within the State of the World’s Animal Genetic
Resources also confirm observations that changes in status and risks to
indigenous livestock genetic resources in West Africa are very rapid,
and that several breeds are already extinct and others are under severe
threat. Interventions will therefore need to be rapid and comprehensive
to prevent permanent loss of a substantial proportion of existing genetic
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resources. Global surveys and characterization of livestock diversity,
within which molecular diversity is a component, should be completed
as an essential starting point for informed actions on conservation and
utilization. International support should be provided to accomplish this.
An international panel should also be established to review and
recommend procedures for characterization and conservation of animal
genetic resources. The question of when and how in vifro conservation
techniques should be applied needs to be defined and specific
recommendations provided to users.

8. Gene-based technologies and genetic improvement in general are
unlikely to have any impact if applied in isolation. Rather, it is critically
important to work with local communities to identify what are the real
needs and opportunities for achieving a positive impact on people’s
lives, and then to work with those communities to test and apply
improvements. Programmes that work to understand and improve the
full socio-economic system of animal production and marketing are
more likely to succeed than programmes that are limited to individual
components of the system.

4. SESSION II: GENE-BASED TECHNOLOGIES
APPLIED TO PATHOGENS AND HOST-
PATHOGEN INTERACTIONS

Paul-Pierre Pastoret,! Thomas Barrett' and Esteban Domingo2

1. Institute for Animal Health, Compton Laboratory, Compton, Newbury,
Berks, UK

2. Centro de Investigacion en Sanidad Animal (CISA),
28130 Valdeolmos, Madrid, Spain

Gene-based technologies applied to animal health must fall in line with
the general trends and the needs of animal production and health in
developing countries. As indicated in the talk given by Samuel Jutzi, an
increasing demand for animal products is foreseen in developing countries
over the next 20 years — the so-called “livestock revolution”. This increased
demand will no doubt be accompanied by an increase in the exchange of
animals and animal products, with consequent greater risks of transboundary
spread of disease. There are therefore likely to be major problems
concerning food security in developing countries, not forgetting the many
problems associated with food safety.
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As exemplified by the recent outbreaks of foot-and-mouth disease and
classical swine fever in Europe, the control of OIE List A diseases in
developed countries is still achieved through the implementation of sanitary
policies that include mass slaughtering of infected and in-contact animals.
One cannot expect such measures to be adopted in developing countries
where food security has not yet been achieved. In any event, public opinion
in developed countries is increasingly concerned with animal welfare and the
ethical justification of a mass slaughter policy; this has led to the new
concept of “vaccination for life”. Additional biological facts relating to
developing countries must be taken into account, such as the high level of
animal biodiversity in some of them and the existence of wildlife reservoirs
of infections and infestations, which can be a source of new emerging
diseases in the human and domestic animal populations. Compared with
wildlife species, the existence of domestic livestock is a recent event in
evolutionary terms, and therefore the domestic animal populations have had
little time to adapt to certain pathogens. Coupled with this is the fact that the
evolutionary rate of viruses is of another order of magnitude compared with
that of their host species, and leads to the establishment of quasi-species
populations with multitudes of variant genomes. To date, a total of about
3600 viral species and their variants have been described.

Animal health is an important component of sustainable agriculture;
however, biosecurity — the need to protect the environment and maintain
biodiversity — must also be taken into account. By the end of the last century,
molecular biology had made outstanding progress. Molecular tools — PCR,
micro-array technology, etc. — had all made a substantial impact in the field
of disease diagnosis and control. The complete genome sequences of the
majority of relevant viruses, as well as those of numerous bacteria, are now
available, and the completion of the human genome sequence has been
achieved. Genome sequence information will soon be available for most of
the important livestock species, including poultry, pigs and cattle. These
advances will also affect the use of gene-based technologies in animal health
in developing countries, and this will need to be taken into account in future
studies on host—pathogen interactions (interactome).

4.1 Impact of gene-based technologies on animal health

The impact of gene-based technologies on animal health has primarily
been on infectious or parasitic diseases, and these have made important
contributions in four main areas:

e host—pathogen interactions;
e diagnosis;
e molecular epidemiology and predictive epidemiology; and
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e vaccines.

Nowadays, the three disciplines of epidemiology, diagnosis and
vaccinology are more closely linked than ever, since one of the main
advances in veterinary vaccinology has been the development of marker
vaccines, obtained by recombinant DNA technology. These marker vaccines,
used for “vaccination for life”, must, however, be linked with suitable
companion diagnostic tests. Epidemiological studies will then indicate if
vaccination campaigns are necessary and, if so, whether or not they are
successful.

It is worth keeping in mind that these three disciplines, when translated
into practice, have no negative impact on animal welfare, animal rights or
animal integrity; in fact, the use of vaccines should improve animal welfare.

4.1.1 Host-pathogen interactions

New gene-based technologies such as micro-arrays and knowledge of
genomic sequences of both the pathogen and the host have allowed more
refined pathogenesis studies to be carried out, i.e. the “interactome” between
gene products of the pathogen and those of the host.

It is becoming obvious that many viruses, microbes and parasites are very
“clever” at evasion, they have co-evolved with their hosts and therefore it
can sometimes be very difficult to find the best way to fight them. This
brings to mind a well-known paper by Rolf Zinkemagel entitled Immunology
taught by viruses and no doubt they will also “teach” us much about
pathogenesis.

4.1.2 Diagnosis

Serological, indirect methods of diagnosis of infectious diseases are still
very useful but have some drawbacks, such as the lag period between the
initial infection and the appearance of detectable amounts of antibodies.
Gene-based technologies are allowing us to increasingly use more direct
non-invasive diagnostic methodologies in a more rapid time frame.

There are an increasing number of faster and more sophisticated
molecular diagnostic techniques based on PCR available for the detection of
cellular and viral pathogens. These are suited to surveillance of pathogens in
environmental samples (water, soil, etc.), in food products and in biological
specimens from humans, animals and plants. Nucleic acid fingerprinting and
sequencing can be applied to the identification of pathogens (species, types,
subtypes, variants, etc.). Portable instruments enabling this work to be
carried out in the field are also becoming available.



Report of the symposium 9

For diagnostic applications in developing countries, the main

recommendations are to:

e adopt technologies that use fluorescent probes and accessible bio-
informatics programmes;

e develop diagnostic tools that can be used in the field (pen-side
technologies);

e train personnel in the techniques to ensure proper interpretation of
positive and negative results; and

e establish networks of epidemio-surveillance laboratories that function in
an integrated manner.

4.1.3 Epidemiology

Molecular epidemiology is one of the most powerful applications of
gene-based technology in animal health. Bearing in mind that viruses,
especially RNA viruses, are quasi-species, that is to say highly variable, it is
very important to be able to rapidly identify and characterize them to enable
effective control measures to be implemented without undue delay. A further
development could be the new science of predictive epidemiology using
sequence data, and also micro-arrays, to search for new pathogens. As
exemplified by several recent examples (Hendra, Nipah, SARS, etc.),
wildlife can act as reservoirs for numerous potentially emerging, often
zoonotic, infections. It would now be feasible to check for potential disease
risks in wildlife using highly conserved regions of nucleic acid sequence in
known viral genomes.

For application to epidemiological surveillance in developing countries,
two main recommendations emerge:

e [t is essential to implement surveillance of the genotypic or antigenic
types and variant forms of the pathogens to be controlled (see also under
Diagnosis). Phylogenetic methods to identify lineages and to trace the
origin of pathogens and quantitative relatedness among different forms
of the same pathogen should be used systematically, notably for
predictive epidemiological purposes.

e Studies on wildlife should be undertaken, especially in regions with very
high animal biodiversity

4.1.4 Vaccinology

Compared with other technologies, vaccines offer the single most cost-
effective measure to control or even eradicate an infectious disease, as
exemplified by the eradication of smallpox, the near eradication of rinderpest
and the foreseen elimination of wildlife rabies from mainland Europe. There
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are no broad spectrum antivirals yet available and so, for most viral diseases,
vaccines are the only cost-effective solution to disease control, apart from
some cases where no vaccine is available and slaughtering may be the only
control option (e.g. African swine fever), especially when confronted with
zoonotic pathogens, as was the case with the Hendra and Nipah virus
infections in domesticated species.

Whatever the technology used in their production, vaccines fall into two
categories: they are either attenuated or inactivated products. The
immunological response in the vaccinated animal depends on whether the
vaccine is attenuated or inactivated, with attenuated vaccines generally
giving more effective and long-lasting immunity.

Gene-based technologies have already had a major impact in animal
vaccinology, the most spectacular example being the demonstration that it is
now possible to vaccinate using naked DNA. For the first time this makes it
possible to vaccinate animals against viruses that cannot be cultured in vitro.
Nevertheless, vaccines are not mere scientific concepts, they must work
effectively to protect the animal against the clinical signs of the infection or,
better still, against infection itself and, clearly, their efficacy does not depend
on the level of sophistication used in their production. New vaccines
produced using gene-based technology must either show an improvement in
comparison with vaccines made using the available technologies, or at least
be equivalent in effectiveness to the classical products. The history of
vaccinology shows us that each new technology finds its own application
niche.

One of the presentations related to the production of a vaccine against
East Coast Fever using genomic and post-genomic technologies. Until now,
the only available vaccination protocol for this disease was infection with a
fully virulent Theileria parva followed by treatment to reduce the clinical
disease. This is reminiscent of the early days of variolation to protect against
smallpox. The availability of safe vaccines as a result of gene-based
technologies would be a major improvement in such cases.

To facilitate control programmes, and for economic reasons, it is
important that newly designed vaccines used for vaccination campaigns
include markers in order to distinguish vaccinated from infected animals.
The concept was first tested using DNA viruses whose genomes could easily
be manipulated using molecular techniques to produce marker vaccines.
Reverse genetics of viral pathogens can now provide new immunogenic
constructs that, if properly used, can act as effective marker vaccines for
many viruses with RNA genomes. Another important development is the
possibility we now have to devise vaccines against invertebrate vectors
(ticks, insects, etc.) that are responsible for the transmission and spread of
many important human and veterinary pathogens.
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Due to the highly dynamic nature of the genomes of many of the
pathogens that need to be controlled, and also the genetic polymorphism of
vector species where these are involved in transmission, new vaccines may
have their limitations.

An important feature to be considered in vaccine design is environmental
stability. Several of the newly engineered vaccines (e.g. the vaccinia-rabies
recombinant) are sufficiently stable to be used in developing countries,
which may have only modest storage and distribution infrastructure.

Finally, intellectual property rights (IPR) and the use of products and
procedures already patented is an important issue to consider with any
application of genomic-based procedures worldwide, including in
developing countries.

For application to vaccine design and production in developing countries,
the main recommendations are:

e Vaccines should be multivalent in order to elicit ample protection
against a range of related forms of pathogen, wherever antigenic
diversity has been documented. For specific geographical areas, it may
be necessary to tailor a vaccine according to the antigenic strains
encountered in a defined area.

e Special attention should be paid to the stability of the vaccine under
adverse storage and delivery conditions.

e [PR issues should be discussed at a specific meeting involving not only
scientists but also representatives of industry, patent lawyers and
specialists in international trade.

5. SESSION III: GENE-BASED TECHNOLOGIES
APPLIED TO PLANTS, RUMEN MICROBES,
AND SYSTEMS BIOLOGY

C.S. McSweeney' and Harinder Makkar’

1. CSIRO Livestock Industries, Queensland Biosciences Precinct,
Carmody Rd., St. Lucia, Brisbane, Australia

2. Animal Production and Health Section, Joint FAO/IAEA Division,
[AEA, Vienna

This session focused on the role of gene-based technologies in improving
nutrient supply and utilization by the animal. The session dealt with three
main components: (1) forage nutrient supply, (2) efficiency of digestion by
gut micro-organisms, and (3) nutrient-tissue interactions in the animal. Each
of these areas was addressed by a series of plenary papers. Research
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undertaken in each of these areas should be considered in terms of the
potential impact on the animal. An integrated approach combining these
elements is required to achieve an improvement in nutritional status of
animals. For example, attempts to modify the nutritive quality of forage
should take into account the effect on efficiency of rumen fermentation and
the flow of nutrients for absorption and utilization by the animal. Similarly,
optimizing nutrient—gene interactions for production traits must take into
account which forages are likely to produce these benefits after they have
been digested by gut micro-organisms, and nutrients absorbed by the animal.

5.1 Forage nutrient supply

The paper in this component demonstrated that gene-based technologies
are well advanced in programmes to develop transgenic forages or use
molecular genetics tools to breed and select for forages with specific
nutritive qualities. Molecular assisted breeding and transgenics could
currently be used to:

e Reduce the concentration of compounds that retard digestion, especially:
— lignin (in grasses);
— tannins (in legumes); and
— toxins (in legumes).
e Optimize the concentration of desirable compounds, including:
— proteins resistant to rumen degradation;
— sulphur-containing amino acids; and
— soluble carbohydrates (e.g. fructose).
e Enhance resistance to diseases and drought.

It was also apparent that applications of gene-based technologies
towards these objectives are well advanced compared with animal
approaches, which are technically more difficult, have much longer
generation times and are affected by more complex ethical issues.

In the forage plant area, current work focuses mainly on temperate
species, with little effort in tropical plants, but, comparatively, the effort in
forage plants is miniscule compared with grain-based crops for human
consumption. One major reason for this bias is that return on investment
from grain crops is huge compared with that from forage plants. Also,
altering structural characteristic, such as lignin composition, and protective
chemicals, like tannins, may compromise survival mechanisms of tropically
adapted plants. Substantial progress could be made in improving nutritive
value of tropical forages through conventional breeding and selection.
However, gene-based technologies would be particularly useful in
identifying the genes or QTL associated with desirable nutritive traits. An
example of improving nutritive value in a plant used for forage could be
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molecular marker-assisted breeding for desirable digestibility characteristics
in fibrous residues from the major grain crops in the tropics, i.e. rice,
sorghum, maize and millet.

5.2 Efficiency of digestion by gut micro-organisms

A paper on genomics of rumen bacteria outlined the exciting and rapid
progress that is being made in sequencing the entire genomes of
representatives of the predominant rumen bacteria. This work is partially
completed, and will soon result in publicly available databases containing
the annotated sequences from these organisms. However, research will need
to continue to assign activity to genes of unknown function, which could
represent a large proportion of these genomes. Already it has been
demonstrated that the cloned cellulase genes from some of the cellulolytic
bacteria only represent a small fraction of the genes encoding for this
function based on the genome sequence analysis. During discussion on this
paper, several points were emphasized.

Genomics of rumen micro-organisms — especially fibre-degraders — is of
critical importance to developing countries that rely on low-quality
roughages and crop residues as basal feeds.

Genomic studies of fibrolytic bacteria in the short to medium term will be
predominantly in developed countries, since the expertise and equipment
required will not be available to developing countries in the time frame
considered.

Developing countries will be able to engage in this gene-based
technology through bio-informatics studies, since sequence information will
be publicly available and accessible to developing country scientists.
However, scientists from developing countries currently are not skilled in
this rapidly expanding area of biology.

Practical application of information from such research is currently
unclear but could involve industrial production of key lignocellulytic
enzymes for pre-treatment of fibrous residues. Also, additional information
could be generated from genomics studies that provide insight into the
nutrient requirements of rumen and gut organisms that in turn could be
employed in practical feeding strategies.Several papers, including a
presentation in another session, identified the greatest current demand and
potential application of gene-based technologies in developing countries as
being the need for molecular-based tools for studies of gut microbial
ecology. During the discussions, it was clear that quantitative methods for
PCR and oligonucleotide probing based on analysis of the small sub-unit
ribosomal genes are in demand, and already being employed by some
scientists from developing countries. These methods are affordable and
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within the current capacity of molecular biology laboratories in such regions.

There was unequivocal support for the application of molecular ecological

tools as they will be essential for developing strategies to:

— reduce methane;

— counter the effects of anti-nutritional factors;

— predict rumen microbial responses to bio-active compounds;

— 1improve the utilization of varying feed resources through a better
understanding of the responses of major functional groups to these
nutrients; and

— monitor gut pathogens associated with issues of food safety. These tools

will need to be employed if nutritional research in the animal sciences is

going to make progress in the future.

A paper was presented on the development of a genetically modified pig,
which expressed a transgenic phytase into the digestive tract via the saliva.
This was an elegant demonstration of the progress that is being achieved in
animal transgenesis. These animals were shown to be healthy and could
digest and absorb more phosphorus; in addition the gene insert (or trait) was
shown to be stable over several generations. The biological success of this
project and its potential use in developing countries was overshadowed by
the reluctance of several countries to engage in the development or use of
transgenic animals. It was also recommended that if transgenic animals
gained acceptance in developing countries, then the gene constructs and
transgenesis technology should be used to modify locally adapted breeds
rather than introduce elite transgenic breeds from developed countries.

The main conclusions and recommendations on transgenics for improved
digestion were that:

e limited current applications exist due to consumer and government
resistance;

e the genetic constructs should be used in indigenous breeds rather than
introducing unadapted high producing exotic genotypes; and

e it was unlikely that there would be any success when using traits
governed by gene networks, but the use of single gene effects were
feasible (e.g. phytase).

5.3 Nutrient-tissue interactions in the animal

One of the papers in this session described in detail the potential impact
of nutrient supply on host-tissue metabolism, production performance and on
gene expression. This is an emerging and complex area of animal science,
but the first experiments are now being conducted on the influence of
nutrients on gene expression; on animal tissue function and muscle
development; and on the programming of gene expression by the nutritional
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environment in the developing foetus. The conclusions were that gene-based
technologies (e.g. marker-assisted selection) used in combination with
conventional breeding and selection programmes could be used to make
rapid progress in developing superior phenotypes for production traits. The
priority area identified for developing countries was determining the
characteristics associated with survival and superior productivity during
seasonal nutrient deprivation, which is experienced in many developing
countries, especially in the tropics. Issues related to product quality
(tenderness, marbling etc.) were not considered currently important for
poverty alleviation.

The following strategy was outlined as an approach for developing
ruminant animals that show superior resilience during nutrient deprivation:

e characterize locally adapted breeds for “nutritional resilience” using
phenotypic attributes, e.g. adaptive behaviour, metabolic rate, muscle
and bone structure;

e identify the genes (using quantitative trait loci (QTLs) or single
nucleotide polymorphisms (SNPs)) that account for significant variance
in weight loss and compensatory growth during periods of nutrient
deprivation followed by improved nutrition; and

e consider the possible positive and negative implications of selecting for
“nutritional resilience”, e.g. toughness, feed conversion efficiency, and
female reproductive performance and lactation.

The need to obtain insight into nutritional influences on growth rate,
immune competence, stress responsiveness, reproduction and in utero effects
was stressed. The potential implications of this rapidly emerging field of
research within the agricultural context specifically for livestock production
systems, are that the management of the breeding herd, especially during
pregnancy, could have long-term impacts on health, growth rate,
reproductive efficiency, milk and wool yield of the offspring. All these in
turn could have a significant economic impact.

Developing countries would benefit greatly from the development of
basic reagents and tools, including protocols for detection, expression and
transfer of genes; training; and improvements in laboratory infrastructure to
undertake research based on gene-based technologies. An exponential
growth in molecular tools in the last decade should not discourage scientists
in developing countries from using them to solve problems relevant to the
developing world. Promoting the networking of groups in developing
countries for research and development work in “modern biotechnology”
will bring the necessary impetus for addressing the emerging challenges of
providing adequate, safe and good nutrition to livestock, while conserving
the environment and utilizing available resources in a sustainable manner.
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Table 1. Status of gene-based technologies and factors influencing their applicability.

Research capacity and Public and

Relative cost Progress Feasibility ~ government Alractive-
Developing  Developed ness
acceptance
country country
Forage plants
* Molecular selection and Moderate Low High High High Moderate
breeding
* Transgenics __ High Low - High  Low Low ~ Moderate
Rumen and gut microbes
* Ecology Low Moderate High High High High
» Genomics ~__High Low  Moderate ~ High ~ Moderate  Moderate
Animal nutrition—genetic interaction
» Marker and gene Moderate Low High High High High
assisted selection
* Transgenics ~___High Low  Moderate ~ Low  Low  Moderate
Forage plants Moderate Low High High High Low
6. PANEL DISCUSSION I: WHICH GENE-BASED

TECHNOLOGIES ARE MOST LIKELY TO
SUCCEED IN ENHANCING ANIMAL
PRODUCTIVITY IN DEVELOPING
COUNTRIES?

John Donelson
Department of Biochemistry, University of lowa, lowa City, lowa 52242,
USA

The panel focused primarily on three gene-based technologies. Dr Rod
Mackie (University of Illinois, USA) described the analyses of specific
genes in the microbial flora that populate gastrointestinal tracts and
discussed how the expression of these genes can affect the productivity and
health of livestock. Dr John Gibson (ILRI, Kenya) discussed the
identification and analysis of various genetic parameters of biodiversity and
how these parameters can potentially be used to maintain and exploit
diversity in livestock breeding programmes. Dr John Egerton (University of
Sydney, Australia) described his experience in developing a recombinant
vaccine for footrot in sheep and goats, and some lessons learned from its
application in the developing world. The conclusions and recommendations
from the discussion session following these three presentations are given
below.
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1.

Microbial populations of the gut exhibit a great diversity of organisms,
ecology, evolution and function. Many of these gut microbes have yet
to be identified and characterized because of difficulties in culturing
them in vitro. Further understanding of their inter-relationships in the
gut and their functions for their livestock hosts is required for
improving the nutritional status of livestock in developing countries.
Since much of the analysis conducted to date has been on gut microbes
of livestock in developed countries, it is recommended that gut
microbes of livestock in developing countries be given a high priority
for future studies.

The breadth of biodiversity amongst livestock breeds existing in the
world today is very large and should be taken into account in any long-
term breeding programme. In many cases, the inclusion of existing
breeds of livestock into a breeding programme will provide greater
benefits than breeding for specific traits within a breed. It is
recommended that this large diversity of existing traits amongst breeds
be considered whenever possible in breeding programmes for livestock
in developing countries.

New and better vaccines, some of which will come from the
application of gene technology, are needed to improve the health and
productivity of livestock in the developing world. Finding the correct
antigens for these vaccines requires knowledge of the pathogenesis of a
wide spectrum of diseases, and so the research involved in identifying
these antigens will be long term and costly. Adoption of improved
vaccines by poor farmers will depend on containment of vaccine cost.
Also, it is essential that animal health infrastructure exists at the local
level to ensure accurate disease diagnosis and to disseminate
information about the correct use of vaccines in the control of disease.
Despite these obstacles, vaccines are a proven way to successfully
combat infectious diseases and it is recommended that their
development against livestock diseases of the developing world be both
continued and accelerated.

The gap between “a practical problem in search of a solution” and “a
technique in search of an application” can only be closed by those
individuals who clearly understand both the problems and the
techniques. Hence, meetings such as this symposium, which are
attended both by individuals familiar with livestock problems in the
field and by scientists actively using gene-based technologies, are
essential means of communication. It is recommended that similar
symposia be held in future years and that developing countries around
the world continue to be well represented at the meetings. Equally
important is the identification of funding opportunities to hold regional
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meetings (e.g. in West Africa or in East and Central Africa) that bring
together livestock scientists of developing countries who share
common research objectives.

5. Gene-based technologies are not a “silver bullet” for solving all
livestock issues of developing (or developed) countries. They are,
however, one of many different approaches to be considered and
utilized. The first gene was cloned about 25 years ago and many of the
associated technologies are still in their infancy. Ultimately, these
technologies have the potential to be of major benefit to owners of
livestock in the developing world. Thus, it is recommended that gene-
based technologies continue to be considered within the context of the
broad spectrum of possible solutions to problems faced by livestock
owners in developing countries.

6.  Priorities should be determined by the needs of livestock owners in the
many different regions and environments where livestock are kept. In
each country, policies and procedures should be established for setting
such priorities. The challenge and the recommendation of this Panel are
to establish mechanisms that ensure gene-based technologies are
widely available and properly understood so that they may be
incorporated into these policies and procedures when appropriate.

7. SESSION IV: ROLE OF INTERNATIONAL
ORGANIZATIONS AND FUNDING AGENCIES IN
PROMOTING GENE-BASED TECHNOLOGIES IN
DEVELOPING COUNTRIES
AND
PANEL DISCUSSION 2: GENE-BASED
TECHNOLOGIES IN ENVIRONMENT, FOOD
SAFETY AND ANIMAL INDUSTRY, AND
RELATED ETHICAL AND INTELLECTUAL
PROPERTY RIGHT ISSUES

John Hodges
Lofererfeld 16, A-5730 Mittersill, Austria

Actions should follow the procedure of identifying a need and then
looking for a solution, not the reverse: i.e. not “We have a gene-based
technique — how can we use it?” This principle of starting with the need is
evident in the attitude to using gene-based technologies for biodiversity. If
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we start by thinking about the technology we are led to conclude that it can
be used for genome mapping at the molecular level and thus identify
diversity between breeds of livestock. Enormous investment of funds and
time would be needed to analyse so many genomes or to select those thought
to be critically endangered or similar and to put the results into a database.
The right way is to identify the need, i.e. conservation of livestock
biodiversity. Gene-based technology enables us to meet that need without
genome analysis. Simply collect and store, in secure locations and by using
long-term methods, the cells of each breed, which contain the record of
molecular diversity. When the need arises in the future, samples can be
sequenced for the differences in bases to be revealed. In this way the
objective of conservation is achieved quickly and relatively cheaply.

7.1 Identification of needs in developing countries

Parameters that should be considered include:
poverty;
reduction of human labour in caring for livestock;
local energy; and
improved local food production.
The local socio-economic and cultural values must be included, and
address:
— stakeholder involvement in identifying needs and in decision-making;
— cultural sensitivity to understand local values; and
— ethical standards, applicable in both donor and recipient countries.
This action probably needs to be addressed on the basis of groupings of
countries or livestock farming systems, or both, as needs will vary.

7.2 Design and search for gene-based solutions applicable
to the livestock sector

This will require characterization of the broad categories of existing
gene-based options for livestock.
e Characterization must recognize the contrast in needs between farmer
families and intensive units near urban centres.
e There must be awareness of which technologies are contentious and
which are non-contentious.
e (lassify existing gene-based technologies according to:
— opportunities — matching the needs for which they may offer solutions;
— capabilities — defining the extent to which each technology actually can
address an identified need;
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— dangers — recognizing dangers, and whether they are science-based,
social-based, economics-based, ethics-based or insensitive to local
values;

— costs, time frames and scale of benefits; and

— whether local, regional or global in scope.

A prerequisite for the design and search for appropriate gene-based

solutions is to identify needs of developing countries, as mentioned above.
The broad categories of existing gene-based options to be characterized

include:

animal health: diagnosis, protection and treatment;

ruminant and non-ruminant nutrition and metabolism;

reproduction enhancement;

transgenic livestock;

germline manipulation;

gene-based trait selection;

molecular analysis of genetic diversity; and

animal identification and traceability.

This is not a comprehensive list, and each item could be subdivided.

7.3 New gene-based technologies suited to identified needs

Novel and currently unavailable gene-based technologies, that might be
designed to address some of the identified needs, should be sought.
Emphasis should be placed upon simpler gene-based technologies, such as
those that are small-scale, cost-effective and use local resources. For
example, to provide energy to relieve the heavy labour undertaken mainly by
women in caring for livestock.

7.4  Special study of genomic impacts upon the
environment, food chain and human genome

e Understanding the genetic linkages between species that are involved in
the animal food chain when innovative gene-technologies are either
introduced or contemplated.

e (Clear recognition of the difference in dangers between “substantial
equivalence applying to DNA” and the outflows from later-generation
gene-based technologies in terms of proteomics and functional genetics
when metabolic and physiological changes are the target.

e Documentation of cases in which there are interactions between a
transgene and the recipient animal. Several important examples were
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cited in the Symposium, such as the response of the Boran breed to
trypanotolerant genes from N’Dama cattle.

7.5 New approach to risk assessment

e We need to move on from the bland scientific statement that “There is
no evidence that ...” — implying that therefore there is no risk.

e Recognition of uncertainty and unknown risks in gene-based
technologies must be given a new foundation based upon anticipation
and testing, not solely using probabilities.

Probabilities are not good enough when a catastrophe may happen. Fears
of unknown and unexpected risks of a science-based nature have been
recognized recently by the National Research Council of the National
Academies of the United States of America (Animal Biotechnology: Science
Based Concerns. See: http://www.nap.edu/books/0309084393/html/) and a
similar recent report from the UK makes the same points (Food Ethics
Council, UK, 2003, Engineering Nutrition: GM crops for global justice. See:
http://www.foodethicscouncil.org/library/reportspdf/gmnutritionfull.pdf).

7.6 IPR and TRIPS, and safety regulations for gene-based
technologies with animals

Developing countries need assistance in several fields:

e Dbetter understanding the present and developing situation regarding IPR
and TRIPS for livestock using gene-based technologies;

e obtaining resources and advice on the design of national IPR legislation;
and

e designing national legislation for safety, testing and approval of new
food products from animals.

7.7 Education and training

Training and education in gene-based technologies should focus on
younger scientists through network links.



OPENING ADDRESS

W. Burkart
Deputy Director General, Department of Nuclear Sciences and Applications, IAEA.

Distinguished Delegates, Ladies and Gentlemen,

On behalf of the Directors General of the International Atomic Energy
Agency and the Food and Agriculture Organization of the United Nations,
and on my own behalf, I have great pleasure in welcoming you to this
International Symposium on Applications of Gene-Based Technologies for
Improving Animal Production and Health in Developing Countries.

At the outset, let me briefly highlight the mandate and objectives of the
International Atomic Energy Agency, and in particular, the mission of my
Department, the Department of Nuclear Sciences and Applications.

The Agency serves as the world’s foremost intergovernmental
organization for scientific and technical cooperation in the peaceful uses of
nuclear technology, safety and verification. The Agency was established as
an autonomous organization of the United Nations in 1957, with a statutory
mandate “to accelerate and enlarge the contribution of atomic energy to
peace, health and prosperity throughout the world”, as well as to improve
nuclear safety and safeguard the non-proliferation of nuclear weapons.
Thus, the Agency assists its 137 Member States in the use of nuclear
technology, promotes radiological and nuclear safety; and verifies, to the
extent possible, that nuclear materials are not diverted away from legitimate
peaceful uses to military purposes.

The Agency works to foster the role of nuclear science and technology in
support of sustainable human development. In the field of Nuclear Sciences
and Applications, this involves both advancing knowledge through research
and disseminating this knowledge to Member States through technical
cooperation to tackle pressing worldwide challenges for mankind — hunger
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and malnutrition, disease, degradation of natural resources, and climate
change.

The Agency implements research through its Research Contract
Programme. It supports and coordinates research through international
networks of scientists from developing countries and senior advisors from
both developed and developing countries. Where appropriate, the Agency
facilitates the transfer of nuclear technology to Member States through its
Technical Cooperation Programme. Interregional, regional and national
projects in food and agriculture, human health and nutrition, industry,
environmental studies and other applications are implemented in Member
States. Many of these projects contribute directly or indirectly to the goals
of sustainable development and protection of the environment, as set out in
Agenda 21 of the 1992 UN Conference on Environment and Development.

The research and technical cooperation activities are supported by two
laboratories, located in Seibersdorf, Austria, and in Monaco. These
laboratories provide scientific and analytical services to research projects,
and training and quality assurance services in the area of technical
cooperation.

This Symposium, which I have the privilege to open today, is convened
by the Animal Production and Health Sub-programme of the Joint
FAO/TAEA Division of Nuclear Techniques in Food and Agriculture.
Livestock have played a pivotal role in human development since time
immemorial. In the twenty-first century, the role of livestock has been
further enhanced. A “Livestock Revolution” is now taking place and it is
projected that, by 2020, developing countries will consume 100 million
tonnes more meat and 223 million tonnes more milk than they did in 1993.
Considerable evidence exists that the rural poor and landless, especially
women, get a higher share of their income from livestock than better-off
rural people. In addition, livestock provide the poor with draught power and
manure, along with the opportunity to utilize resources that do not compete
with human food, and to diversify income. The Livestock Revolution could
well become a key means of alleviating poverty in the next 20 years.
Currently, around 1.2 billion people live on less than US$ 1 a day, and 800
million people are malnourished and go to bed hungry.

The FAO report on World agriculture: towards 2015/2030 and the
discussions in the Scientific Forum at the World Food Summit in
Johannesburg clearly highlight the role and importance of modern
biotechnology in addressing food security problems. This Symposium could
not have been convened at a better time, since it marks the 50th anniversary
of the discovery by Watson and Crick of the double helical structure of
DNA. Numerous exciting developments have taken place since then in the
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fields of genomics and transgenesis. This Symposium will provide an

interactive environment to:

— discuss the role and future potential of gene-based technologies for
improving animal production and health,

— identify constraints in the use of these technologies in developing
countries and how to use them in simple practical ways appropriate for
developing countries,

— identify and prioritize specific research needs,

— explore the possibility of international coordination in the area of
biotechnology in animal agriculture, and

— examine ethical, technological, policy and environmental issues and the
role of nuclear techniques in the further development and application of
genetic manipulation with respect to livestock.

This Symposium is unique in the sense that it focuses on the relevance of,
and the need for, gene-based technologies in developing countries.

I am sure that you will take advantage of this important gathering for the
exchange of information and ideas in an interdisciplinary setting. I am
confident that this meeting, during which 37 oral contributions and some 33
posters will be presented and three exciting Panel Discussions will be
conducted, will help bridge the current gap in the knowledge and application
of gene-based technologies between developed and developing countries.

The challenges are significant, but I am confident that you will succeed
in your objectives. I wish you a very pleasant stay in Vienna, and a
productive, scientifically rewarding and successful meeting.

I declare this Symposium open.
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Samuel C. Jutzi
Director, Animal Production and Health Division, FAO, Rome, Italy

1. INTRODUCTION

I am very pleased to have the opportunity to address this important
animal biotechnology symposium on behalf of FAO’s Division for Animal
Production and Health. I am most grateful to the Joint FAO/IAEA Division
of Nuclear Techniques in Food and Agriculture for having called this
Symposium. We at FAO in Rome look to our sister Division in Vienna when
it comes to advice and support for biotechnology applications in agriculture
and their transfer into practical use. This involves a leading role for this
Division in directing FAO’s biotechnology work; my colleague, Jim Dargie,
Director of the Joint Division, is the accepted leader of the corporate FAO
Working Group on Biotechnology, and I wish to thank him here for his
efforts in this function, and also for helping to maintain the high profile of
the animal biotechnology agenda in FAO.

2. FOCUS ON GENE-BASED TECHNOLOGIES

A deliberate effort was made to focus this Symposium on more recent
Gene-based Technologies for Improving Animal Production and Health in
Developing Countries. More conventional biotechnology areas, some of
which have had certain commercial success in developing countries, are
therefore left aside.
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3. DIFFERENTIATION BETWEEN
BIOTECHNOLOGIES IN THE PLANT AND
ANIMAL DOMAINS

Such focus is well justified in the attempt to advance the technical
discussion. This focus also serves to differentiate the animal biotechnology
work from the crops world, which is strongly dominated by transformation
technology — to an extent that will possibly never be the case in the animal
sector. Animal cells generally lack the totipotency of plant cells. This
precludes the use of very low frequency transformation methods such as the
ones used in plant transformation. In addition, reproduction technologies are
less developed than in the plant biotechnology sector. Such characteristics
restrict the potential for rapid and large-scale market penetration by GM
genotypes as has occurred for crops. However, the way the world’s animal
agriculture is evolving and expanding, there are not only unprecedented
challenges to deal with, but there are also unprecedented opportunities to
exploit, including in the biotechnology sphere.

4. DEVELOPMENT OF THE LIVESTOCK SECTOR

Globally, livestock production currently accounts for about 43 percent of
the gross value of agricultural production. In developed countries this share
is more than half, while in developing countries it accounts for one-third of
agricultural production. This latter share, however, is rising quickly
following rapid increases in livestock production as a result of population
growth, urbanization, changes in life styles and dietary habits, and increasing
disposable incomes. The total demand for animal products in the developing
countries is expected to more than double by 2030. As a result, the share of
livestock production in total agricultural output is growing rapidly and is
expected to have passed the 50 percent threshold by 2020. Important to note
for the assessment of the market potential of new technologies in the animal
sector is that the annual incremental output of the livestock sector is almost
three times that of the crop sector.

Satisfying the increasing and changing demands for animal food
products, while at the same time sustaining the natural resource base, is one
of the major challenges facing world agriculture today. Significant among
these challenges are:

— a geographic shift of livestock production from temperate and dry areas
to warmer, more humid and disease-prone environments,
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— adecreasing importance of ruminant vis-a-vis monogastric livestock
species,

— asubstantial rise in the use of grain-based feed,

— achange in livestock production practices from a local multi-purpose
activity into a market-oriented and increasingly integrated process, and

— more large-scale, industrial production located close to urban centres,
with associated environmental and public health risks.

Facing and managing these challenges raises a number of substantive
global and national public policy issues that will have to be addressed.
Broadly, these encompass issues associated with equity and poverty
alleviation, the environment and natural resource management, and public
health and food safety.

S. BIOTECHNOLOGY OPPORTUNITIES IN
ANIMAL AGRICULTURE

Agricultural biotechnology has long been a source of innovation in
production and processing profoundly affecting the livestock sector;
however, this impact has been and continues to be primarily notable in
animal agriculture in developed countries, while the adoption of even early-
generation biotechnology in the livestock sector of developing countries
tends to be far less. However, with the market demand for food of animal
origin growing dynamically in many developing countries, there will be a
commercial, often industrial, livestock subsector emerging in many of these
countries. This subsector is likely to more readily pick up modern
biotechnology options than the traditional small-scale subsector.

In order to arrive at some meaningful conclusions with respect to
possible policy guidance for the deployment of animal biotechnologies in
support of the overall development objectives, it may be useful to go a little
further into the analysis of the forces driving design and use of such
technologies.

Investments in animal biotechnology research are determined largely by
market demand or market size, by technology opportunities, and by the
ability of a research establishment to capture the economic benefits from
research, the so-called “appropriability”. This appropriability is determined
by the use of patents, trademarks and trade secrets, and by exerting market
power, all mechanisms for protecting intellectual property. Private, but
increasingly also public, research tends to be biased toward those production
systems, commodities or technologies that favour such appropriation
opportunities. In international livestock development these are the intensive,
increasingly industrialized, poultry and swine production systems that offer
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huge returns to investments because of their amenability to such profit
appropriation. High growth rates and reproductive efficiencies are factors
that give poultry and swine a decisive edge when it comes to investment
decisions. As much of the expansion of the world’s poultry and swine
production is located in or even transferred to developing countries due to
the easy opportunity to externalize environmental costs, profit opportunities
are further enhanced in the frequent absence of respective policy and its
enforcement.

The anticipated expanding application of molecular technological
products and processes will contribute to significantly enhanced livestock
productivity and production in the commercial, fast expanding, capital-
intensive subsector in developing countries. The traditional livestock
subsector, and particularly livestock-dependent poor farmers, are likely to
benefit much less from the output of such investments. The current
dichotomy between the modern and the traditional subsectors is therefore
likely to be exacerbated.

6. OPPORTUNITIES TO STEER DEVELOPMENTS
IN FAVOUR OF SMALL-SCALE AND POOR
FARMERS

The challenge, therefore, is how to make sure that modern biotechnology,
applied to livestock, can help enhance agricultural productivity in
developing countries in a way that reduces poverty, improves food security
and nutrition, and respects sustainable use of natural resources while
promoting rural development. We know that most of biotechnology R&D
activities are conducted by large private companies for commercial
exploitation and are designed to meet the requirements of developed
markets; we also know that the gap between the industrialized and
developing countries in technical expertise and relevant capacities is
widening.

Two areas of policy design and enforcement in support of the desired
outcomes are singled out: (1) biotechnology specific, and (2) livestock sector
development oriented policies.

6.1 Biotechnology specific

There are perhaps only two ways to expand biotechnology R&D for the
benefit of the poor: First, allocate additional public resources to
biotechnology research that promises large social benefits, i.e. with a focus
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on “commercially orphaned” products, traits and processes. Second, expand
private-sector research for the poor by converting some of the social benefits
of research for the private sector, in the form of innovative public-private
partnerships. The public sector can entice the private sector to develop
technologies for the poor by offering up-front to buy the exclusive rights to
newly developed technology and make it available either for free or for a
nominal charge to small-scale farmers [similar to J. Sachs’ proposal for
developing vaccines for tropical diseases]. A variant thereof might also be
the philanthropy-oriented donation of private sector resources for such
research and development work.

Such biotechnology-specific interventions need to be enhanced by the
design and implementation of coherent national strategies and capacity
building plans for biotechnology development, and by the enforcement of
enabling trade policies with respect to biotechnology products and processes.

6.2 Livestock sector development policy

Agricultural problems are multidisciplinary in nature and biotechnology
in isolation is unlikely to solve them. Agricultural biotechnology is only one
tool in addressing poverty and food security. Ultimately, the reduction of
poverty and related malnutrition and hunger requires political solutions.
Technology applications by developing country farmers are often hampered
by limited access to appropriate capacity building, delivery systems,
extension services, productive resources and markets, as well as by poorly
developed rural infrastructure. Biotechnology is no “quick fix” for the
infrastructural, political and institutional constraints and policies that are
required to facilitate the incorporation of smallholders into commercial
production. This implies fundamental revision of policies that tend to favour
large-scale, industrial livestock production through artificial economies of
scale that are enabled by the externalization of negative environmental
impacts. Linking small-scale producers vertically with larger-scale marketers
and processors would combine the environmental and poverty-alleviation
benefits of small-scale livestock production with the economies of scale that
derive from larger-scale processing. Regulatory systems are required that are
compatible with international best practices to ensure compliance with
agreed biosafety and food safety standards for consumer protection.

And, finally, there are clear public concerns expressed over potential
negative consequences of biotechnology in general, and of genetic
engineering products and processes in particular. These concerns are for
human and animal health and welfare, the socio-economic and the bio-
physical environment, procedures for risk assessment, management and
communication — all these need to be observed insofar as they exist or need
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to be elaborated and negotiated where incremental guidance is required.
With respect to the assessment of products and processes of gene
technology, FAO supports a science-based evaluation that would objectively
determine benefits and risks of each product or process. To quote FAO’s
Statement on Biotechnology: “This calls for a cautious case-by-case
approach to address legitimate concerns for the biosafety of each product or
process prior to its release”.

I am convinced that this conference will enhance our collective
knowledge on how gene-based technologies can best help improve animal
production and health in developing countries, and I would like to thank all
those who will contribute to this effort.



OPENING ADDRESS

James Dargie
Director, Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture,
Vienna, Austria

Ladies and Gentlemen,

Like the speakers before me, I would like to welcome you all to this
Symposium, and to say how pleased I am that we have been able to attract
such a high quality field of livestock scientists and managers from all over
the world. I believe we share a common vision — namely of ensuring that
new scientific and technological developments are channelled in appropriate
directions and with sufficient intensity to grasp the opportunities available
through the livestock sector for eliminating the hunger and malnutrition that
still afflict so many of our societies. I also wish to record my appreciation of
the support given to this Symposium by the private sector, which has
enabled us to channel much more resources than would otherwise have been
possible into ensuring that so many researchers and decision-makers from
developing countries could be here this week.

The presence of Dr Jutzi and others from FAO headquarters at this
Symposium is not simply symbolic of the existence of a Division operated
jointly between FAO and the IAEA that deals with many different aspects of
food and agriculture. In fact, it is yet another example of two Divisions with
staff that have a particularly close and effective track record of working
together to help countries to analyse and solve the challenges they face in
improving the performance of their livestock sectors. So, as we set about
our work this week, bear in mind that although this meeting has been largely
organised by the Joint Division and is taking place in Vienna, the lessons
and recommendations from it will also be duly carried to FAO, and most
importantly, I hope to your own countries and institutions.

Dr Jutzi has given us an excellent entrée to the topic of this Symposium.
He has painted the big picture in terms of global trends within the livestock
H. P. S. Makkar and G. J. Viljoen (eds.), Applicarlio;’zs3 of Gene-Based Technologies for
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sector, the opportunities it presents and the challenges it faces if it is going to
play its full part in meeting people’s expectations for diets that are not
simply nutritionally better, but offer variety, quality and safety. These are
expectations — indeed rights — common to essentially everyone whether they
live in a modern city environment, or in a village in the Sahara or high
Andes, and no power in the world can change it.

The problem is that, despite many positive trends, over a billion people
are living on less than $ 1 a day, and around 850 million are malnourished,
and that over the next 30 years there will be an additional 2 billion people to
feed. Most of these people are and will be in South Asia and sub-Saharan
Africa — the very parts of the world where the International Livestock
Research Institute and FAO have recently shown from their poverty-
livestock mapping studies that livestock intersect most forcefully with the
poor. While this certainly helps to focus policy, institutional and research
agendas, it raises two questions: first, what tools do we have now, or will be
needed in the future, to intervene at the points of highest relevance to the
people involved in the production and marketing systems existing in these
regions; and, second, how do they gain access to them?

In attempting to answer these questions, we must bear in mind that not
only do the majority of the poor engage in integrated crop-livestock or
rangeland systems, but also the reality that their assets are often not simply
in cattle — the main focus of so much research in the past. They are also in
crops, grasslands, sheep, goats, pigs and poultry, and in varieties, landraces,
breeds or types that are indigenous to the regions, countries or localities
concerned. We also cannot neglect the clear trend towards expansion of
peri-urban and landless systems to cater for the demands of increasingly
urbanized populations, and the opportunities and risks that these bring in
terms of production, markets and people’s health and livelihoods. And while
the issues to be tackled and the options for intervening to bring real and
lasting benefits to people involved in these enterprises may differ, we must
recognize the close inter-dependence of these systems, both nationally and
internationally.  Outbreaks of foot-and-mouth disease, for instance, in
Europe and elsewhere, and crop failures in Africa, have surely taught us that
by now.

Notwithstanding these and other considerations, the crux of the matter is
that the parts of the world where poverty and livestock husbandry intersect
most are the very parts of the world where the productivity of livestock and
the supply of products to consumers through formal and informal markets
are simply insufficient in quantity or quality to meet or create demand
nationally, let alone compete in the international marketplace. In fact, a
closer look at FAO’s statistics on the livestock revolution referred to by Dr
Jutzi reveals the stark reality that when countries like China, Brazil, Thailand
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and some others are removed from the equation, people in more than 40
developing countries do not have access to any more meat or milk than they
had 10 years ago; and very few countries are trading internationally in these
and other livestock products.

So, in a nutshell, many — indeed, most — developing countries are simply
not meeting or creating the demand for livestock or their products. There are
of course very many reasons for this: internal and external; political and
institutional; social and economic; environmental and technical — they vary
widely between and within countries, and they are certainly both complex
and evolving.

Dr Jutzi has mentioned the great, possibly even overriding, importance of
sound livestock development policies within the framework of overall
agricultural and national development plans. In effect, the need is for
governments to take stock, consider long-term goals and options for
achieving these, and then not only to formulate policies but also to devise
ways of ensuring that the domestic and international institutional and other
barriers to their adoption are progressively broken down. I could not agree
more, and would only add that this process must start by encouraging policy-
and decision-makers to engage and stay engaged with the people for whom
livestock matter — and increasingly that also means consumers — to
understand their needs and concerns, and then, in addressing these, to exploit
the complementary roles of regulatory, economic and technical measures.

Putting all this into practice, and in particular ensuring poverty-focused
development, is indeed the major challenge facing very many Member States
of FAO and IAEA, and which they, and the international community as a
whole, are committed to achieving through the Millennium Development
Goals. While many initiatives are taking place in this area, the contribution
being made by Dr Jutzi’s Division in collaboration with ILRI and the United
Kingdom in promoting a livelihoods orientation to policy development in the
livestock sector is particularly noteworthy. In essence, it involves gathering
and interpreting information from national case studies about policies and
strategies and communicating the results to all stakeholders with a view to
improving policy transparency among farmers, traders and governments; in
effect, getting everyone to “buy in” to the processes of identifying their
problems, assessing their options and making sensible selections and
management decisions. There will clearly be a critical role for social
scientists in the mix of expertise needed to do this effectively, something that
for too long has been neglected in policy and technical decision-making.

Within that overarching framework, the policy objectives that
governments set for their countries on science and technology, and the
strategies they follow to achieve these objectives, will be critical for the
future well-being of the livestock sector. Horizontal expansion is no longer
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a viable option for most countries if they are to respond to effective demand
for livestock commodities. The goal must be intensification — higher output
of meat, milk, eggs and other products per animal, coupled with less wastage
and improved penetration into national and global markets. At the same time
it will be essential to ensure responsible stewardship of natural resources,
including animal genetic resources, and the issue of animal welfare must not
be neglected.

Formidable as the challenges may be as the move from extensive to more
intensive yet sustainable production evolves — access to new technologies
and to the knowledge to use or adapt them locally will be a vital element.
Technology has progressively transformed the way livestock products are
produced and processed, and helped deliver both more and a wider variety of
higher quality products to consumers. The fundamental policy challenge
faced by governments becomes: How to bring about the changes needed?
The changes are needed to empower communities to capture the economic
and social benefits from the food and product chains derived from livestock
that are available now or will come along in the future, from both traditional
and advanced science and technology, while managing the risks involved in
doing so.

If we take this line of argument further, and accept that the key factors
enabling such changes are public, private and international investments in
education, research and extension, appropriately channelled, of course, and
supported by the right local, national and international incentives and
infrastructure, then we must accept also that the public sector, supported by
the international development community, must continue to play a major
role in the training of animal scientists, veterinarians and others. This can be
fully justified by the public good component of knowledge, of human capital
development and of information — the main products of research, and which
collectively, by increasing the supply of technical opportunities and research
resources, provide incentives to private investment and public-private sector
partnerships for the benefit of local producers.

A major problem here is that research is in difficulty: not only public
sector livestock research and extension in most developing countries, but
also international research, are in trouble, with budgets stagnating or
tightening, while private sector investments are growing in all too few of
them. Since demand for technology is driven by consumer demand for the
final products and the market size, and because biological cycles are much
longer than in crops, R&D investments in livestock-related technology are
seen as higher risk and attract substantially less investment than they
deserve. This Catch-22 situation can only be resolved by a much greater
commitment at national, regional and international levels to reshaping
institutional structures and market signals. Within that, the commitment to
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capture the increasing returns to scale on the supply side and creating critical
masses of scientific creativity by establishing or strengthening R&D
consortia and partnerships, including with private sector entities, would seem
particularly important.

Dr Jutzi has described some options for enhancing public-private sector
partnerships in this era of privatization and intellectual property rights (IPR).
Certainly the public and international livestock research sectors will need to
adjust to the realities of life, and carefully define and continuously refine
their areas of comparative advantage, and we might debate what these
should be, using examples that you yourselves may have or experiences
derived from the crop sector.

Unquestionably, however, as a rule of thumb, the largest social returns
will come from focusing on research directed at carefully identified problem
areas, and with clear public good components. This means putting much
greater emphasis on people and systems than on livestock themselves. I
believe also that society benefits when the public sector has freedom to
operate, and when it maintains public access to genetic resources and
research tools subject to IPR protection. At the same time, I accept that
considerably more work needs to be done to improve our understanding of
the influence of IPRs on both public and private sector investments in
livestock research, and the public sector’s freedom both to operate and
collaborate with the private sector.

While many factors have combined to drive change over the last 20-30
years, foremost amongst them was the rapid strengthening of the impulse of
biological science and the technology that developed with it, from a
phenotypic to a genotypic orientation. Over this period, we have witnessed
an increasingly rapid succession of advances leading to the development of
recombinant DNA and molecular marker technology and of other
techniques, allowing genome mapping and the function and regulation of
genes and gene combinations to be studied. Terms like proteomics,
metabolomics, transcriptomics, micro-arrays and others, never before heard
in the English language, are now commonplace in research circles —
although still, I suspect, not part of the vocabulary of veterinarians treating
calf scours on the farm!

In any case, these techniques, which are now included under the heading
of modern biotechnology, are currently being applied to unravel the structure
and function of the bovine and other genomes of livestock; the plants that
they eat and the micro-organisms that they use to digest their feed; as well as
many of the pathogens and vectors of disease that affect them. A large part
of what this represents today is new knowledge and better understanding of
the mechanics of cell biology, hereditary and immune processes and the like,
and, I suspect, a mass of data sitting in computers awaiting analysis using
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sophisticated software algorithms to handle gene prediction in different
genomes.

There are, nevertheless, high expectations that out of all this will sooner
or later come the knowledge and technologies to develop better livestock;
better ways of feeding them, including reducing pollution from intensive
systems; better ways of controlling pests and diseases through vaccines and
therapeutic agents; better ways of characterizing and preserving genetic
resources; and more.

Even allowing for the tendency of scientists and companies to over-
emphasize the importance of their work, and the reality that advances in
knowledge in gene structure and function will involve increasingly complex
and expensive technology and data handling, and levels of multi-
disciplinarity and interactions between academia and industry not hitherto
seen, there has already been a steady stream of new information and
technology resulting in farm-level application, and more will surely come.

This is most obvious in the crop sector, with the appearance in the shops
and supermarkets of some countries over the last decade of genetically
modified crops and of foods derived from these, and including all types of
livestock products. Recombinant DNA technology has also been
successfully used to produce a number of livestock vaccines and some of
these are commercially available and being used in both developed and
developing countries; and although we have yet to see GM livestock and
products from them on farms and in the market, the pace of progress in this
field is rapid, and expectations of commercial use in agriculture are
increasing.

Yet, at the same time, we have seen the rather negative reactions of some
societies in different parts of the world to this kind of science and the
products it has produced, and we can only conclude, in hindsight, that if we
are to allow science to progress and society to benefit, we must do better in
preparing our societies — not simply by proclaiming the benefits, but by fully
addressing the potential risks and hazards to food safety and the
environment, and to the welfare of animals.

As Dr Jutzi has pointed out, this Symposium is not about artificial
insemination, embryo transfer, cloning, large-scale culture of micro-
organisms to produce vaccines and feed additives, or any of the other
techniques or products applied to living organisms. It is about reviewing and
dissecting advances in genomics and molecular genetic approaches for
improving livestock productivity, and about discussing future directions of
R&D, with a focus on developing countries.

After the two opening review papers, the Symposium will cover gene-
based applications in the areas of livestock genetics and breeding; pathogens
and host-pathogen interactions; plants, rumen microbes and systems biology;
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and food and environmental safety, ethics and IPRs. So the programme is
comprehensive, and because of the transcending nature of the approaches
and techniques being used, and the wider issues involved, it does, I believe,
provide an opportunity for you all to stay engaged throughout, whatever
your specific field of interest.

You will also see that a number of Panel Discussion Sessions have been
arranged during the week. One is to consider which gene-based technologies
are most relevant and likely to succeed in improving the sustainability of
livestock production systems in developing countries. In doing this, I would
like you also to identify the constraints and to come up with
recommendations on how these technologies can be used in a simple and
practical way and for what purpose, but always keeping in mind the need
above all to secure and enhance the assets of poor livestock-keeping
communities. And I would like you to ask yourself two questions — difficult
or uncomfortable as they may be to answer. The first is: given that artificial
insemination (Al) has been around for 50 years, that a vaccine has been
available for rinderpest for about the same time and that contagious bovine
pleuropneumonia (CBPP) was eradicated from some African countries many
years ago but is now back with a vengeance, what makes you think that the
new gene-based technologies will be any better or more widely used for
societies’ benefit than these and other existing technologies? Surely, this
shows that sound policies coupled with economics are often more important
than technology. My second question is this: about 35 years ago, I worked
at the Glasgow Veterinary School, where we succeeded in developing and
commercializing with the private sector a radiation attenuated vaccine
against cattle lungworm, one which is still widely used. Since then,
tremendous efforts have gone into developing vaccines against other
parasites, including through molecular approaches. But none has so far been
delivered. So the question is: what timescale are we really looking at before
these and other new products are available?

The second Panel Discussion is about the role of international
organizations and funding agencies in furthering the use of gene-based
technologies for livestock production in developing countries. Without pre-
empting your deliberations on this, and before you set about it, I would
invite you to have a look at the FAO Web pages on biotechnology to see
what has been done so far. Certainly both FAO and IAEA believe that
sharing knowledge and experiences between countries through meetings like
this, and disseminating the information that comes from them through
publishing the proceedings, are among their strongest comparative
advantages. But there are other possibilities as well, such as our roles in
promoting international coordination of effort and steering resources towards
the problems of developing countries. In this regard, I would particularly
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highlight the IAEA Research Contracts scheme, which, through support for
Coordinated Research Projects, offers significant opportunities for
developing and developed countries to work together in planning and
carrying out activities involving nuclear techniques. Since isotopic markers
are extensively used in molecular biology, and IAEA will soon be planning
its Programme and Budget for the next biennium, it would be helpful if you
could identify and prioritize potential areas for support through this
mechanism. In short, I would like you to develop a plan for translating the
recommendations from this Symposium into actions that can be considered
by both IAEA and FAO.

Ladies and Gentlemen,

The social and economic disparities between the industrialized and
developing countries are substantial, and in many cases growing even wider.
Genomics research requires high capital investment and there are fears that
the forces underpinning the livestock and genomics revolutions will combine
to widen that gap further by diverting scarce funds and human resources in
developing countries away from more traditional livestock systems and
R&D activities, and through the much greater strength of scientific
endeavour and appropriation of benefits from it by industrialized countries.
These fears are well-founded, but, while all countries will have to consider
the opportunities and risks of these technologies in relation to the interest of
their people, perhaps the greatest risk for the developing countries is not
getting involved at all, and to let the global markets for agricultural products
and science and technology run their present course. This, I believe, is not
an option for anyone who believes in social equity. The livestock sector —
indeed, the whole agricultural sector — is so important to most developing
countries for securing their social and economic progress that surely they
must be given the chance to decide for themselves the paths to take in using
science and technology for their future development. Surely, in the spirit of
solidarity, indeed self interest, the industrialized countries and international
community must use all the means at their disposal to support these
aspirations.

In concluding, I would like to think that during this week we will have
laid the grounds for contributing to that process.

Thank you.
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Abstract:

The first complete genome sequence of an organism was for yeast, in 1996.
Since then, the much larger task of doing a complete human sequence has been
completed. Those of major domestic animals are following rapidly. It will
always be impossible to foresee the full potential of such an explosion in
knowledge, but aspects of gene-based technologies are already beginning to
have an impact in the livestock sector.

The first and most obvious area of impact concerns feed supply, which
constitutes 5075 percent of total costs in many livestock systems. Production
costs for maize and soybean are being reduced by genetic modification of the
crop for herbicide and insect resistance. Maize has been modified to reduce
phosphorous and nitrogen excretion in swine and poultry, and also to provide a
more valuable amino acid balance.

Genetic modification of the animal is also possible. Most dramatically, the
insertion of a growth hormone in the DNA of fish accelerates growth.
However, in this and all other cases, the genetic modification (GM) of animals
has produced profound physiological disturbances. At the same time, the
administration of GM-produced growth hormone to dairy cows is now routine
in the United States of America and several other countries. This is not
permitted in Europe, where the attitude to all GM technologies has been much
more cautious.

Conventional selection programmes continue to deliver steady genetic
improvement in all animal populations. New molecular methods offer the
prospect of enhancing genetic gains, particularly for traits that are difficult or
expensive to measure, or which have low heritability.
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Gene technologies have much to contribute to the control of disease in
animals. As pressure to reduce antibiotic and drug use increases, genetically
modified vaccines with proven specificity and distinguishable from natural
infections are already in use. DNA typing is helping with rapid and precise
diagnosis. In addition, the interaction of some pathogens (e.g. scrapie) with
the genotype of the animal calls for the application of DNA technologies.

Following the BSE epidemic in Europe, safety of livestock-derived foods is
high on research and regulatory agendas. DNA techniques are already in use
for tracking of sources of Salmonella enterica and Escherichia coli outbreaks,
as well as for traceability of product in the food chain.

Finally, gene-based technologies can facilitate the measurement and
conservation of genetic diversity in animal populations.

1. INTRODUCTION

The last fifty years have seen dramatic increases in output and efficiency
in the livestock sector in developed countries. Indicators such as milk yield
per cow and rate and efficiency of meat production in pigs and poultry have
more than doubled. Driven by economic pressures and opportunities, and
made possible by technical innovation in genetics, nutrition and
management, these changes have made it possible for the livestock industries
to deliver their products to the market at a price that has been dropping
relentlessly at about 3 percent per annum.

Across the range of developing countries, technical development has
been less rapid. The considerable expansion of output has generally been
through increased animal numbers. Inhibiting factors have included more
challenging climatic and disease constraints, as well as issues of land tenure,
social structure, market structure, education and access to technology.

While market demand in the developed world is fully met by production,
growing populations and rising incomes in developing countries will create a
demand for a doubling of output (Delgado et al., 1999). This demand cannot
be met simply by a lateral expansion of existing practices. Greater
efficiency in resource use is required, not just for economic reasons, but also
to improve human and animal welfare; to conserve depleting energy
resources and living biological resources; and to halt and reverse
environmental degradation brought on by wasteful production practices.

Much of this agenda can be served only by the development and
deployment of appropriate technologies. Advances in our knowledge of
genetic mechanisms have opened a world of new possibilities for addressing
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these objectives. While knowledge of DNA structure is now fifty years old,
technologies for intervening in genetic structure effectively date back little
more than a decade. From small beginnings with restriction enzymes, we
have in the last ten years seen great advances in techniques for isolating,
amplifying, reading and inserting DNA segments. These techniques have
been scaled up and automated to make possible mass genotyping. Coupled
with developments in information management, this wealth of data
facilitates prediction of genetic structure and function, and thus accelerates
the pace of knowledge accumulation. This explosion in knowledge has been
compared in significance to the development of the periodic table one
hundred years ago, and to the expansion of horizons to encompass the whole
globe in the sixteenth century (Lander, 1999; Browne and Botstein, 1999).

2. GM FEED

The study of Delgado et al. (1999) estimated that global meat
consumption would grow at nearly 2 percent per annum for the period to
2020. Most of this growth would take place in developing countries (with a
growth rate of 2.8 percent per annum as against 0.6 percent in developed
countries). This would lead to a doubling of demand by 2020, driven by a
combination of expanding populations and rising incomes. China alone will
account for a high proportion of the total growth, with meat consumption
there increasing at a steady kilogram per capita per annum.

Most of this additional meat will come from modern systems of pig and
poultry production. These in turn are almost totally reliant on feed grains
from outside the system. Meat demand therefore translates largely into
demand for increased feed grains, estimated at an additional 300 million
tonnes per annum by 2020 in developing countries.

The most significant applications of molecular genetics in agriculture to
date have been in the development of genetically modified (GM) crops.
About 70 million hectares of GM crops were grown in 2002. Approximately
90 percent of these were grown in two countries, the United States of
America and Argentina. Furthermore, 75 percent of the genetic modification
was for one purpose, herbicide tolerance, with insect resistance making up
most of the remainder. Finally, 80 percent of the acreage was for the two
main internationally traded feed crops: maize and soybean.

These applications of GM technology are aimed at reducing production
cost. Though the use of GM crop technology has been resisted strongly in
Europe and some other countries, its widespread and growing use in the
main feed exporting countries is likely to maintain downward pressure on
world feed prices. This will have the effect of both encouraging production
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and holding down consumer meat prices, adding impetus to the demand in
developing countries.

Additional applications of GM technology in feed crops include:

— Improving nutritional value, through higher digestibility and better amino
acid balance.

— Lower mycotoxin contamination in maize through reduction in maize
borer damage.

— Reduced manure volume through higher net energy value.

— Reduced pollution through better availability to the animal of nitrogen
and phosphorous.

A good example of this last application is given by Etherton et al. (2003).
They reported that maize and soybean genetically modified to have reduced
phytate levels led to increased availability of phosphorous to the animal and
reduced phosphorous excretion rates. With low-phytate maize, phosphorous
bio-availability increased from 22 percent to 77 percent in pigs and from
10 percent to 52 percent in poultry, leading to reductions in phosphorous
excretion by 30 to 40 percent. Similar results were obtained with soybean,
and feeding rations of low-phytate maize and soybean led to reductions in
phosphorous excretion of 50—60 percent.

3. GM ANIMALS

The introduction of extraneous genetic material into animal genotypes
has been pursued most energetically in mice, and more than 1000 lines of
GM mice have been produced for research purposes. Transgenic pigs,
sheep, goats and cattle have also been produced. This has mostly been for
pharmaceutical purposes, seeking to use the animals as bioreactors
(“biopharming”). The use of animals for this purpose is an expensive
business, because of high animal maintenance costs, low success rates, and
long generation intervals.

The incentive to use transgenic livestock in food production systems is
considerably less. The same high development costs are involved.
Furthermore, it has proven difficult to control the rate, timing and tissues
involved in the expression of transgenic products in the animal, resulting in
often severe physiological disturbance. A further disincentive has been the
fear of public reaction to the idea of transgenic food animals. For these
reasons, it is difficult to envisage transgenic livestock being part of
production systems in the medium term.

If applications are developed, they are likely to be in the area of
improved animal health and welfare. A good example is the search for
transgenic dairy cows resistant to mastitis. This disease is estimated to cost
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in excess of USS$ 2 billion per annum in the United States of America.
Progress has been made on enhancing mastitis resistance by incorporating
into the cow’s genome the ability to produce antibacterial enzymes in the
udder (Kerr et al., 2002). Applications in swine are reviewed by Prather ef
al. (2003).

4. MARKER-ASSISTED SELECTION

The range of possibilities for using molecular methods to contribute to
genetic improvement programmes has been the subject of many reviews
(e.g. Bulfield, 2000; Georges, 2001; Niemann et al., 2003; Dekkers and
Hospital, 2002). Some traits of interest are controlled by one or very few
loci. In such cases — such as presence or absence of horns in cattle, coat
colour in many animals, naked neck in poultry — it was possible even before
the advent of molecular methods to determine the genotype of an individual
and to use this knowledge in a breeding programme. Molecular methods
have made it possible to characterize individuals for additional traits: double
muscling in cattle, hyperfertility in sheep, and meat quality in pigs.

A separate application of gene technology to assist selection programmes
can be found in cases where traits need to be recorded in related animals, but
the cost or inconvenience of individual animal identification has made the
establishment of the necessary relationships difficult. Such has been the
case, for example, in beef cattle breeding, where it would be desirable to
recover carcase data from the offspring of bulls, but animals are not
individually identified, or identity is lost because they move several times
during their lifetime. In salmon breeding, it is possible, though expensive, to
rear family groups together. In addition to cost, this can also create non-
genetic differences between families, which can reduce the effectiveness of
selection. Norris, Bradley and Cunningham (2000) have developed a system
for allocating individual fish to their parental groups by using a panel of
microsatellite loci. The fish can then be reared in commercial conditions,
and at harvest time tissue samples are analysed for DNA, and the fish are
allocated to their parental groups until a sufficient number have been
accumulated for each family. Genetic assessment of sires and dams can then
be carried out for traits like meat colour and fat content, based on the carcase
characteristics of their offspring. In this way, genetic technologies can make
selection possible for traits that formerly could not be included in the
breeding objective.

Most traits of interest are controlled by an unknown number of loci
whose relative importance may vary, depending on interactions with genes
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for other loci, or with environmental factors. Loci involved in such traits are
called quantitative trait loci (QTLs).

The focus of most work has been on the search for QTLs through close
linkage to neutral markers. The neutral markers used are generally the
microsatellite markers of published marker maps of each species. The object
is to identify markers closely linked to a functional gene or QTL. Many
promising results have been published, such as for markers linked to QTLs
for trypanotolerance in mice. Markers identified in this way are being used
by private companies in pig and poultry breeding, and are being marketed as
aids to improving tenderness and intramuscular fat in beef cattle. However,
the overall impact on breeding programmes has been modest.

S. GENE TECHNOLOGIES IN ANIMAL HEALTH

The prospects for using gene technologies in the area of animal health are
reviewed in a recent issue of Genetics Selection Evolution (No.1, 2003).

While few applications have been developed to the point of general use,
genetic management strategies are under development for a number of
diseases. Much work is being done to identify functional candidate genes
for mastitis resistance in cattle. Concerted work is also focused on
exploiting genetic mechanisms involved in bovine trypanotolerance.

One area where genetic tools are already in application is that of scrapie
in sheep. This is a prion disease, with long incubation period and uncertain
modes of transmission. Prevalence varies between countries (some countries
being free of the disease) and breeds. Susceptibility to the disease (or
perhaps variation in the incubation period) has been shown to be associated
with a particular locus, for which DNA test methods have been developed.
Though the disease is not known to present risks to humans, there are
concerns because of its similarity to BSE. Throughout the EU, an eradication
programme based on genetic screening will therefore be launched in 2005.

Much attention is being given to the genetic control of immune
responses. Because of similarities across species, comparative genomics is
particularly useful, and the use of micro-array technologies to track the flow
of gene effects looks particularly promising.

In addition to manipulating or characterizing the genome of the animal,
diseases can be addressed by improving the efficiency of diagnostics, and
the specificity and effectiveness of vaccines (Yilma et al., 2003).
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6. IMPROVING FOOD SAFETY

The BSE epidemic in Europe, which began in 1986, has transformed
public attitudes to food safety (Cunningham, 2003). Reinforced by other
food scares, it has led to significant changes in consumer behaviour, and to a
greatly increased demand for better controls throughout the food chain.

Because of totally separate developments in food production, distribution
and consumption, this challenge has in some respects become greater. The
larger scale of processing and retailing companies, the increasingly open and
free market at all stages of food production through to delivery to the
consumer, and the increasing complexity of many foods mean that identity
and origin of foods and their components are more difficult to preserve. At
the same time, traceability of product is an essential requirement for any
food safety system.

As a result of these concerns, the EU and each of its member countries
have now established Food Safety Authorities and developed a legislative
framework that requires identification and registration of animals, and
traceablity of their products. A recent report (EU, 2003) concluded that
while the live animal traceability systems put in place in recent years have
worked reasonably well, traceability from point of slaughter to the consumer
continues to present many problems.

For several decades, parentage verification of herd book animals has
been carried out using blood groups. Within the last ten years, this
technology has largely been replaced by use of DNA profiles. This DNA
technology can now be adapted to link meat products reliably to the animal
from which they are derived. The principal challenge has been to develop
operational systems that can be applied on a large scale, and at a cost that
can accommodate modern livestock processing and distribution. Such
systems have now been developed (Cunningham and Meghen, 2001).

The advantages of DNA traceability are considerable. It offers a degree
of accuracy that is unequalled. It does not require a parallel paper trail.
Minute biological samples can be taken at the point of slaughter, or at any
point earlier in the animal’s life. Such earlier sampling can be facilitated by
devices that harvest a bio-sample at the same time as they insert a
conventional ear tag. The bio-samples, whether taken from the live animal,
or from the carcase, are archived. Analyses are then carried out on samples
taken at any subsequent stage in product processing, distribution or sale, and
resulting profiles can be matched to archived routine samples from the
carcases or live animals. Because the system requires no change in normal
work practices, it can be implemented at reasonable cost.
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Such a system provides multiple benefits throughout the food chain.

— Customer assurance concerning integrity of origin of products.

— Verification of origin, which is independent of all interested parties in the
chain.

— Facilitation of rapid source identification and product recall.

— Compliance, at reasonable cost, with national and international
requirements.

— Feedback of information on aspects of product quality to producers and
seed stock breeders.
As operational procedures are refined and reduced in cost, DNA-based

traceability is likely to become universal in beef, and probably also in swine.

7. UNDERSTANDING AND MANAGING GENETIC
DIVERSITY

The discovery of restriction enzymes, which cut DNA strands at specific
sites, led to the first practical measure of genetic diversity at the molecular
level, namely restriction fragment length polymorphisms (RFLPs). The
length of the DNA fragments created by specific RFLPs could be measured
using gel electrophoresis. The pattern of fragment lengths then was an
indicator of the pattern of presence or absence of specific nucleotides at
specific sites.

In 1989 in the animal genetics laboratory at Trinity College Dublin, we
set up a project to use this technique to measure genetic divergence between
Indian, African and European cattle. The intention was to provide some
measure of the genetic distance between breeds to help in the interpretation,
and perhaps prediction, of dairy cattle cross-breeding results.

About the same time, the measurement of DNA sequence was becoming
feasible, and we began comparing mitochondrial sequence data from the
same breeds. In addition, a further technique, based on what are now known
as microsatellites, became available at about that time. The existence of
short repeated sequences of DNA throughout the non-coding regions of the
genome had been discovered. The number of such repeats at a particular
locus proved to be highly polymorphic, and therefore to be a good measure
of genetic diversity. As with RFLPs, they could be measured readily by
electrophoresis, because they gave rise to variation in the length of DNA
fragments. We used the twenty microsatellites that had been characterized
in cattle to open a parallel line of measurement of genetic differences
between breeds.

In the years since then, measurement of genetic diversity both within and
between populations has expanded rapidly, and productively, with most of
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the results coming from the use of sequence and microsatellite data. The
results of our own research are indicative of the kind of insights that these
techniques can bring.

The first results (Loftus et al., 1994) produced some dramatic new
understanding of the domestication origins of the world’s cattle populations.
Mitochondrial sequence comparisons showed that the genetic distance
between European and Indian cattle breeds was so great (more than 300 000
years) that they could not have originated from a common domestication
event. This evidence of (at least) a dual domestication in cattle has been of
great value not only in understanding the reasons for the amount of heterosis
observed in crosses between Bos indicus and Bos taurus (Rutledge, 2001),
but also in the fields of anthropology and archaeology. Subsequent work has
shown similar dual domestications in sheep and goats, but not in horses (Hill
etal.,2002).

This work gave a peculiar result in African cattle. All African breeds
studied, including several with a Bos indicus phenotype, had Bos taurus or
European-type mitochondria. Parallel work with microsatellites (MacHugh
et al., 1994) confirmed the hybrid nature of most African breeds, and
showed a clear gradation in the balance of Indicus and Taurus genes, which
largely reflected the degree of challenge from trypanosomiasis. Further
parallel work on Y chromosome haplotypes confirmed that African cattle
populations are largely derived from a Bos taurus maternal base, with
varying degrees of Bos indicus male mediated intrusion (Bradley et al.,
1996).

Further work (Troy et al., 2001) came to the conclusion that the cattle
populations of Europe were not derived by domestication of native wild
cattle (Aurochs) but from Near-Eastern genetic sources and were spread
through Europe with the Neolithic transition in the period 10 000 to 5 000
B.C. Molecular characterization of genetic diversity in many animal
populations is now being undertaken using standardized panels of
microstaellites (FAO, 2004). These data can be used to assist in the planning
of conservation programmes. For example, we have recently shown
(Cunningham et al, 2001) in studies in thoroughbred horses how a
combination of molecular methods and pedigree analysis can be used to
estimate the degree of genetic diversity in founder populations.



50 E.P. Cunningham
REFERENCES

Bradley, D.G., MacHugh, D.E., Cunningham, E.P. & Loftus, R.T. 1996. Mitochondrial
diversity and the origins of African and European cattle. Proceedings of the National
Academy of Sciences, USA, 93: 5131-5135

Brown, P.O. & Botstein, D. 1999. Exploring the new world of the genome with DNA
microarrays. Nature Genetics, 21(1 Suppl): 33-37.

Bulfield, G. 2000. Farm animal biotechnology. Trends in Biotechnology, 18: 10-13.

Cunningham, E.P. 1999. The application of biotechnologies to enhance animal production
in different farming systems. Livestock Production Science, 58: 1-24.

Cunningham, E.P. (ed). 2003. After BSE — A future for the European livestock sector?
EAAP Publication, No. 108.

Cunningham, E.P. & Meghen, C.M. 2001. Biological identification systems: genetic
markers. OIE Review of Science and Technology, 20: 491-499.

Cunningham, E.P., Dooley, J.J., Splan, R.K. & Bradley, D.G. 2001. Microsatellite
diversity, pedigree relatedness and the contributions of founder lineages to thoroughbred
horses. Animal Genetics, 32: 360-364.

Dekkers, J.C.M. & Hospital, F. 2002. The use of molecular genetics in the improvement of
agricultural populations. Nature Reviews Genetics, 3: 22-32.

Delgado, C., Rosengrant, M., Steinfeld, H., Ehui, S., & Courbois, C. 1999. Livestock in
2020. The next food revolution. IFPRI/FAO/ILRI.

Etherton, T.D. and a team of nine scientists. 2003. Biotechnology in animal agriculture:
An overview. CAST Issue Paper, No. 23.

EU [European Union]. 2003. Overview report of a series of missions carried out in all
member states during 2002 in order to evaluate the operation of controls over the
traceability and labelling of beef and minced beef. DG Sanco Directorate F, Report
9505/2003.

FAO [Food and Agriculture Organization of the United Nations]. 2004. Domestic Animal
Diversity Information System (DAD-IS). See: www.fao.org/dad-is.

Georges, M. 2001. Recent progress in livestock genomics and potential impact on breeding
programs. Theriogenology, 55: 15-21.

Hill, E.W., Bradley, D.G., El-Barody, M.A., Ertugrul, O., Splan, R.K., Zakharov, 1. &
Cunningham, E.P. 2002. History and integrity of thoroughbred dam lines revealed in
equine mtDNA variation. Animal Genetics, 33: 287-294.

Kerr, D.E., Wellnitz, O., Mitra, A. & Wall, R.J. 2002. Potential transgenic animals for
agriculture. In: Proceedings of the 53rd EAAP Meeting. Cairo, September 2002.

Lander, E.S. 1999. Array of hope. Nature Genetics, 21(1 Suppl): 3—4.

Loftus, R.T., MacHugh, D.E., Bradley, D.G., Sharp, P.M. & Cunningham, E.P. 1994.
Evidence for 2 independent domestications of cattle. Proceedings of the National Academy
of Sciences, USA, 91: 2757-2761.

MacHugh, D.E., Loftus, R.T., Bradley, D.G., Sharp, P.M. & Cunningham, E.P. 1994.
Microsatellite DNA variation within and among European cattle breeds. Proceedings of
the Royal Society of London, Series B, Biology, 256 (1345): 25-31.

MacHugh, D.E., Shriver, M.D., Loftus, R.T., Cunningham, E.P. & Bradley, D.G. 1997.
Microsatellite DNA variation and the evolution, domestication and phylogeography of
taurine and Zebu cattle (Bos taurus and Bos indicus). Genetics, 146: 1071-1086.

Niemann, H., Rath, D. & Wrenzycki, C. 2003. Advances in biotechnology: new tools in
future pig production for agriculture and biomedicine. Reproduction in Domestic Animals,
38: 82-89.



Gene-based technologies for livestock industries 51

Norris, A.T., Bradley, D.G. & Cunningham, E.P. 2000. Parentage and relatedness
determination in farmed Atlantic salmon (Salmo salar) using microsatellite markers.
Aquaculture, 182: 73-83.

O'Brien, S.J., Menotti-Raymond, M., Murphy, W.J., Nash, W.G., Wienberg, J.,
Stanyon, R., Copeland, N.G., Jenkins, N.A., Womack, J.E. & Graves, J.A.M. 1999.
The promise of comparative genomics in mammals. Science, 286(5439): 458-462,
479-481.

Prather, R.S., Hawley, R.J., Carter, D.B., Lai, L. & Greenstein, J.L. 2003. Transgenic
swine for biomedicine and agriculture. Theriogenology, 59(1): 115-123.

Rutledge, J.J. 2001. Greek temples, tropical kine and recombinant load. Livestock
Production Science. 68: 171-179.

Troy, C.S., MacHugh, D.E., Bailey, J.F., Magee, D.A., Loftus, R.T., Cunningham, E.P.,
Chamberlain, A.T., Sykes, B.C., Bradley, D.G. 2001. Genetic evidence for Near-
Eastern origins of European cattle. Nature, 410(6832): 108891.

Yilma, T., Ahmad, S., Jones, L., Ngotho, R., Wamwai, H., Berhanu, B., Mebratu, G.,
Berhe, G., Diop, M., Sarr, J., Aziz, F. & Verardi, P. 2003. Inexpensive vaccines and
rapid diagnostic kits tailor-made for the global eradication of rinderpest. pp. 99—111, in: F.
Brown and J.A. Roth (eds). Vaccines for OIE List A and Emerging Animal Diseases.
Proceedings of the International Symposium, Ames, lowa, 16-18 September 2002.
[Developments in Biologicals, No. 114]. Basle, Switzerland: Karger.



CHALLENGES AND OPPORTUNITIES FOR
CONTROLLING AND PREVENTING ANIMAL
DISEASES IN DEVELOPING COUNTRIES
THROUGH GENE-BASED TECHNOLOGIES

J.R. Crowther' and M.H. Jeggo®

1. Joint FAO/IAEA Division, Animal Production and Health Section, Wagramer Strasse 5,
A1400 Vienna, Austria.

2. Director, Australian Animal Health Laboratory, Geelong, Private Bag 24, Geelong,
3220 Victoria, Australia.

Abstract: Polymerase Chain Reaction (PCR) technology allows scientist to amplify,
copy, identify, characterize and manipulate genes in a relatively simple way.
Exploitation of the technology to devise new products and translate these to
the commercial sector has been remarkable. Molecular technologies are not
difficult to establish and use, and can appear to offer developing countries
many opportunities. However, developing countries should look in a different
way at the apparent advantages offered. Whilst molecular biological science
appears to offer solutions to many problems, there are a number of drawbacks.
This desire to adopt the latest technology often overrides any considerations of
the use of more conventional technologies to address needs. The conventional,
and often more practical, methods already provide many specific tools in the
disease control area. Changing the technology can also deflect critical
resources into the molecular field in terms of laboratory funding and training.
This may cause redundancy of staff, limit further development in conventional
techniques, and polarize scientists into the older (less glossy) and newer
(molecular) camps.

Animal disease diagnosis still primarily utilizes conventional techniques such
as Enzyme Linked Immunosorbent Assay (ELISA). This will not change
drastically in developing countries, but developments will combine such
methods with more discriminatory molecular techniques, and a balanced and
parallel development is needed. An understanding of the use and possible
advantages of the various technologies is required by both scientists and
policy-makers in developing nations.
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Vaccines based on molecular science could have a real impact in developing
countries, but “vaccinology” needs to examine both the animal (immunology
of target species) and the disease agent itself. This is a research-based science
and, as such, is expensive, with no surety of success. Developing countries
should exploit links with developed countries to provide the “field” genetic
resource (endemic disease situation) in order to devise and test vaccines
developed through molecular studies.

Development of technologies cannot be divorced from an understanding of the
epidemiology of the diseases found in developing countries. This is frequently
not undertaken due to the many competing demands on the scarce resources
available. However, increased livestock trade possibilities may provide the
focus and catalyst needed to ensure that animal health science is applied
appropriately and usefully for the benefit of developing countries.

1. INTRODUCTION

There is plenty of evidence that the livestock revolution is providing a
real opportunity for the rural poor in developing countries to escape the
poverty trap. Beyond the market opportunities created by the increased
demand for livestock product, there will be an improvement in quality and
safety of food, highlighting another area where relevant gene technologies
might be advantageous in the medium to long term. However, focusing on
animal disease, the developmental state of any country will be crucial in
catalysing the national commitment to control and eventually eradicate. The
possibilities of increasing trade, restricted by a country’s contamination with
disease agents, are probably the major stimulus in facilitating better planning
and resources for control. The relative importance of disease in terms of time
and geography is also very varied. Control requires a complete package
comprising good veterinary infrastructure, reporting systems, sample
submission, laboratories with trained staff, wvalidated methods,
epidemiological units able to plan surveys, vaccination teams, and so forth.

Constraints to improving livestock productivity should be considered
under the three headings of improving reproduction; nutrition; and disease.
There is seldom a holistic approach to these disciplines; however, there are
two major areas, which if addressed, would have the greatest short-term
impact on productivity in developing countries, greatly overshadowing all
foreseeable technological exploitation. The first is good management of
existing resources at the farm level. The second is unrestricted or poorly
understood movement of animals and animal products, whether legal or
illegal.
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This second area is usually ignored because of the apparent enormity of
the problem, but, without proper attention, most interventions, including
those considered in this paper, are likely to have little impact. This is
highlighted in the section dealing with foot-and-mouth disease (FMD). It is
relevant to compare control measures aided by vaccines and diagnostics,
with those involving identification and effective manipulation of gene(s) for
increasing resistance and tolerance factors against disease, since developing
solutions will require completely different time scales. Appreciating this is
crucial in deciding where efforts should be made by individual countries in
terms of resources and short, medium and long term planning. The costs and
benefits of one, or another, or a combination of approaches, should always
be borne in mind, and, to allow best advice, calculations should be made
independent of political considerations. Basically, this involves risk
assessment of all parameters.

Countries must cooperate since many of the limiting diseases are trans-
boundary in nature and activities in one country can severely affect another’s
efforts. Regional projects should be one of the main tools, with additional
advantages in understanding, planning and managing disease control. Such
control must include considerations of veterinary infrastructural
requirements, disease  reporting systems, contingency planning,
epidemiological units, systems for data retrieval and analysis, vaccine
campaign advice, sero-monitoring and surveillance systems, provision of
and validation of kits, laboratory guidelines, accreditation guidance, training
and expertise. It is difficult to achieve this complete package; in reality, most
support is a reaction to a disease emergency rather than a planned preventive
programme. In order to achieve better success, better planning and
awareness of the importance of livestock disease is in general needed.

FAO has a programme specifically dedicated to the development of
systems for transboundary animal and plant pests and diseases control, called
EMPRES, which includes emergency prevention systems. FAO plays a
catalytic role in monitoring and coordinating regional and international
efforts and providing technical advice and other forms of support to its
Members.

Animal disease management strategies in any country involve
consideration of the genetic nature of the causative agent, as well as that of
the host. The major strategy for micro-organisms is to exploit their inherent
high rate of replication, so that mutations can overcome host defence
mechanisms, and it might be concluded that the simpler the agent of disease
in terms of genetic material, the more risk there is to livestock, e.g. virus
diseases, which are the majority of the Office International des Epizooties
(OIE) List A pathogens! This selection process vastly outweighs any of the
possible genetic attributes of the far more slowly reproducing hosts.
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Approaches looking at genetic advantage in the host are therefore inherently
disadvantaged. There are examples of such gene-advantaged animals, but the
challenge data is limited and focused on single animals and no account is
taken of the multiplicity of agents available to infect an animal independent
of the gene(s) introduced.

There is a critical lack of fundamental knowledge on immune
mechanisms in livestock, but ongoing gene mapping projects in chickens,
cattle, pigs, sheep and goats may accelerate our understanding in this vital
area. Training cannot be underestimated. This must be continuous and
should emphasize the relationship between serological and molecular
techniques and the advantages and drawbacks inherent in the use of
particular methods. The technology gap between scientists is most obvious
in countries that have developed some potential through institutions to
exploit biotechnology. Such specialized institutions require considerable
funding, too often at the expense of established institutes performing
valuable routine diagnostics This sets up a divide, centred on resource
management, between the more active field workers and the more showcase-
research oriented few. The split between the two must be avoided through a
better understanding and planning of problem-oriented tasks, rather than
adopting technology per se as a solution in itself.

Diagnostics involve the use of defined reagents in the laboratory or in the
field. This is usually extended to the use of diagnostic kits and this whole
area is beset with problems, including supply, validation and use. Measuring
diagnostic sensitivity and specificity is extremely demanding, and
compounded by the poor use of good reagents by untrained staff. The
production of kits of good quality with robust reagents is difficult enough,
but the distribution and sustainability of supply is practically impossible.
There are few candidates for profit in the diagnostic area to encourage the
commercial sector to produce and distribute diagnostic kits, and this applies
to both serological-based and molecular-based approaches.

The situation is compounded, since national, regional and international
reference laboratories for conventional or newer technologies simply do not
adequately underpin routine diagnostic laboratories. Although international
organizations identify and appoint reference laboratories and collaborating
centres, there is little evidence of their effective support to efforts in this
area. Support to reference laboratories must be adequate and sustained. The
exact role of any reference laboratory has to be defined from the start, and
national and regional acceptance is vital. Given that, it is also inappropriate
to nominate a national laboratory for such a role with the underlying premise
that this will then enable the laboratory to seek funding to fulfil the role! It
must from the outset have demonstrable expertise, facilities and resources.
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Vaccine development involves both conventional approaches and all the
possibilities of genetic manipulation. It requires extensive knowledge of
animal immunology, gene manipulation, adjuvant use, delivery systems,
large-scale production, testing and certification (quality and safety). Any
serious national production usually has to be commercial. Unfortunately,
commercial companies assessing vaccine as a product for sale identify only
areas where there might be a profit. So their estimation of markets may vary
considerably, depending on the needs of any particular region. Commercial
success is difficult to assure in the livestock area, and even current, highly
purified, FMD vaccines are barely profitable. As with the diagnostics, the
vaccine market is highly fragmented. Development of vaccines for some
important agents for use in developing countries is non-existent, and coupled
with the poor research training and facilities in such countries, ensures that
no successful tool is likely to be developed to aid control. The high cost of
registering vaccines is also a limiting factor, and this may well exacerbate
bad practice through the use of “national” vaccines. Some vaccines are more
applicable to exploitation than others. Scaling up “genetically” associated
vaccines may be very difficult, whereas the more conventional (attenuated
vaccines, ideally) are relatively easy to prepare (hence the success of the
rinderpest (RP) campaign and the development of the attenuated peste des
petits ruminants (PPR) vaccines). Figure 1 attempts to condense the factors
involved in livestock disease control.

In Figure 1, it is assumed that there is a livestock revolution to allow the
world to be fed safely with livestock products. Production elements (central
grey box) involve good management of reproductive, nutritional and
diseases factors. The importance of all these has to be recognized. Probably
the most impact can be made on any situation by improving management,
even with existing facilities and resources. The need for quantity of food is
giving way to strong need to improve quality (safety). The impetus for
management comes from both local and more international needs (trade
pressure). The balance is debatable of who pays for improvements and what
benefits there are directly to the poor or the commercial sector (social
economics). Other technologies, such as information communication
technologies (ICT), are maybe a more important development need in the
short term. Gene technologies can be exploited directly or indirectly over a
longer term. Use of existing technologies should be maximized and is most
important in the shorter term compared with gene technologies. Training is
highlighted for newer and existing methods. All developments have to be
viewed within the context of national and cross-border needs. This can lead
to conflict when cross-border control is lacking. Often the consideration of
who pays dominates, although outside influences, including funding
agencies, affect that equation.
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2. OPPORTUNITIES

There are two spheres for exploitation of gene-based technologies: in
research and in applied areas. It is clear that “advancement” of research is
more and more dependant on such techniques. The aim of research in this
area would be to develop better diagnostics and vaccines. This must be
planned in the context of what is already available and what is, ultimately,
specifically required by a country (or better a group of countries). It is
essential to apply science in areas that are most relevant to country’s needs,
and although molecular techniques offer very rapid manipulative methods to
create new products, they may not be appropriate for many countries.
Planning of research within the context of overall developmental needs is
critical to ensure the maximum use of the usually scarce resources, but such
planning is too often conspicuous by its absence. Research is costly, and it is
essential to determine if the approach being applied is the most effective way
to solve the particular problem.

2.1 Diagnostics

Ideally diagnostics employ methods that allow:
e identification of disease agents or parts of agents (confirmation of
clinical diagnosis);
differentiation of agents (differential diagnosis);
assessing the epidemiology of disease agents (surveys); and
monitoring of control interventions (e.g. measuring efficacy of vaccines,
drugs).
There is a wide range of techniques currently available, providing an
arsenal of “conventional” tests:
— Tissue culture to allow isolation of viruses etc.
— Cultivation of bacteria on solid or in liquid media.
— Neutralization testing.
— Complement fixation.
— ELISA.
— Haemagglutination (HI) and inhibition tests (HAI).
— Immunohistochemistry.
— Microscopy (including fluorescence).
— Electron microscopy.
— Polyacrylamide gel electrophoresis (PAGE).
— Nucleic acid hybridization.
— Immunoblotting.
— Restriction endonuclease mapping.
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2.2 Diagnostic ideals

The needs and location of where assays are carried out is related to a
range of national issues, including infrastructure, lines of communication,
reporting systems and taking and transportation of samples. Thus, the merits
of technologies have to be judged according to needs. Certain advancements,
e.g. pen-side or field tests, offer tremendous potential for more remote on-
site testing, whereas others have to be regarded as simply complementing
existing techniques. It should be noted that communications are vital to
improving disease reporting and control; indeed, it might be that the priority
in most remote areas is technical solutions to communications. Table 1
indicates the appropriateness of tests for different situations.

2.3  Existing diagnostics

Often conventional technologies are ignored or made redundant through
a lack of equipment maintenance. This is most obvious in microscopy (a
large number of microscopes have been provided worldwide for
fluorescence techniques, but are useless for want of new objectives!). Over
the years, “new” technologies have been introduced requiring different

equipment and the associated training.

Table 1. Situations and the diagnostics that can be used.

Situation Test and ancillary requirements

In the field Pen-side tests and biosensors, requiring low expertise levels and

situation training.

In small, ELISA, agar gel tests and pen-side test strips needing limited

“local” equipment, and requiring better expertise and some training.

laboratories Communication with Reference Centres.

In Regional Good equipment needed to carry out all conventional tests,

Reference including tissue culture, as well as equipment and reagents for

Laboratories  molecular-based tests (e.g. PCR). Well-trained and experienced
staff needed. Constant communication with other Reference
Centre(s) and World Reference Centre(s). Epidemiology units
needed for design and analysis of work. Links to veterinary
managers for disease control.

World Fully equipped laboratory needed, requiring expert staff. Activities

Reference involve a research component, reference status, standards

Laboratories  elaboration, and solving problems using samples from the world

collection. Constant communication and data retrieval from other
Reference Centres and Collaborating Centres (all well equipped and
properly staffed laboratories with the support to act as a reference
source).
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Perhaps the most potent force in diagnostics in the past 30 years has been
the advent of ELISA. This remains the most useful assay for measuring and
comparing antibodies and antigens and is likely to remain a major technique,
since it fulfils most testing criteria. Many kits are available, and ELISA is
the basis for most prescribed tests for the OIE List A diseases. As such,
countries will continue to use this technology. Unfortunately the extent of
training remains inadequate for countries to fully exploit ELISA’s potential.

2.4 Newer technologies in diagnostics

Advances in molecular biological techniques and related instrumentation
have great potential for improving disease diagnosis. This includes genetic
engineering hybridoma technology and large-scale (industrial production)
tissue culture; and molecular modelling for designing active anti-disease
agents (vaccines and pharmaceuticals). Some of these improvements are
through a better understanding of the immunology of the host, as well as
through unravelling the genetic character of the pathogen. Advances in other
technologies are relevant, in particular the performance of computers in
collecting, analysing and storing data, and developments in instantaneous
and continuous communication. The massive leap in the ability to
manipulate genomic information is linked absolutely to the development of
the core polymerase chain reaction (PCR) technology. Table 2 summarizes
“modern” approaches to aiding diagnosis.

Great emphasis is now being placed on the use of PCR. Laboratories able
to perform this assay should nevertheless also be able to perform basic
serological techniques. Screening tests followed by more time consuming
and costly confirmatory tests is a good working practice, and laboratories
should not shy away from using more specialized institutes to undertake the
confirmatory testing. Tests must also be considered in the context of whether
vaccines are being used and the responses this will engender in the animal.

2.5 Diagnostics technology transfer in practice

The Joint FAO/IAEA Division in Vienna has had a long history in
technology transfer of diagnostics, including the ELISA and PCR
technologies. The transfer goes beyond the mere provision of reagents, and
training was found to be the most vital element. Technology is best
transferred within the context of defined scientific projects: the technologies
providing the tool to obtain data on which decisions could be made. As such,
the whole package, from sample taking, to analysis and processing of data,
to action, has to be considered. Effective use of technologies only comes
through such a holistic approach.
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Table 2. Technologies to improve diagnostics

Technology Some applications and comments

DNA Expression-specific proteins for use as diagnostic reagents. Expression

manipulation systems: E. coli, yeasts, mammalian cells, Baculovirus. Gene deletion.
Linking diagnosis to vaccine used. Differentiation of vaccinated and
infected animals, e.g. Pseudorabies vaccine.

DNA Hybridization reactions. /n situ hybridization in diagnosis. Restriction
endonuclease mapping. Comparison of strains.

Polymerase Amplification of genes. Rescue and amplification from samples (RNA

Chain Reaction
(PCR)

and DNA viruses). Detection and differentiation of genes with specific
primers. Multiplex systems to allow rapid differentiation of disease
agents. Rapid sequencing and comparison of products using differential
diagnosis and confirmation. Molecular epidemiology. Portable PCR
machines.

Real-time PCR

Direct detection of products. Massive expansion of technology. Fastest
growing research area. Multiplex systems. Robotics (genome projects)
for automation for testing large numbers of samples. Expensive start-up
costs (but getting cheaper). Closed systems (reducing cross-
contamination). Allows easier development of multiplex systems. Very
potent research tool.

Synthetic Peptides identified and produced as reagents for diagnosis. Epitope

proteins characterization. Pepscan, phage libraries.

Hybridoma Large supply of monoclonal antibodies (MAbs) from tissue culture.

technology Production of defined product for use in assays to detect antigens and
antibodies (for ELISA).

Monoclonal Improved specificity and sensitivity for polyclonal serum-based assays

antibodies (standards easier). Panels of MAbs for qualitative comparison of strains.

(MAbs) Rapid differentiation between and within closely related strains.
Production of MADb escape mutants to allow characterization of antigens.
Characterization of epitopes at molecular level. Paratope profiling
(determination of antibody spectrum).

Biosensors. “Instant” measurement in a single instrument. Pen-side possibilities.

Pen-side tests

Strong developments for diagnosis and environmental monitoring. Dip-
stick technologies. Rinderpest, PPR, FMDV antigen detection. FMD
DNA chip available!

Instruments Rapid measurement of various signals in immunoassays. Fluorescence
polarization, ELISA, bioluminometry, chemoluminescence.
Availability of Restriction enzymes, DNA polymerases, reverse transcriptases, labelled
commercial bases, conjugated antibodies (enzymes, gold particles, fluorescent
reagents and markers), dig-labelling, cell culture, affinity purification, cytokines,
equipment MAbs, microtitre equipment, thermocyclers, kits, PCR. PCR/ELISA
allows sequencing, labelling, oligonucleotide primers, antibody
production (including MAbs). Primers. Many enzyme immunoassays
(viral diseases of swine, sheep, cattle, poultry, fish, dogs, cats).
Services Sequence databanks, host and agent. Sequencing. Out-sourced testing.
Training. Comparative data accessible to all.
Computers Data collection, analysis, storage, communication of results. Databanks

of sequences. Essential in sequencing and comparative studies relating
large amounts of information.
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3. ELISA

This technology has for some 15 years been the focus of some of the
programmes run by the Joint FAO/IAEA Division, and the transfer of this
technology to developing countries has involved a complex array of
activities and programmes. The need for ELISA technology was identified as
a result of control programmes for specific diseases, e.g. RP, FMD,
brucellosis and trypanosomiasis. Here, specific ELISA kits were developed
for sero-monitoring or surveillance. The transfer has been successful, with
networks of laboratories in most continents able to perform good assays.
Such networks can also serve to further validate assays. The instrumentation
to read ELISA has proved remarkably robust, with few servicing problems.
The peripheral equipment is also durable (multi channel pipettes, tips
washers, incubators). Training in all aspects of the project is invariably
necessary and has to continue through the life of the project or programme as
new people come on board and as new initiatives (e.g. Internal Quality
Control (IQC) and External Quality Assurance (EQA)) are introduced. This
approach crucially allows the development of local expertise, with the
trainees becoming the trainers.

The cost of setting up an ELISA laboratory varies depending on the
extent to which it is to be used and the facilities currently available. Table 3
indicates the inherent costs. The extent of samples examined, the real price
for kits and their exact make up (do they contain plates, etc?) would depend
on the activities envisaged. Research activities will increase miscellaneous
reagent costs, and no allowance has been made for costs of experiments.

Table 3. Costs associated with establishing an ELISA capability.

Item Approximate cost (US$)
ELISA reader 6,000-8,000
Computer 2,000
Calibration plate 700

Tips (per 1000). Need depends on samples run 15

Microtitre plates, 10 and 80 samples per plate
(depending on kit supply)

3-8 per plate

Miscellaneous reagents 1,000

Pipettes (multi- and single-channel) 1,500

Storage for samples, racks and containers 1,000 per 2,500 samples
Freezers 1,000-3,000

Kits (variable) 0.5-1.5 max. per sample examined
Incubators/shaker 3,000
Distilled water apparatus (or supply of good water) 2,000

Washer 1,500

Training (3 work-months) 6,000-10,000
Books 200

Training expert visit, short-term home training course 1,000
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3.1 Kits

Critical to the use of ELISA technology is the basic need for kits. These
comprise sets of stable, quality controlled reagents and materials that allow a
specific test to be standardized and effectively validated. This area is beset
with difficulties. Although many kits are available, the validity of their use,
in many cases, is dubious. Validation per se is the subject of OIE guidelines.
It is inherently difficult to define the diagnostic sensitivity and specificity of
kits. Validation is primarily concerned with establishing specificity with
regard to samples from non-infected countries since they are produced in
developed countries. There is an international move to focus validation on
“fitness for purpose”, linked to a process for registration. The main concern
will be “Who will pay?” for this, but without it there will be a continuation
of the practice of kit supply with no quality control elements (IQC or EQA),
and lack of validation. An important component is support for sustainable kit
production and distribution in developing countries. The Joint FAO/IAEA
Division has been instrumental in helping Senegal assemble and produce
quality-controlled kits for African Swine Fever. This is coupled to EQA
rounds to assure quality. An associated factor is the need for laboratories to
gain accreditation. Standards have now been devised by IAEA, through OIE,
to accredit laboratories. It is vital that there be regional cooperation to enable
this process, particularly in the light of developing trading requirements.

4. DIAGNOSTICS AND PCR

The fundamental advantage of PCR is that minute amounts of genetic
material can be amplified millions of times in a short time, allowing
detection from samples of a single copy of a genome or part genome. PCR
products can then be identified precisely through sequencing. The ability to
amplify genomes allows genetic manipulation of genes, which is the basis of
the gene revolution. The very fact of the ultimate sensitivity of the PCR
technique produces some of the problems in use of the method in routine
terms.

PCR amplification has many advantages, including:

— rapid diagnosis (within hours);

— high sensitivity and specificity;

— decreasing costs for each PCR assay;

— automation;

— less training and experience required compared with virus isolation;
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— detection of viral nucleic acids in samples that are unsuitable for virus
isolation, such as toxic, mummified foetuses; semen; or organs carrying
only viral DNA copies, e.g. during latent herpes viral infections;

— use of “general” or “universal” PCR primers, which can amplify any one
of the members of an entire virus family;

— relative ease of standardization of the PCR assays;

— quantitative analysis possibilities; and

— multiplex PCR assays that can simultaneously provide diagnosis for a
whole disease complex, like respiratory disease, which can involve a
wide range of possible agents — viruses, bacteria and parasites.

Besides these and other positive features, PCR assays also have some

limitations:

— PCR cannot discriminate between viable and non-viable agents;

— it is still relatively expensive;

— due to its extreme sensitivity, PCR can produce false positives; and

— false negatives may also occur, due to enzyme-inhibitory substances in
the sample or failure to add all of the components essential to the
reaction.

4.1 Transfer of PCR

Initially it was thought that the PCR technology would be difficult to
transfer and use in the conditions found in developing countries, but this has
proven wrong. Intrinsically, PCR can be transferred provided that:

1. The design of the laboratory in which PCR is used is correct. This is
vital, since contamination by minute amounts of genes can totally destroy
the effectiveness of the laboratory to diagnose anything.

2. Training is given before any work commences on PCR.

Equipment is suitable and complete.

4. Strict laboratory practices are adhered to and rigidly enforced.

W

4.2 Costinvolved in setting up a basic PCR facility

Setting up a basic laboratory is essential in developing more expansive
methods in PCR using the fast developing PCR technologies. Table 4
indicates the basic requirements and their costs.
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Table 4. Basic requirements and costs for a PCR laboratory

Item Approximate cost (US$)
Laboratory refurbishment, 3—4 small laboratory stations or areas Local costs (1,000—
needed 10,000)
Thermocycler 3,500-8,000
Pipettes 3 sets x 3 Only for PCR station 1,500
Special tips (aerosol resistant) 10,000 3,000
Enzymes for PCR 2,000
Electrophoresis (power packs, visualization of gels, recording film) 6,000
Primers for agents 1,000
Miscellaneous chemicals 2,500
Protective clothing (gloves, lab coats) 1,000
Work stations (hoods) (x3) 6,000
Refrigerators and freezers 2,000
Labelled reagents (Note supply problems) 2,000
PCR tubes 1,000
Micro-centrifuge 3,000
UV lamps for decontamination 1,500-2,000
Special tube holders to avoid contamination 2,000
Training (3—6 person months per person for at least 2 persons) 12,000-24,000
5. VACCINES

Vaccines are still fundamental to many disease control and eradication
programmes. They are usually best supplied through commercial sources in
terms of sustainable quality, and should be regarded as expensive items in
terms of delivery and maintenance of product quality, and so their use should
be planned carefully. This requires all the necessary veterinary
infrastructural factors to be in place, including facilities to test the efficacy of
vaccines and an understanding of local strain variation that might affect
vaccine performance.

Conventional vaccines typically fall into four categories:

1. Attenuated strains of live agents.

2. Crude preparations of killed agents.

3. Pure killed agents, in association with adjuvants.

4. Parts of agents or the products they produce, e.g. toxins.

The ability to manipulate genes using PCR has allowed the development
by various means of new types of vaccines:

— Removing pathogenic genes from agents so that they immunize without
causing disease.

— Selecting genes that produce certain immunogenic (protection inducing)
proteins for insertion into genomes of other agents (vectors).

— Identifying immunogenic proteins and selecting specific genes for
expression in other systems to produce large quantities of immunizing
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protein (subunits, polypeptide, peptide) or for chemical synthesis of

peptides from an identified known structure.

— Using DNA alone as a vaccinating agent.

— Preparing agents with protein but no, or a defective, genome.

— Expressing proteins on the surface of vectors as a chimera protein.

— Producing marker vaccines through insertion of genes using recombinant
technologies to produce a protein associated with the replication of the
vaccinating agent to distinguish vaccinated from naturally infected
livestock. Can also be used with subunit vaccines.

— Producing RNA virus vaccines by reverse genetics.

— Expressing in plants.

Research into new-generation vaccines will invariably require gene
manipulation (PCR, etc.). Thus any vaccine development work will require a
full-scale molecular biology laboratory. Any decision to produce such
vaccines locally should take fully into account the costs and technology
needs. It must also be appreciated that producing the candidate vaccine is
just the beginning, and that registration, scaling up to production capacity,
and packaging and distribution are other critical and costly areas. Care
should be taken in determining the real need for new vaccines, and whether
current or conventional vaccines could satisfy requirements. Another critical
factor is the issue of Intellectual Property Rights (IPR) concerning genes and
methods involved. This must be carefully addressed before any research is
undertaken. General features, which must be considered for vaccines,
include:

1. The host species’ immunology and protective mechanisms (humoral or
cellular).

2. The agent structure and function (antigenicity, pathogenicity, variation).

3. The vaccine formulation in terms of agent (whole attenuated agent,
whole inactivated agent, large mixture of antigens, polypeptides,
peptides).

4. Delivery systems for vaccines (injection, oral, water, aerosol, particulate,
etc.).

5. Physical stability of vaccines (heat stability affecting efficacy).

6. Need (quantity of vaccine required, scaling up, industrialization).

7. Safety to animals and humans (reversion of attenuated trains, sterility,
residues due to adjuvants).

8. Animal experimentation facilities to assess vaccine usefulness and safety.
Gene-based technologies may certainly help in some of these areas when

compared with more conventional approaches, and offer distinct advantages

for developing countries.
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5.1 Conclusion on vaccines

Genetic technologies offer novel routes to constructing new vaccines.
This development potential may require a relatively small outlay for
equipment and reagents, but a high investment in training. There is also no
guarantee that such approaches will be successful.

Conventional approaches should always be looked at first where there is
an immediate need for control. The bad use of good vaccines must be
avoided through good planning and coordination between field, diagnostic
and epidemiological workers involved in disease control. If there is a need
for a new-generation vaccine, a more effective approach may be the
utilization of products developed in other laboratories (in developed
countries). Care has to be taken where such exploitation is made, with regard
to patenting and IPR.

6. FORCES OF CHANGE

An examination of attempts to control two major livestock diseases — RP
and FMD - illustrates the forces involved in change, and good and bad
practice, as well as highlighting the gap that exists between the needs and
influences on activities in general for developed and developing nations.
Overall, trade-related issues dominate over the risk of the disease itself. The
examination also demonstrates that high-technology solutions are not always
necessary to control and eradicate disease. Good veterinary infrastructure
linked to effective planning and implementation is the critical element.
Where technology can play a part is in limiting the negative impact of
ineffective management and resource allocation.

The problems associated with RP and FMD are summed up in Table 5.
From the factors listed there, it is understandable how RP is now close to
being eradicated and why FMD is spreading. The obvious factors are that RP
is a killer disease, it is not particularly contagious, there is a vaccine giving
life-long immunity, the vaccine protects against all types of the virus, there
is a restricted host range, and, at least in the past 30 years, the disease has
had a somewhat restricted global occurrence. FMD in contrast, is highly
infectious, consists of seven serotypes with numerous sub-types, occurs
globally, affects many species, and vaccines give poor and limited immunity.
Thus we assume that rinderpest was easy to control and FMD was not.
Rinderpest was important and FMD was not. Today, FMD remains the
biggest disease threat to trade, both national and international, and is now
considered the single most important disease to be dealt with in terms of
alleviating poverty in rural communities. Why, therefore, has this not
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resulted in a similar effort and success story as RP? If there was an FMD
vaccine that gave the same level of immunity as that for RP, would we still
be seeing outbreaks of FMD? The answer is almost certainly that, with an
effective vaccine, FMD would be a disease of the past. The fact remains that
we do not have vaccines for FMD that will work in the developing country
situation, with all the limitations that this implies. Whilst this is a simplistic
approach, and ignores a range of other issues that make the global
eradication of FMD a somewhat different proposition to that of RP, effective
vaccines will be a prerequisite. The critical question then becomes “Can the

use of gene-based technologies deliver such a vaccine?”

Table 5. Factors involved in the control of rinderpest and of foot-and-mouth disease.

Parameter Rinderpest Foot-and mouth disease
Disease High mortality. High morbidity and highly contagious.
character Not so infectious unless very close Infectious by close contact, and by
contact. aerosol over long distances.
Mild to very severe (death). Mild (sub clinical to severe). Seldom
Low virus excretion. death except for young and abortion.
Kills Very high virus excretion.
Affects draught power (debilitating)
Species Cattle, buffalo and some wildlife. All even-toed ungulates (cattle, buffalo,
infected sheep, goats, swine, wild animals).
Distribution  Limited now to possible foci in Very widespread and increasing in
Somalia and NE Kenya. Was a major S. America, Africa, Mid- and Far East,
problem in Africa and Asia. S.E. Asia, Ex- CIS republics.
Vaccine Live attenuated, safe (non reversion).  Purified, inactivated whole virion.
Easy to produce in tissue culture Hard to produce
Life-long immunity after one dose. 7 serotype vaccines needed (and some
Single vaccine protects against all strain specific).
strains. Immunity only while antibody lasts (3-
Blanket vaccination and then 6 months).
vaccination of young animals Continuous vaccination policy needed.
possible. Blanket vaccination not feasible.
Cessation of vaccination possible USS$ 0.5 to 1.0 per serotype per dose.
when herd immunity above certain Different species need different
level. formulations.
USS$ 0.3 per dose.
Single species.
Diagnostics ~ Antigen ELISA (capture) Antigen ELISA (7 serotypes needed).

Antibody for sero-monitoring vaccine
efficacy and surveillance
(competitive, indirect).

Dip-stick for antigen.

Monoclonal antibodies in tests.

Antibody ELISA (competitive for each
of 7 serotypes).

Antibody ELISA to distinguish
vaccinated and infected.

Monoclonal antibodies for research and
characterization.
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Parameter Rinderpest Foot-and mouth disease
Molecular PCR diagnosis. PCR diagnosis (multiple primers
PCR and sequencing (extensive needed plus RT-PCR).
molecular biology — 4 lineages). Extensive sequence database of strains
Virus rescue. worldwide.
Marker vaccines. Attempts at chimeric vaccines, DNA
Genes in vaccinia recombinant vaccines, peptide vaccines, vectored
vaccine potential. vaccines, antigen genes plus interferon
approaches, adjuvant trials, drug trials.
Immunity Single vaccination adequate. Multiple life-long need to vaccinate.
Humoral antibodies for life. Humoral antibodies are protective.
No obvious carrier state problems. Mucosal immunity important (no
solution).
Carrier animals in wild and after
infection (with risk that they may infect
non-immune animals) — major problem
for trading nations.
Control Large campaign in Africa No large campaigns.

(US$ 250 million).

Vaccination ceased.

Constant surveillance (clinical and
serological).

Almost eradicated after 10-year
campaign.

Vaccination sporadic. Mainly
commercial.

Diagnosis varied.

Spreading.

Very poor or no animal movement
control is a major constraint (legal and
illegal).

Products are infectious.

Culling (stamping out) effective but
many environmental and socio-
economic problems.

6.1 Technology needs and opportunities

Although this exemplifies the situation with regard to FMD, it is
generally applicable to many livestock diseases, where the emergence of
new strains, and increase in challenge from new and emerging viruses in
developing countries, threatens the developed world. The threat also has to
be considered in the context of bio-terrorism. Together, these threats may act
as a positive catalyst for funding research using gene-based technologies to
develop effective vaccines against such agents.

7. CONCLUSIONS

The desire to utilize the latest technology in the belief that this will
provide a solution must be tempered with the need to carefully consider
current well-proven and available technologies and products. There is often a
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drive for funding organizations to invest in technology transfer without a full
study of whether this is the best approach to solving a particular problem.
The desire to create research capacity to locally solve a problem is

admirable, but often fails to deliver the required solution.
Can gene-based technologies make a difference?
There are papers in the symposium that clearly identify applications:

Understanding the disease process and epidemiology of the infection
(Domingo).

Understanding the basis of genetic resistance and then creating this
state (Mackie and Cann).

Understanding the causative agent and how it causes disease
(Vanderplasschen).

Creating a new generation of vaccines and diagnostics based on
genetic manipulation of the causative agents (Parida et al.).

Using gene expression systems for vaccines, diagnostics and
therapeutics (Viljoen, Romito and Kara).

Issues relating to the development and use of these technologies

The acceptance of genetically-modified organisms (GMOs) (animals,
vaccines, therapeutics).

The cost of the science.

The ability to conduct the research.

The focus on developing country problems.

The research drivers, e.g. cost recovery.

A new research paradigm — global solutions to global problems.
Separation of research solutions from research capacity building.

The opportunities

The livestock revolution is a genuine opportunity.

Livestock disease will limit this opportunity.

Technologies can assist disease risk management.

Gene-based technologies offer a quantum leap in both understanding
the disease process and developing solutions.The challenge
Accepting GMOs.

Funding research for solutions.

Focusing on developing country problems.

Creating national infrastructure for technology application.
Creating a genuine “level playing field” for trade, through OIE and
WTO.
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Abstract: Following domestication, livestock were selected both naturally through
adaptation to their environments and by man so that they would fulfil a
particular use. As selection methods have become more sophisticated, rapid
progress has been made in improving those traits that are easily measured.
However, selection has also resulted in decreased diversity. In some cases,
improved breeds have replaced local breeds, risking the loss of important
survival traits. The advent of molecular genetics provides the opportunity to
identify the genes that control particular traits by a gene mapping approach.
However, as with selection, the early mapping studies focused on traits that are
easy to measure. Where molecular genetics can play a valuable role in
livestock production is by providing the means to select effectively for traits
that are difficult to measure. Identifying the genes underpinning particular
traits requires a population in which these traits are segregating. Fortunately,
several experimental populations have been created that have allowed a wide
range of traits to be studied. Gene mapping work in these populations has
shown that the role of particular genes in controlling variation in a given trait
can depend on the genetic background. A second finding is that the most
favourable alleles for a trait may in fact be present in animals that perform
poorly for the trait. In the long term, knowledge of the genes controlling
particular traits, and the way they interact with the genetic background, will
allow introgression between breeds and the assembly of genotypes that are
best suited to particular environments, producing animals with the desired
characteristics. If used wisely, this approach will maintain genetic diversity
while improving performance over a wide range of desired traits.
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1. INTRODUCTION

Cattle were first domesticated about 12,000 years ago (Grigson, 1989;
Loftus et al., 1994; Bradley et al., 1998), and now there are over 1,200
million cattle worldwide that provide a source of food, motive power and
clothing. In order to thrive, cattle naturally became adapted to local
environments. Improvement of the local populations was then achieved by
selective breeding, which was initially carried out at a local level using a
limited number of shared bulls. This selective breeding led to the
development of animals with characteristic phenotypes suited to local uses
and environments, which became identified as breeds. In 1993 there were
783 cattle breeds recognized worldwide (FAO, 1993). The wide diversity of
phenotypes displayed by the various breeds provides the opportunity for the
selection of animals with improved production, suited to local needs and
uses.

1.1 Improvement versus genetic diversity

Breed improvement has been enhanced over recent years by the use of
artificial insemination and the development of statistical methods to
maximize genetic gain. Selection programmes, coupled with improvements
in management, have resulted in dramatic improvement in simple production
traits that can be readily measured. Consequently, where the economic
environment supports high-input agriculture, there has been a dramatic
increase in milk yield and meat produced from the improved stock. The
unfortunate consequence has been the reduction of genetic diversity, both
within the improved breeds, as the superior individuals are preferentially
used as breeding stock, and also through the displacement of traditional
“unimproved” breeds. The latter is the greater cause for concern in less
developed and environmentally less favoured areas. Traditional breeds are
often adapted to thrive in their local environments, e.g. with increased
tolerance of extremes in temperature, or in the face of particular disease or
parasite challenge. By replacing the local breeds with improved stock, it is
hoped that production will be increased, when in reality attempts to
introduce improved dairy breeds into some areas have met with disastrous
consequences. The replacement of local stock that are adapted for survival
in the face of disease challenge, with disease-sensitive stock may mean the
irretrievable loss of the genetically controlled basis of disease resistance.
Natural genetic resistance allows stock to survive without the requirement
for expensive protective measures. The very areas where this resistance is of
greatest importance are those that do not have the resources to provide the
extensive veterinary care required to maintain the “improved”, but disease-
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sensitive, stock. Genetic diversity is being lost along with specific alleles
that may confer specific survival traits. In 1993, 112 of the 783 cattle breeds
worldwide were at risk (FAO, 1993)

1.2 Molecular genetics

There are opportunities for using molecular biology to identify genes that
are involved in variety of traits. Armed with this information, it should be
possible to select improved stock on the basis of their genetic make-up. In
theory the genes controlling all genetically controlled traits could be
identified, but the risks are that attention will focus on traits that are
important for production in high-input, expensive agricultural systems,
rather than on survival in diverse environments, for example. If applied with
care, the use of molecular information in selection programmes has the
potential to increase productivity, enhance environmental adaptation and
maintain genetic diversity. The first task is to understand the genetic control
of the traits of interest, and then to identify the genes involved. The
approaches to identify genes controlling important traits currently focus on
genetic mapping, which initially localizes the genes to chromosomal regions,
before attempting to identify the genes themselves, starting from knowledge
of their chromosomal position. The approaches for gene mapping are
described below, along with some examples, and the way the information
can be applied is discussed.

2. WHAT IS REQUIRED FROM SELECTION?

The requirement from livestock varies depending on the environment and
circumstances. In developed countries the focus has traditionally been on
increasing the quantity of production, whether that is meat, milk, wool or
other saleable produce. However, consumer pressure is now demanding
high quality product, and that animals are farmed in sustainable,
environmentally and welfare friendly, systems. Selection criteria are
therefore likely to shift to quality, efficiency and health traits. In less-
developed and disadvantaged areas, the requirements are more simple:
survival in the face of disease challenge, without veterinary intervention, and
in the face of adverse environmental conditions.
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3. SELECTION FOR IMPROVED PRODUCTION

Selection for improved milk production has been achieved through
progeny testing. This approach uses the production records from daughters
of test sires to calculate their genetic merit. Sires with above average
predicted genetic merit for traits such as milk production are then used as
“elite” sires to produce both more daughters and also additional sires. These
sires are themselves progeny tested for selection of the next generation of
elite sires. This approach has been used widely by breeding companies and
has resulted in the milk yields of the Holstein breed nearly doubling over the
past 40 years, to as much as 12,000 litres per 305-day lactation in the top
Holstein cows today. In developed countries, the Holstein represents the
most numerous cattle breed and accounts for the majority of milk produced.

3.1 Potential problems

The consequence of intensive selection has been the narrowing of the
genetic base of the cattle population through the widespread use of a
relatively small number of “elite” sires, many of which are closely related.
As a result, the dairy industry has very large half-sib families in commercial
herds, sired by a limited number of sires. Alongside the dramatic increase in
milk yield, there has been an associated decrease in protein content of the
milk, decreased fertility and increased incidence of lameness. The
unfortunate consequence of focusing selection on a single trait is that
detrimental genes may inadvertently be selected for in other traits. This
intensive selection from a small number of elite sires inevitably leads to
inbreeding and the potential concentration of deleterious recessive defects.
As the level of inbreeding increases — defined by the inheritance of the same
ancestral genes from both parents — the likelihood that an individual will
inherit the same deleterious mutation from both parents also increases. This
has been manifested in the elite Holstein dairy population by the appearance
of genetic diseases such as DUMPS (Deficiency of Uridine Mono-Phosphate
Synthase) (Schwenger, Schober and Simon, 1993), BLAD (Bovine
Leukocyte Adhesion Deficiency) (Shuster and Kehrli, 1993), and, most
recently, a bulldog-calf syndrome.

3.2 How could molecular genetics help?

Until now, selection programmes have been based on phenotypic
selection, where traits are measured directly and animals with superior
performance in the trait are used as breeding stock. Where the trait is sex
limited, such as milk production, progeny test schemes have allowed the
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genetic merit of the sex not displaying the trait to be estimated. There are
several problems associated with phenotypic selection: first, narrowing of
the genetic base of a population, as discussed above; second, the approach
can only be applied to traits that are easily measured; and, third, high costs.
In traits that are displayed only in the adult, which includes most production
traits now being selected for, it is necessary to raise a large number of
individuals for which the trait is recorded, so that a few can be chosen for
breeding. In the case of progeny testing for milk production, the costs are
very high, as the test sires have to be raised and then the daughters
themselves raised and bred from before the trait can be measured and the
elite sires selected.

In slow growing or late maturing species, one way to speed up selection
and reduce costs is to identify juvenile predictors of adult performance
(Meuwissen, 1998). Such predictors would allow earlier selection of
breeding stock, before incurring many of the rearing costs. However, the
reliability of juvenile predictors is often low. The use of molecular markers
potentially offers a way to select breeding animals at an early age — indeed
as embryos; to select for a wide range of traits; and to enhance reliability in
predicting the mature phenotype of the individual.

3.3 Application of genetic markers

The identification of the genes controlling a particular trait is a two-step
process. Initially the location of the gene is identified, and then this
information is used to find the gene itself. Most traits involved in livestock
production are not under the control of a single gene, but are controlled by
several genes, which have an additive effect, so that the trait has a
continuous distribution. Such traits are referred to as quantitative traits and a
locus controlling them is termed a quantitative trait locus (QTL).

If the chromosomal location of a QTL is known, DNA markers close to
that QTL can be used to enhance selection programmes by identifying
animals that carry the favourable allele at the QTL. This process is called
marker-assisted selection (MAS) (Kashi, Hallerman and Soller, 1990).
However, as the markers are likely to be at some distance from the gene,
there is the possibility of recombination occurring between the marker and
the trait gene. Thus, to use MAS, it is first necessary to determine the phase
of the markers, i.e. which marker alleles predict the favourable or
unfavourable alleles at the trait gene. This phase determination has to be
done within a family, as the phase could be different in different families. In
addition, the phase of flanking markers can change through recombination
over generations. In contrast once the trait gene is known, and the allelic
variations in the gene characterized, the information can be used directly in
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the population, without having to reconfirm the phase in each family or for
each generation.

4. LOCALIZING GENES FOR SPECIFIC TRAITS

Identifying the genes that control a trait can be approached in a number
of ways.

One approach is to use information on the physiology of the trait to
identify the biochemical pathways involved in the trait, and hence suggest
the genes involved. This information can be coupled with patterns of
expression among tissues to facilitate cloning of the gene(s) likely to affect
the trait. These “candidate” genes are then studied in the context of the trait
to identify if they play a role in controlling the observed variation. This
approach clearly requires a good a priori knowledge of the trait and its
physiology. However, even with good knowledge of the trait, important
genes are likely to be missed, as many may not be obviously involved in the
known physiology.

A second approach is to start with no prior assumptions, and to use a
genome mapping approach. A mapping approach is often necessary,
particularly with complex traits, where the various gene interactions cannot
be predicted. Mapping the genes controlling particular traits requires
families, which have to be segregating for the trait, in which to track the
inheritance of chromosomal regions, and information quantifying the trait.
The mapping process involves tracking inheritance of chromosomal regions,
using DNA markers, and then correlating inheritance of the markers with
inheritance of characters associated with the trait. Therefore, to map trait
genes, there are two requirements: families and markers.

Once the chromosomal location of the trait gene(s) is known, it is then
necessary to identify the gene itself. In practice identification of the “trait
genes” is achieved using a combination of the genetic mapping and
candidate-gene approaches.

4.1 Genome maps

Over the past decade, genetic and physical maps have been developed for
the genomes of all the major domestic species. Two types of genome maps
exist: genetic and physical maps. Genetic maps are based on linkage
between markers determined from their inheritance in families (Barendse et
al., 1997; Georges et al., 1995; Bishop et al., 1994). Genetic maps were
predominantly composed of anonymous markers, but more recently genes
have been added.
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Figure 1. Strategy for identifying the trait gene starting from a QTL location. Identification
of the gene controlling a trait from a QTL location is not easy. The first step is to construct a
physical map of the region from bacterial artificial chromosome (BAC) clones. This physical
map can then be used to identify new markers to fine-map the region. In some cases, a good
candidate gene that can be tested may be found within the QTL region; otherwise it may be
necessary to sequence across the region, using the BAC clones as the starting point.

These maps have been used to select markers for mapping production
related traits (e.g. Kithn ef al., 1999; Stone et al, 1999). Two notable
successes have used genetic mapping to identify major genes involved in
increased muscling (Grobert et al., 1997; McPheron and Lee, 1997), and in
milk production (Grisart ef al., 2002).

The first physical maps used in sifu hybridization to localize DNA probes
on chromosomes fixed on microscope slides. This approach, when used
with probes derived from individual chromosomes from other species,
demonstrated that the genes within particular chromosomal regions are
conserved between species (Solinas-Toldo, Lengauer and Fries, 1995). This
“conservation of synteny” across species means that the regions flanking a
QTL that has been mapped in one species can be examined in another,
usually a species with extensive genomic information, primarily man. The
cross-species comparison may identify putative candidate genes for the
traits, based on knowledge of function and position.
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4.2 Populations for QTL mapping

Most of the data available on QTLs involved in dairy-associated traits
has come from studies on the commercial dairy population, where there are
large families produced as a result of the extensive use of artificial
insemination (AI). This population structure is well suited to genetic
mapping studies. The use of data collected on commercial herds to map
QTLs was pioneered by Georges et al. (1995), who used the USA Holstein
population to map QTLs involved in milk yield and quality. The study used
1518 progeny-tested bulls with production data from over 150,000 cows to
derive their performance information. The sires were genotyped with 159
microsatellite loci, and analysis of the phenotypic and DNA marker
information identified five QTLs for milk yield, fat and protein content.

In order to localize a QTL controlling a trait, it is necessary to have
performance recorded for the trait. For the dairy industry, a few traits are
routinely recorded, including milk production traits, somatic cell scores
(which are associated with mastitis), and conformation. The situation in the
beef industry is worse, where the use of Al is more limited and so few large
families exist. A more efficient way of mapping QTLs is to breed
experimental populations specifically for investigating particular traits.

5. DOUBLE MUSCLING

The genome mapping approach has identified many QTLs for production
traits in livestock, but up to now few trait genes have been identified. One
gene that has been identified is a gene involved in double muscling in cattle.
Selection for beef cattle in Europe has produced animals that are highly
efficient and develop large muscles. Several breeds now carry a trait known
as double muscling, which is associated with economically beneficial
production traits, including muscular hypertrophy, and reduced intra-
muscular fat and connective tissue (Ménissier, 1982). However, double
muscling is also associated with dystocia, and calving difficulties,
necessitating a high rate of caesarean sections. The most extreme form of
double muscling is seen in the Belgian Blue breed, where the trait behaves as
if it is controlled by a single major gene, with the extreme form of the trait
expressed in homozygous individuals.

5.1 Mapping the double-muscling gene

The gene responsible for the double-muscled phenotype was mapped
using a research population of cattle in which double-muscled Belgian Blue
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cattle were crossed to a non-carrier breed. The F, cross-bred animals were
backcrossed to the double-muscled Belgian Blue to produce a second-
generation cross, some of which showed double muscling (homozygotes for
the gene), and some of which did not (heterozygotes). The animals in the
study were genotyped with DNA markers from a panel that covered the
whole genome and the genotypes correlated with the phenotypes to localize
the gene responsible. This approach identified a region on bovine
chromosome 2 as the most likely location of the gene responsible for the trait
(Charlier et al., 1995).

5.2 Finding the gene

Identifying the trait gene from the chromosomal location can be achieved
by a number of strategies. Currently, the initial, and easiest strategy is to
identify and test positional candidate genes, i.e. genes whose physiological
function is likely to affect the trait and that map to the correct chromosomal
location. Candidate genes within the region on chromosome 2 where the
double-muscling gene had been localized did not prove to be to be the trait
genes. Therefore a fine mapping and positional cloning strategy was initiated
by constructing a contiguous, or overlapping, set of large-fragment DNA
clones spanning the region (see Figure 1).

As this work was being done, an apparently unconnected piece of work
in mouse identified a new member of the transforming growth factor (TGFp)
family of genes. The new member, initially called growth differentiation
factor 8 (GDF-8), was expressed mainly in skeletal muscle. Mice where
expression of the gene was knocked out developed hyper-muscularity,
similar to the double-muscling phenotype in cattle. The GDF-8 gene
product was found to be a negative regulator of muscle growth and was
therefore called myostatin. Subsequent studies in Belgian Blue cattle
showed that double-muscled animals carried an 11 bp deletion within the
coding region of the myostatin gene that destroyed the functional protein
(Grobert et al., 1997). Work on other double-muscled breeds of cattle
showed that they all carried a mutation in the coding region of their
myostatin gene, lending support to this being the gene controlling the
double-muscled phenotype.

5.3 Effects of genetic background

The 11 bp deletion in the myostatin gene is consistently associated with
the double-muscled phenotype in the Belgian Blue breed. However, the
same 11 bp deletion allele was also found in the South Devon breed in the
UK (Smith ef al., 2000), where the phenotype associated with the mutation
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was found to be variable: some homozygous animals having an almost
double-muscled phenotype, whereas others had poor conformation.
Although the phenotype is not as extreme in South Devon compared with
Belgian Blue cattle, the 11 bp deletion is associated with significantly
increased muscle and decreased back fat in this breed (see Table 1). A
similar observation of a variable phenotype associated with homozygosity of
the 11 bp deletion has been made in the Spanish Casina breed (S. Dunner,
pers. comm.).

Although myostatin clearly plays a role in controlling muscle
development, there must be additional gene products that interact with
myostatin and modify the phenotype. This interaction of myostatin and
other modifier genes explains the variable phenotype. This example shows
that if a major gene for a trait is mapped in one population, extrapolation of
the likely effects into other populations should be done with care.

Table 1. Effect of the 11 bp deleted allele in South Devon cattle (Wiener et al., 2002).

Trait Significant effects

Muscle score +0.81 additive
Fat depth -4.0 mm additive
Muscle depth +1.4 mm additive
Calving difficulty score +0.28 recessive

6. WHERE TO FIND THE BENEFICIAL GENES?

As a rule, selection programmes for a particular trait start with animals
that display superior characteristics in that trait. Over successive generations,
the best animals for the trait are then used for breeding. There are two
inherent problems with this strategy: first, it supposes that the individuals
that display the superior characteristics for a trait possess the best alleles, at
least at the majority of loci. In fact there is no reason why animals with poor
characteristics for the trait should not possess better alleles at a few loci.
The second inherent problem, which extends the first, is that subsequent
selection for a related trait will also start with the already “improved”
animals, even though the prior selection was for another trait. An example of
this is selection for protein production in dairy cattle that have been selected
for milk yield.

6.1 Genes controlling fatness in pigs

Food preferences vary across the world. In Europe, consumers require
meat that is low in fat, whereas meat with a high fat content is sought in
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Japan. Selection of stock suited to particular markets has produced breeds
with widely divergent characteristics. Cattle breeds, such as the Belgian
Blue, discussed above, and Charolais, Limousin, etc., are widely used in
Europe because they are fast growing and produce lean carcases. In
contrast, the Wagu cattle breed is used to produce beef for the Japanese
market because it has exceptionally high levels of intra-muscular fat. A
similar situation is found in pig production, where Large White pigs are used
extensively in Europe because of their lean growth, whereas the Meishan,
from China, lays down large quantities of fat.

An experimental cross between Large White and Meishan pigs has been
used to explore the genetic control of lean vs fat growth and fertility. A two-
generation cross-bred population was established and the F, population
slaughtered and fat content determined. The F, animals were also genotyped
with markers covering the whole genome. A QTL analysis correlating
production data with the marker information revealed several QTLs
associated with carcase fat, but one QTL, on chromosome 7, had a
particularly large effect, accounting for about 30% difference in back fat
thickness (see Table 2).

The surprising finding, however, was that the “thin allele” originated
from the Mieshan breed, which phenotypically is very fat. This QTL has
now been verified in other populations.

Table 2. The allelic effect of the QTL on pig chromosome 7 on back fat thickness. (Numbers
in parentheses are standard errors of the estimated allelic effect).

Position Additive effect (mm)
Shoulder 2.5(0.5)
Mid-Back 3.4(04)
Loin 3.4(04)

SOURCE: Drs A. Archibald and C. Haley, pers. comm.
6.2 Trypanosomiasis

In many countries the major concern for livestock breeding is not
increasing productivity per se, but ensuring, firstly, that stock survive, and,
secondly, that they thrive. In many areas of the world, diseases that are
potentially fatal to livestock are endemic. Tropical theileriosis, a potentially
fatal disease of cattle, is caused by the tick-borne Theileria annulata and is
present in a world-spanning belt from Morocco to China. East Coast Fever,
caused by the related parasite, 7. parva, is a major obstacle to cattle
production in Kenya and neighbouring eastern African countries. In West
Africa, sleeping sickness in man, caused by Trypanosoma brucei
rhodesiense and T. gambiense, has a related disease in cattle caused by
T. congolense and T. vivax. Susceptible cattle become anaemic, lose weight
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and will die if not treated. Although most cattle are highly susceptible to this
disease, breeds are known that show resistance, e.g. the N’Dama cattle found
in West Africa, where the disease is endemic.

In order to identify the genetic control of resistance to 7. congolense
infection, an experimental population of cattle was established at the
International Laboratory for Research on Animal Diseases (ILRAD; now
part of the International Livestock Research Institute, ILRI) in Kenya, by
crossing N’Dama with Boran cattle. The N’Dama cattle from West Africa
can be infected with the parasite, but they are able to rapidly control the
infection and survive without treatment. Boran cattle, however, are
susceptible to trypanosomiasis and lose condition rapidly, and invariably die
unless treated. The F; Boran x N’Dama cross-bred animals were inter-
crossed to produce an F, population of 177 animals. Response to disease was
tested by challenging the F, with T. congolense, and various measures of
resistance to the disease recorded, including parasitaemia, weight loss and
red blood cell volume. These traits were correlated with genotypes for 477
markers covering all 29 chromosomes to localize QTLs for resistance to the
disease (Hanote et al., 2003).

The study identified QTLs on 18 chromosomes that were associated with
resistance traits. Interestingly, for about eight of these, the resistance allele
originated from the susceptible Boran breed. There is some trypanosomiasis
in areas of Sudan, where the Boran breed originated, which may explain why
this breed harbours some tolerance genes. Nevertheless, the “improved”
Boran individuals that were the founders for the experimental population
were tested and found to be highly susceptible to the disease.

7. USING GENOMIC DATA

Genetic improvement of livestock has, up to now, focused on those traits
that are easy to measure and, in general, on those that affect profitability of
agricultural enterprises. Traditionally, this meant increased output.
However, using modern methods, selection for a broader spectrum of traits
can be considered and other traits — such as those affecting welfare, health,
disease resistance, fertility, efficiency or product quality — could be included
in selection objectives. The first outputs from the gene mapping studies are
information on the chromosomal locations of genes and QTLs controlling
traits. This information identifies marker loci linked to the genes. These
markers could be used to aid traditional selection programmes in making
choices among individuals. Because markers are separated from the trait
gene, recombination will occur between them and change the “phase”; thus,
as discussed above, information has to be derived and used within families.
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Progeny testing is often carried out using several sons of elite sires, which
sometimes include full-sibs produced by embryo transfer. The estimated
genetic merit for these individuals is the same, therefore the choice of which
to use in a testing scheme is no better than random. Marker information on
currently identified QTLs, e.g. for milk yield or composition, could be used
to select the individuals carrying the highest proportion of beneficial alleles
for those traits. Progeny testing remains necessary, but this pre-selection
should increase the proportion of better-than-average individuals tested. The
testing programmes in themselves will then confirm and strengthen the
information on the QTLs.

Information on the genes controlling these traits is much more powerful
than using linked markers, as the phase does not have to be determined and
selection can be made directly on genotype. Gene-based selection has
already been carried out in cattle; until now, this has mainly focused on
selection against heritable diseases, e.g. bovine leukocyte adhesion
deficiency (BLAD). However, genes are being identified that control
phenotypes of production traits, e.g. information on myostatin genotypes is
being used in different breeds to select both for and against double muscling.

7.1 Future perspectives

Most production traits are quantitative and hence are controlled by
several genes. Knowledge of these genes will allow selection for individuals
carrying the most beneficial gene at all of the loci controlling the trait,
whereas phenotypic selection generally only identifies individuals with
beneficial alleles at some of the loci. In theory, once sufficient knowledge is
available, individuals carrying beneficial genes for several traits could be
identified using DNA information. Animals could then be selected on a
variety of trait combinations suited to particular environments or production
goals, and matings could also be established to produce progeny with the
desired characteristics. Whilst we are a long way from this level of
knowledge, work is underway to identify the genes involved in a wide range
of traits.

As the examples discussed above demonstrate, the behaviour of even
major genes controlling a trait is dependent on genetic background. Thus
information is required not only on the genes involved, but also on their
interactions with other genes. Further information on gene interactions will
come from gene expression studies. Micro-arrays have now been produced
for the majority of livestock species, allowing the expression patterns of
many thousands of genes to be assayed simultaneously. These arrays have
produced valuable data when used to examine pure-cell populations, and are
now being tested for the study of more complex traits.
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The most beneficial alleles for a trait may not occur in the population that
is apparently the most favourable for the trait. Knowledge of the genes
underpinning a trait will allow a search for novel alleles across different
populations, with the potential to set up breeding schemes to create and test
novel combinations of alleles at different loci. Some of these novel allele
combinations may allow further progress in improving traits beyond that
which would be possible by selecting within breeds. Thus it is important to
maintain a diverse range of genetic backgrounds to provide sources of
variation.

Perhaps an application of DNA-aided selection that is closer to
implementation is the introgression of genes between breeds. Introgression
has been detected retrospectively for the myostatin gene, where we now
know that double muscling in several different breeds is controlled by the
same allele, which must have been transferred between breeds by crossing.
In the future, using DNA tests, it will be much easier to transfer a particular
allele of a gene, like the myostatin double-muscling allele, between breeds.
Back-crossing and selection, using DNA information to track the
introgressed allele, will allow recovery of the majority of the original genetic
composition of the recipient breed whilst retaining the new allele. The
application of this technology will be important in exploiting information on
disease response, where resistance alleles could be bred into more productive
breeds to allow increased productivity in areas where disease is endemic.

8. CONCLUSIONS

Knowledge of the loci controlling individual traits will allow direct
selection for favourable alleles at these loci. In the first instance, this can be
done by marker-assisted selection using markers linked to the gene involved
in the trait. However, ultimately, knowledge of the allelic variation within
that gene will allow more efficient selection. There are several advantages
of using markers in selection programmes, rather than relying on phenotype-
based selection. In using markers it will be possible to introgress favourable
alleles for particular traits from one breed into another, taking advantage of
specialized characteristics of different breeds, e.g. to maintain disease
resistance while increasing production. By using information on the markers
spanning the genome, as well as the genes being selected for, it will also be
possible to maintain the widest possible genetic diversity within a breed.
Thus a considered and well-managed use of molecular information will help
preserve the genetic diversity of livestock populations while improving
production and quality of life.
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WORLD’S ANIMAL GENETIC RESOURCES

Views on biotechnology as expressed in country reports
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Abstract: As part of the country-driven strategy for the management of farm animal
genetic resources, FAO invited 188 countries to participate in the First Report
on the State of the World’s Animal Genetic Resources, with 145 consenting.
Their reports are an important source of information on the use of
biotechnology, particularly biotechnical products and processes. This paper
analyses information from country reports so far submitted, and is therefore
preliminary. There is clearly a big gap in biotechnology applications between
developed and developing countries, with artificial insemination the most
common technology used in developing countries, although not everywhere.
More complex techniques, such as embryo transfer (ET) and molecular tools,
are even less frequent in developing countries. Most developing countries wish
to expand ET and establish gene banks and cryoconservation techniques.
There are very few examples in developing countries of livestock breeding
programmes capable of incorporating molecular biotechnologies in livestock
genetic improvement programmes.

1. INTRODUCTION

The Food and Agriculture Organization of the United Nations (FAO) has
been requested by its member countries to develop and implement the
Global Strategy for the Management of Farm Animal Genetic Resources.
The global livestock sector is faced with the challenge of the fast increasing
demand for animal products in developing countries. FAO has estimated that
demand for meat will double by 2030 (2000 basis) and demand for milk will
more than double in this 30-year period.
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Animal genetic resources, however, are disappearing worldwide at a fast
rate. Over the past 15 years, 300 out of 6000 breeds identified by FAO have
become extinct (FAO, 1993, 1999). There are few successful genetic
improvement programmes in adapted indigenous breeds. In many
developing countries, considerable efforts have been made in training
professionals in animal genetics, but breeding programmes applied to
livestock for low-input farming systems have largely failed.

As part of the country-driven strategy for the management of farm animal
genetic resources, FAO has invited 188 countries to participate in the First
Report on the State of the World’s Animal Genetic Resources, to be
completed before 2006. To date, 145 countries have agreed to submit
country reports. Drafting of country reports has been under way in most of
these countries, with the end of 2003 as a target date for submission. Country
reports will hopefully reflect problems, needs and opportunities for the
management of farm animal genetic resources at country and regional levels.
Country reports are basically strategic policy documents approved by FAO’s
governing bodies and designed to answer three questions regarding animal
genetic resources: where the country is now, where it needs to be, and how
to get there (FAO, 2001).

Each country report has five main elements. Part 1 reports on the state of
genetic resources in the farm animal sector, covering both in situ and ex situ
conservation, as well as the state of the art of techniques being used in the
context of both local production systems and socio-economic conditions.
Part 2 describes the changing demands on the farm animal sector and the
implications for future national policies in conservation and utilization of
animal genetic resources. Part 3 is a review of the state of national capacities
related to farm animal genetic resources and an overall assessment of
capacity building requirements. Part 4 contains identification of national
priorities covering diverse fields of activity, animal species and breeds as
well as short- and long-term needs for institutional building, research,
information systems, policy, legislation and regulations. Part 5 deals with
recommendations for international cooperation, indicating the areas and
modes of cooperation that the country wishes to follow, as well as proposed
contributions and requirements.

FAO expected that countries would include views on biotechnology in
relation to farm animal genetic resources, within the context of the
recommended country report structure, particularly in parts 1 and 4. The
country reports therefore represent a prime source of information on the state
of the use of biotechnology. This paper focuses on the extraction from the
reports of information on the use of biotechnical products and processes. It
should be stressed that this is only a preliminary report based on an analysis
of a still-expanding database, therefore the conclusions are not final. It also
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focuses on animal genetics and breeding, not covering uses of biotechnology
for animal health.

2. MATERIAL AND METHOD

By October 2003, 47 country reports had officially been submitted to
FAO, of which 41 — representing all regions — were analysed for this paper.
Information on biotechnology used in animal breeding and reproduction,
conservation of animal genetic resources and commercial purposes was
examined. In addition, 32 draft country reports and information from the
regional facilitators involved in supporting countries in report preparation
were included in the analysis. Information also came from discussions held
during regional workshops in Latin and Central America, covering ten
countries each. The results are presented descriptively. No statistical analysis
is possible because the information available is not the result of a formal
sampling procedure. No individual countries are mentioned in the present
paper, but the regions and sub-regions where the information originated are
identified. The number of countries within each region in which specific
events occur are reported. Where useful, comparisons between developed
and developing countries are presented.

3. RESULTS

3.1 West Africa

West Africa is represented by 15 country reports. With some exceptions,
artificial insemination (Al) is or has been used to a limited extent, mostly in
cattle in the vicinity of Al centres. In general, infrastructure for the use of Al
is described as almost non-existent, very poor or disappearing. Eight
countries perform Al on local cattle using semen of imported exotic breeds
with the purpose of improving dairy production in the favourable areas of
the country or in the context of peri-urban dairy production. Two of these
countries have cooperation programmes with universities from developed
countries, and, in these projects, Al is the main component as a tool for
cross-breeding. In two other countries of the region, Al is used to upgrade
trypanotolerant cattle with breeds of larger body size, either exotic or local,
but more susceptible to trypanosomiasis. In three countries, Al is utilized for
experimental purposes only. One country noted that Al is seen as a cause of
erosion of local animal genetic resources when practiced indiscriminately for
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cross-breeding in cattle and horses with commercial objectives. Al is mainly
used in public, government-financed programmes, with no clear plans or
genetic improvement objectives. No policy or legislation issues regarding
the use of Al were mentioned, with the exception of one country planning to
declare Al and embryo transfer (ET) a state-controlled activity. Three
countries regard Al as essential for the development of in sifu conservation
programmes.

ET is only used in a few specific cases, such as the introduction of a
South American zebu breed via ET into one country of the region. In another
country, embryos of a local breed are conserved at two locations. Two
countries specifically indicate the absence of cryoconservation of semen,
embryos or oocytes, and the absence of cryoconservation can be assumed for
practically all countries. Many countries express the need for the
development and use of ET in the future, but without stating specific
intentions for its use. Limited molecular characterization has been carried
out in some countries, mainly as part of international development projects
and research studies. These were, however, of limited scope and duration.

Capacity building and training in Al and ET in the context of
performance and genetic evaluations of livestock, and molecular techniques
aimed at characterization of local animal genetic resource, were reported as
priorities. Other countries expressed a need for AI/ET and molecular
techniques, but without specifying whether for characterization only or other
purposes. Major constraints are financial resources and the lack of skilled
human resources to undertake in-country training in the respective
technologies.

3.2 Eastern Europe

Eastern Europe was represented by ten country reports from three
regions: Caucasus, Baltic and the Eastern countries of Europe. In all
countries of the Caucasus region, infrastructure for carrying out Al has
practically disappeared after the collapse of the former Soviet Union, and
even basic activities such as animal identification and registration no longer
exist. In two countries, Al is used in cattle in a very limited fashion. One
country reports use of ET in cattle at an experimental level. All countries
mention capacity building in Al for both breeding and conservation purposes
as priorities, and the creation of the necessary infrastructure. There are no
animal gene banks in these countries.

In the Baltic countries, Al is widely used in cattle, pigs and horses. These
activities are often connected to national Al programmes and breeding
programmes through breeders’ associations. ET is used experimentally in a
limited number of cases, but two countries also report some commercial use.
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Al and ET are mentioned as tools to be utilized in implementing national
plans for conservation and management of animal genetic resources. All
countries have legal instruments to regulate Al and ET. Some research on
molecular characterization of local breeds using microsatellite markers is
being carried out, and DNA is sampled in cattle, sheep and pigs. All
countries have gene banks in place, all still requiring further development.
The setting up of gene banks, building technical expertise in Al and ET, and
cryoconservation are reported as priorities. The major limiting factor
mentioned is the availability of financial resources for carrying out activities
of conservation and management of animal genetic resources based on
biotechnical techniques.

In the Eastern European region, one country reports very limited use of
Al in cattle as the only biotechnique currently practiced. Al is used in cattle
in the other three countries, and also in pigs in two of these three. Only one
country reports the existence of a semen bank, without specifying if it
involves commercial or conservation activities. In all countries, ET is used
experimentally and in a limited number of cases also commercially. One
country mentions use of ET for conservation of animal genetic resources.
Research projects using microsatellites and DNA sampling in pigs are
carried out in two countries, while one country also conducts DNA sampling
in cattle and sheep.

3.3 Latin America and the Caribbean

As a result of two regional meetings on country report preparation, and
identification of national and regional priorities, ten South American and ten
countries in Central America and the Caribbean identified Al as the most
effective means of diffusion of genetic improvement. ET is used
commercially in a limited way because of high costs, but it was considered a
biotechnology of interest for the future. Because of the different approach —
analysis of regional workshops instead of country reports — the results reflect
regional rather than national priorities.

In both meetings, Al and ET capacity building were considered a
regional need, with some countries being able to provide consultants and
services in these areas to other countries in the region. Emphasis was placed
on the need to conduct projects on molecular characterization of local
breeds, especially criollo cattle, sheep and goats, with regional coordination
for increased efficiency. All countries identified the need for national
programmes in conservation and utilization of animal genetic resources,
including development of biotechnology and updated legislation to deal with
exchange of genetic material and intellectual property (IP) issues related to
animal genetic resources and to products modified or obtained as a result of
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the applications of biotechnology. Ex sifu conservation was seen as
important at the regional level, and research and capacity building in
cryoconservation were identified as priorities. A model suggests establishing
a gene bank in each country for conservation and distribution of material,
with specific objectives. Collaboration between these gene banks would
subsequently function as a regional germplasm bank. Regulated access and
material transfer agreements (MTAs) should be jointly developed. FAO was
requested to support, coordinate and help find financial means for all these
regional activities.

3.4 Central Asia

Six Central Asian countries reported very limited infrastructure as a
constraint on the application of biotechnology, in addition to obstacles to
identification and registration of livestock. Although in some countries Al
centres were formerly active and mostly state-run, Al currently has very
limited use and only in cattle. Two countries mention some use of ET in an
experimental context. Training of experts in Al and the establishment of
gene banks are considered a priority. One country proposes the
establishment of laboratories to produce cattle, sheep and goat embryos, and
to expand to bactrian camels and yak. This country reports storing of frozen
semen of highly productive breeds and breeds at risk of extinction.

3.5 West and east Asia

Three countries in west and east Asia reported that Al is commonly used.
In one country, private rural households are entitled to Al services, whereas
in the other two countries Al is organized by provincial or district
governments, mainly in nucleus herds and small-scale commercial farm
units under intensive or semi-intensive management. The use of ET is
limited to an experimental scale, mainly due to costs of commercial
applications and to few existing facilities. Priorities noted include additional
training in applying Al in particular, and expanding the national gene pool
by the creation of gene banks for cryoconservation, in general. Updating
existing regulations for conservation of animal genetic resources is also a
priority. One of these countries reported the use of microsatellite DNA
technology for research on molecular genetic diversity. No specific priorities
were mentioned, but the country is implementing plans for a centre for
animal germplasm.
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3.6 Western and southeastern Europe

Reports from 15 Western and southeastern European countries
represented the more developed countries. All countries have national Al
programmes in place and Al is used widely throughout the farming sector in
private commercial enterprises. Al is mainly used in dairy cattle, but also in
beef cattle, pig, sheep, horses and poultry. In southeastern European
countries (3), most Al activities depend on governmental support and ET is
not used except for one state-run project on the application of ET in cattle
breeding for multiple ovulation and embryo transfer (MOET) schemes. All
countries of southeastern Europe report the need for capacity building in Al,
and eventually ET.

In countries of Western Europe (12), commercial use of ET is common in
cattle. There are national and private gene banks for both commercial and
conservation purposes in all countries. Several countries have a dual strategy
of conserving material of rare breeds and backing-up commercial breeds in
the form of semen, embryos and oocytes. Some countries carry out research
in the production of transgenic animals for pharmaceutical and production
purposes, in cloning and other advanced biotechnologies, all of which are
well documented in the available scientific literature. The commercial use of
transgenics was not reported. Several countries report activities in the use of
molecular markers for animal breeding, and one country sets as priority the
integration of new biotechnologies with traditional animal breeding
expertise. Activities are carried out in DNA-typing to confirm pedigree
information and its eventual use in traceability. Research in sperm and
embryo sexing is mentioned by a few countries. Priorities are expressed in
cryoconservation of genetic material, molecular characterization of endemic
animal genetic resources, expansion of gene bank activities, and changes
required in national and international policies on the use, conservation and
exchange of genetic material.

3.7 Other regions

The Near East was represented by one country report. Al is mostly used
in cattle, no ET is used, and work is in progress regarding regulation on use
of genetically-modified organisms (GMOs). Priorities were expressed for the
creation of ET facilities, training in new biotechnological methods and
establishment of gene banks. Major constraints are funding and the lack of
skilled human resources. One report from a country in the Arab Peninsula
indicates that Al is only used experimentally, although it is seen as a way to
expand breeding programmes, and ET is not used.
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Two countries in East Africa indicate the use of Al to improve dairy
production in the favourable areas and in peri-urban systems, through cross-
breeding with exotic genetic material. One country has stored small samples
of germplasm of two indigenous breeds. The other country representing the
region has a characterization research project, with a molecular component,
funded by a donor government. Capacity building in basic biotechnology is
considered a priority.

4. CONCLUSION

The various sources of information used for this paper provide a coherent
picture. The gap in biotechnology application between developed and
developing countries is reconfirmed by the country reports, and this gap is
not expected to change as the analysis of additional country reports
progresses.

In developing countries, Al is the most common technology used, but it
is not used in all countries. This is due to organizational, logistical and
farmer training constraints. Farm-level problems occur in heat detection of
females, which is difficult to achieve in extensive pasture-based systems.
Even in developed countries, Al is less frequent in beef cattle than in dairy
cattle, where close, daily contact with humans facilitates heat detection and
the handling or fixation of the cow during the Al procedure. Even if farmers
are trained to detect heat, poor communication networks or road
infrastructure may hinder the timely insemination of the cow. The liquid
nitrogen supply needed to deep-freeze the semen is also a constraint in some
countries. In such environments, pregnancy rates after Al can be very low
and the use of natural service is preferred since genetic gains may be
outweighed by higher fertility.

The more complex and demanding techniques, such as ET or molecular
techniques, are applied even less frequently in developing countries. This is
more pronounced for GMOs, which are only mentioned to express the lack
of proper regulations and guidelines for their eventual production, use and
exchange.

Most countries expressed a desire for the introduction or expansion of ET
and, to a lesser extent, molecular technologies. The majority of these
requests do not indicate clear objectives for the use of these techniques or
their use as a tool in a targeted process of performance recording and genetic
improvement. Therefore, this seems more a wish of not being left behind in
technology development than a part of the national livestock development
strategy.
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Increased awareness of the value of local animal genetic resources is
evident from the fact that country reports often mention Al as being
introduced without proper planning, and could be seen as a potential threat to
the conservation of local breeds. Breed characterization is perceived as
becoming important, and many countries that have expressed a wish for the
introduction and development of molecular techniques regard them as a
complement to phenotypic breed characterization. Cryoconservation was
identified as a priority by most countries and gene banks were
recommended, but at the same time funding and local technical capacity
remain major constraints.

The following policy recommendations can be drawn from this very
preliminary analysis of country reports:

— To promote a strong public sector involved in biotechnology issues
dealing with conventional research and development. Together with
strategic policy setting, training and extension, and all related
institutional and regulatory matters, it would offer farmers a range of
technology options.

— To involve farmers, their associations and NGOs in priority setting to
ensure that decision-making is a demand-driven process.

— To promote animal identification and performance recording as
prerequisites for efficient breeding programmes.

While the use of biotechnology has expanded in developed countries,
there has been limited public investment in animal biotechnology in most
developing countries, and only modest support for more conventional
livestock research and development to improve productivity, nutrition and
the health of farm animals. It should be emphasized that biotechnology, as
with all other technologies, is merely a tool in achieving the goal of
improved livestock production for improving the livelihoods of farmers,
particularly of poor farmers in developing countries.

Few livestock breeding programmes exist that are capable of
incorporating molecular biotechnology in livestock genetic improvement
activities in developing countries. Marker-assisted selection, for example,
could be used in programmes for improving livestock breeds. This situation
is unlikely to change without significant investment in the public and private
sectors. It should be noted that such programmes would need linkages to
strong conventional animal breeding programmes, since the interpretation of
the genomics data requires information on observed production traits.

FAO will continue its efforts to implement the Global Strategy for the
Management of Farm Animal Genetic Resources and support priority actions
in the utilization, development and conservation of animal genetic resources
as developed by the countries.
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Abstract:

1.

Genetic improvement by conventional breeding is restricted to those genetic
loci present in the parental breeding individuals. Gene addition through
transgenic technology offers a route to overcome this restriction. The
transgene can be introduced into the germ cells or the fertilized zygote, using
viral vectors, by simple co-culture or direct micro-injection. Alternatively, the
transgene can be incorporated into a somatic cell, which is then incorporated
into a developing embryo. This latter approach allows gene-targeting strategies
to be employed. Using pronuclear injection methods, transgenic livestock have
been generated with the aim of enhancing breeding traits of agricultural
importance, or for biomedical applications. Neither has been taken beyond the
development phase. Before they are, in addition to issues of commercial
development, basic technological issues addressing inefficiency and
complexity of the methodology need to be overcome, and appropriate gene
targets identified. At the moment, perhaps the most encouraging development
involves the use of viral vectors that offer increased simplicity and efficiency.
By combining this new technology with transgenes that evoke the powerful
intracellular machinery involved in RNA interference, pioneering applications
to generate animals that are less susceptible to infectious disease may be
possible.

INTRODUCTION - GENETIC MODIFICATION

Man has been genetically modifying livestock (and companion animals)
for centuries. The traditional approach involves breeding two animals and
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choosing the desired offspring for further breeding. The breeder specifically
selects (unidentified) allelic variations of a gene or genes for the resulting
phenotype. More recently, the genomic revolution has enabled selection to
be performed on genotype, increasing the sophistication of this technology.
Alternatively, genetic modification involves the introduction of genetic
material by laboratory and surgical methods, with the generated animal
being termed transgenic.

This presentation introduces the range of nuclear technologies that are
available for germline manipulation of livestock, focusing on the generation
of transgenic livestock. The limitations of this technology are discussed
while identifying what has been achieved, concluding with a view of what
may be the next revolution in the exciting opportunities evident in the
application of this technology.

2. HOW TO INTRODUCE THE TRANSGENE

Although robust and successful, conventional breeding is limited in that
animals produced by mating two selected individuals are a genetic mixture
of the two parents. Thus, unknown or undesirable traits can be co-selected
inadvertently. Even more fundamental, the genetic improvement desired in
the offspring is restricted to those genetic loci present in the parental
breeding individuals. Gene addition through transgenic technology offers a
route to overcome these limitations.

A transgenic animal is one that carries a piece of DNA — the transgene —
inserted into its germline, such that the transgene is inherited in a Mendelian
manner. The transgene can be a copy of a gene already present in the host
animal or be derived from a different species. For example, there are
transgenic mice that glow green because they carry a transgene encoding the
green fluorescent protein from a jellyfish. Alternatively, the transgene can be
a hybrid gene, i.e. a composite of two or more different genes. Transgenic
livestock therefore overcome some of the limitations of classical animal
breeding regimes, where importation of genes by cross-breeding is limited to
those traits already present within a given species (Table 1).

Table 1. Milestones in the development of transgenic livestock technology.

Date Event Reference

1981 First transgenic mice Gordon and Ruddle, 1981
1985 First transgenic livestock Hammer ef al., 1985
1996 Nuclear transfer technology developed Campbell et al., 1996

2000 First gene targeting in livestock (knock-in) McCreath et al., 2000
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The technical step is how to incorporate the transgene into the germline.
There are two approaches to this challenge. The first approach is to introduce
the transgene into the germ cells or fertilized zygote. This can be
accomplished by the use of viral vectors, by simple co-culture or by direct
micro-injection. The second approach is to incorporate the transgene into a
cell that is then incorporated into a developing embryo.

3. PRONUCLEAR INJECTION

In the early 1980s, it quickly became apparent that technology enabling
the transfer of genes into the mouse genome (Gordon and Ruddle, 1981)
would revolutionize how biology would be investigated. It was plainly
obvious that this same technology offered the potential for completely new
and exciting opportunities if it could be applied to livestock. These first
studies utilized the pronuclear injection technology. This is a conceptually
simple method that has proven robust since the first generation of transgenic
livestock was reported (Hammer et al, 1985). Nevertheless it has been
limited in its application. The reason for this is twofold. First, it is
inefficient, with at best 1 percent of injected eggs resulting in a transgenic
animal (Nottle er al., 2001). This makes it a very expensive technology.
Secondly, the conundrum of what trait and which target gene should be
manipulated has perplexed the field.

Notwithstanding these issues, pronuclear injection has proven to be
robust and lead the way in genetically modified (GM) animals. Two
examples will be discussed. The first highlights the issue of what gene for
which trait. The second describes the use of transgenic livestock as an
alternative route to produce biomedically important proteins. It is worth
emphasizing that, to date, the use of transgenic animals has been restricted to
experimental studies or a restricted number of biomedicine-targeted
applications.

4. ENHANCING GROWTH

There was much speculation about to what transgenic technology could
be applied. It was postulated that transgenesis would allow the generation of
farm animals with altered phenotype, with a focus on enhancing growth rate
and carcass composition or improving disease resistance. The enhanced
growth claim was fuelled by the dramatic growth of mice carrying a
transgene encoding for growth hormone (Palmiter ef al., 1992). Transgenic
pigs were generated that carried the same or similar transgene, but very little
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growth enhancement was observed. In contrast, these animals were
considerably disabled, suffering from widespread deleterious effects,
including susceptibility to stress, lameness and reduced fertility (Pursel et
al., 1989). Although some progress has been achieved using different
transgenes, this approach has not been successful overall, and has not been
taken up commercially. Nevertheless, the lasting image of mice the size of
rats still motivates thinking on this topic.

5. ANIMAL BIOREACTOR

An alternative use of transgenesis was to generate animal bioreactors,
and it is this application that has seen the most progress (Wilmut and
Whitelaw, 1994; Houdebine, 2000). Many of the proteins currently used to
treat the vast array of diseases from which man suffers are purified from
blood. An alternative production route involves in vitro cell culture
fermentation systems. The blood route suffers from limited supplies and the
attendant risk of contamination with infection agents, while the second is
expensive. These limitations encouraged the development of transgenic
animals that produced human pharmaceuticals in a body fluid that could be
easily and routinely harvested, i.e. milk.

The first demonstration that transgenic livestock could produce a human
protein in their milk was more than a decade ago. Although the levels of, in
this study, human factor IX (Clark et al., 1989) were low, subsequent reports
clearly demonstrated that high levels of a human pharmaceutical protein
could be produced in this way. The intervening years have seen this
approach being tweaked in several directions, with an ever-increasing list of
proteins being produced in the milk of a number of animal species: sheep,
cattle, pigs, goats, rabbits and mice (Wilmut and Whitelaw, 1994;
Houdebine, 2000). In some cases, very high levels of expression have been
achieved. Thus, “Tracy” the transgenic sheep produced more than 30 g/litre
of human protease inhibitor o.1-antitrypsin in her milk (Wright ez al., 1991).

This application is now primarily in the commercial biotechnology arena
and success relies as heavily on product development as financial survival.
Historically, these studies have fuelled the development of gene transfer
technologies in livestock.

6. VIRAL VECTORS

Viruses are highly evolved gene delivery systems. There is currently
much anticipation that gene-delivery vectors based on viral sequences will
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enable gene therapy to become a reality (Thomas, Erhardt and Kay, 2002;
Logan, Lutzo and Kohn, 2002). The approach taken is to remove as much of
the viral sequence as possible, thereby reducing the potential for vector-
induced disease. Initial attempts to generate transgenic animals utilized
oncoretroviruses such as the Mouse Mammary Tumour Virus (MMTYV)
Chan et al, 1998). Unfortunately, first-generation vectors proved to be
poorly expressed, with transgene activity often silenced through generic
genomic gene inactivation mechanisms, such as DNA methylation (Jahner
and Jaenisch, 1985). Efforts to use adenovirus vectors have worked, but
questions regarding vector toxicity and the low rates of success hamper this
method (Gordon, 2002). Recently, it has been demonstrated that lentiviral
vectors can be used to efficiently introduce foreign DNA into the mouse
germline (Lois et al., 2002; Pfeifer et al., 2002).

7. ALTERNATIVE METHODS

Most transgenic livestock have been produced by pronuclear injection,
while only a handful to date have been produced using viral vector
technology. Several attempts to develop variations on these methods have
been reported. The transgene can be introduced by injection, viral vector or
simple co-culture into the germ cells themselves. Limited effort has been
applied to manipulating the oocyte. Instead, attention has focused on sperm.
In particular, claims that co-culturing sperm and DNA resulted in the
generation of transgenic mice (Lavitrano ef al., 1989) were initially
questioned (Brinster et al., 1989). This work has continued, and there is
some anticipation that success will be reported soon. It is worth noting that if
it can be demonstrated that sperm-mediated gene transfer (SMGT) is robust,
then by combining it with intra-cytoplasmic sperm injection (ICSI) (Chan et
al., 2001) this could prove a very attractive route for the generation of
transgenic animals.

8. CELL-BASED METHODS

All the above methods are limited in that they can only add a (trans)gene
to the genome. In the mouse, techniques for removing or knocking out genes
were established during the 1980s (Smithies et al., 1985; Capecchi, 1989).
This development has revolutionized all aspects of modern-day biology by
enabling the direct assessment of gene function in vivo. This technique is
based on the ability of DNA sequences to recombine, albeit very
infrequently, with the identical partner in the genome. This technology is
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now very sophisticated: genes can be knocked out in specific tissues and
single base-pair mutations can be introduced into a selected gene. The
technology relies upon targeting endogenous genes by homologous
recombination in totipotent embryonic stem (ES) cells in culture. These cells
are then re-introduced into the early embryo to colonize the tissues of the
developing mouse. Unfortunately, to date, no livestock ES cells have been
isolated (Stice, 2002).

The lack of methods for gene knock-out in livestock was the driving
force behind the development of nuclear transfer technology (Campbell et
al., 1996). This technique was made famous through the generation of
“Dolly” (Wilmut et al., 1997). Importantly, nuclear transfer used somatic
cells grown in culture, and therefore offered a completely new route for
precise sequence-directed changes to the germline of livestock. In theory,
this would bypass the need for ES cells and therefore, for the first time,
offered the potential of gene targeting in livestock.

This has now been shown to be possible (McCreath et al., 2000; Denning
et al., 2001a). However, the generation of knock-out transgenic livestock is
technically and financially demanding. The techniques utilized efficiently in
mice are considerably less effective in farm livestock cells. Secondly, the
stringent cell culture phase required for targeting somatic cells reduces their
developmental potential (Denning et al., 2001b), dramatically reducing the
efficiency of this technology. In addition, nuclear transfer in livestock is
beset by losses in utero and postnatal (Wilmut, 2002), having both a welfare
and an economic cost. Finally, the genetic modification is recessive, unless
animals are bred together or a second targeting event is engineered. The
latter is possible (Phelps et al., 2003), but requires considerable effort and as
of yet lacks precision.

In summary, nuclear transfer enables gene-targeting strategies to be
applied to livestock, but, unless there is a conceptual leap in our
understanding of the technique, it will not become commonplace.

9. AGRICULTURAL TRAITS

Both gene addition and gene targeting are inefficient methods for
modifying the livestock germline. Perhaps more importantly, the required
introgression programme incorporating backcrossing would result in a loss
of selection for other traits. The result is that the benefit of the transgene
must substantially exceed that which could be achieved by conventional
selection. This has been calculated to be at least a factor of 10 (Gamma,
Smith and Gibson, 1992), although this value could be reduced through
geographical or political issues. Even if this were possible, complex
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strategies would need to be implemented to avoid inbreeding depression,
which would have the effect of reducing the overall productivity of the
animals.

As a consequence, gene addition and gene targeting have been restricted
to primarily biomedical rather than agricultural applications. For example,
although it is possible to generate animals lacking a copy of the scrapie
sensitive gene PrP (Denning ef al., 2001a), it is difficult to imagine how this
could be introgressed and maintained in the homozygous state in large
populations.

10. TECHNICAL HURDLES

Transgenic animals can be generated. Indeed, transgenic animals exist,
but what are the technical limitations that prevent their widespread use?
First, all the current technologies, regardless of the overinflated claims, are
inefficient. More efficient methods would reduce cost. Second, the
techniques used are highly technical, demanding both expertise and
specialized equipment. This is particularly so for gene targeting methods.
Simpler methods would result in wider uptake of the technology. Finally,
there is the issue of “Which gene?” It is relatively easy to identify appealing
traits — growth, fertility, disease — but much more difficult to identify the
specific genetic targets to be modified.

Emerging new technologies, however, may soon revolutionize the scope
and efficiency of the genetic modification of livestock, which in turn could
allow application of transgenic technologies to modify agriculturally
significant characteristics of livestock.

Table 2. Major achievements in transgenic livestock.

Year Event Reference

1989 First animal bioreactors (for human factor IX) Clark et al., 1989
1989 Pigs expressing growth hormone Pursel et al., 1989
1991 High-level protein production in milk Wright et al., 1991
1992 First attempt at disease resistance (influenza in pigs) Muller ef al., 1992
1994 Pigs expressing human complement inhibitors Fodor et al., 1994
1996 Transgenic attempt to improve wool production Damak et al., 1996
1997 ‘Dolly’ the sheep created Wilmut et al., 1997
2000 First gene targeting in livestock McCreath et al., 2000

2001 Transgenic pigs produced addressing environmental issue  Golovan ef al., 2001
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11. THE FUTURE FOR TRANSGENIC LIVESTOCK

There is considerable effort required to overcome the issues of
inefficiency, simplicity and target. At the moment, perhaps the most
motivating is the potential that lentiviral vectors (Lois ef al., 2002; Pfeifer et
al., 2002; Tiscornia et al., 2003) offer in combination with the truly
revolutionary molecular tool of RNA interference (RNAi) (McManus and
Sharp, 2002; Hannon, 2002).

Lentiviral vectors appear to offer an extremely efficient method to
generate transgenic animals. In previous studies, using pronuclear injection,
about 70 sheep were required to make just one transgenic founder. In
contrast, using lentiviral vectors in combination with in vitro matured and
fertilized oocytes, we estimate that as few as 5 animals will be required! This
technique has been developed in mouse studies, but there is no reason why
these efficiencies will not be the same for livestock.

Even more appealing is the simplicity of delivery, abrogating the need for
specialized equipment. Lentiviral vectors can be delivered by injection into
the perivitelline space of the fertilized egg (Lois et al., 2002) or, after
removal of the zona pelucida, simply by incubating the denuded eggs in a
viral solution (Pfeifer et al, 2002). Looking to a transgenic future for
livestock, this aspect — simplicity — could transfer this technology from the
research lab to veterinary practices.

The potential of combining these gene delivery efficiencies with the
revolutionary new technology of RNAIi is exciting. RNAi enables the
sequence-specific destruction of target mRNAs (McManus and Sharp,
2002). This is termed gene knockdown and has long been recognized as a
major mechanism of post-transcriptional gene silencing in C. elegans,
Drosophila and plants (Hannon, 2002). The first steps have been
accomplished as gene expression knockdown has been demonstrated in
transgenic mice (Tiscornia et al., 2003).

This strategy is all the more attractive as it is genetically a dominant trait.
In theory, it can be used to knockdown any target mRNA. This could be an
endogenous gene controlling growth or fertility. Alternatively, it could be
used to combat disease in animals. The easiest targets would be RNA
molecules produced by or as part of an infectious agent. In this respect, it is
worth noting that the majority of the OIE List A diseases are caused by RNA
viruses. The prospect of reducing the incidence of animal diseases is truly
exciting. As yet, this is only a desire, but the potential benefit offered to
agriculture, and societies, around our world must make it worthy of support.
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12. CONCLUSION

It is now 18 years since the first transgenic livestock were reported.
Much has happened in the intervening years. The techniques used to produce
transgenic livestock range from conceptually simple pronuclear injection,
first developed in mice, to more complex and as yet mechanistically
unknown nuclear transfer with, perhaps, a new era in this technology being
heralded by the development of viral-vector-based approaches.

Although transgenic livestock have had a high profile, courting much
attention from both the pro- and anti- camps, do we have fields filled full of
GM animals? No. This is not to say that considerable effort has been
employed in developing transgenic technology and numerous proof-of-
principle studies performed. Rather, taking the concept from the
developmental phase to commercial and breeding reality has not happened.
By combining new technology with transgenes that evoke the powerful
intracellular machinery involved in RNAI, innovative approaches to increase
our understanding of biology through the use of transgenic animals and,
perhaps, pioneering application of these technologies to generate animals
that are less susceptible to infectious disease, may be possible (Clark and
Whitelaw, 2003).
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Abstract:

1.

Genomic DNA of 15 randomly selected unrelated animals and from two sire
families (11 animals) of the Sahiwal breed of Zebu cattle were investigated.
Four oligonucleotide probes — (GTG)s, (TCC)s, (GT)g and (GT),, — were used
on genomic DNA digested with restriction enzymes Alul, Hinfl, Mbol, EcoRI1
and Haelll in different combinations. All four probes produced multiloci
fingerprints with differing levels of polymorphisms. Total bands and shared
bands in the fingerprints of each individual were in the range of 2.5 to 23.0
KB. Band number ranged from 9 to 17, with 0.48 average band sharing.
Probes (GT)g, (GT);, and (TCC)s produced fingerprinting patterns of medium
to low polymorphism, whereas probe (GTG)s produced highly polymorphic
patterns. Probe (GTG)s in combination with the Haelll enzyme was highly
polymorphic with a heterozygosity level of 0.85, followed by (GT)g, (TCC)s
and (GT);, with heterozygosity levels of 0.70, 0.65 and 0.30, respectively.
Probe GTGs or its complementary sequence CACs produced highly
polymorphic fingerprints, indicating that the probe can be used for analysing
population structure, parentage verification and identifying loci controlling
quantitative traits and fertility status.

INTRODUCTION

Man has domesticated very few species for his use from the enormous
number of animals known to exist. Seven mammalian and two avian species
supply most human needs for milk, meat, eggs, animal fibre and draught
animal power. In addition, there are about 10 species of domesticated
animals with highly specific adaptations for particular habitats, such as
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camelids, high altitude bovines, canines and elephants. Moreover, within all
these species, there are many breeds or types, each having special features
and adaptations, which have been developed over thousands of years of
domestication in different environments. Since all the breeds within a
species can interbreed, there are almost unlimited options for new genetic
combinations. The evolution of these livestock is not static but is a dynamic
process, with new breeds being continuously generated, although sometimes
at the expense of earlier breeds.

India is a vast country extending between 8.4° and 37.6°N and 68.7° and
97.25°E.  Consequently, the country spans tropical, sub-tropical and
temperate zones. In addition to variation in climatic and topography, there
are widely differing ethnic groups with varying social structure and habits,
which also adds to the variation in agricultural practices, especially animal
breeding. The rich animal genetic resources and the wide variety of
livestock of different types, productivity and adaptability have evolved over
time in these varying agroclimatic zones. They have endured famines, insect
pests, diseases, dry heat, humid heat, and cold. Some breeds are extremely
heat tolerant. Zebu cattle have a lower metabolic rate, which suits well in
hot climates and also makes them a comparatively better utilizer of low
quality roughage. The different breeds are economically well suited to the
areas where they exist. India has been recognized as the home for many
important breeds of livestock, especially draught cattle, milch buffaloes,
carpet-wool sheep and highly prolific goat breeds. There are 26 recognized
cattle breeds, 7 buffalo, 40 sheep, 20 goat, 4 camel, 6 horse and 3 pig breeds,
together with species like yak and mithun.

The national livestock diversity is currently under threat from several
sources. Intensification of agriculture in developed countries and the pursuit
of higher production targets have led to a greater reliance on a few breeds
and the consequent neglect (and, in some cases, eventual extinction) of the
remainder. In developing countries, the major threats to genetic diversity are
the extensive use of artificial insemination, intensification of agriculture and
indiscriminate cross-breeding of local breeds with less adaptable exotic
germplasm. Coupled with natural disasters, frequent wars, new political
boundaries and changing technologies, these factors have eroded the
indigenous gene pool at a rate that far outstrips its possible regeneration. In
this situation there is an urgent need for a centralized data bank for animal
genetic resources that would have a key role to play in listing and describing
the breeds that currently exist. Documentation and monitoring is essential to
identify erosion of resources and to highlight the breeds that are likely to
disappear in near future unless suitable conservation programmes are
adopted. There is also an urgent need for characterization and identification
of unique genes in these breeds and species at the DNA level.
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Livestock improvement greatly depends on the exploitation of DNA-
level polymorphisms. Specific sequences of DNA are being used as genetic
markers to identify loci responsible for expression of complex traits both in
man and animals. These markers have short-range uses such as parentage
determination, individual identification (Jeffreys et al., 1986), detection of
twin zygosity (Plante et al., 1992), etc., and long-range applications such as
gene mapping and marker assisted selection (Ashwell et al., 1997; Fries,
1993; Georges et al., 1993; Mitra et al., 1999).

At present, several classes of markers (Caetano-Anolles, 1998) are
available, including restriction fragment length polymorphisms (RFLPs),
amplified fragment length polymorphisms (AFLPs), variable number tandem
repeats (VNTRs), sequence tandem repeats (STRs), single-strand
conformational ~ polymorphisms (SSCPs) and single nucleotide
polymorphisms (SNPs). DNA sequences harbouring basic repeat motifs of
between two and six nucleotides can be synthesized and hybridized to
microsatellite sequences from a variety of species to produce multilocus
hybridization patterns (Epplen et al., 1991). Several such oligonucleotide
sequences have been reported to be useful in producing highly polymorphic
DNA fingerprints in a variety of species (Ali, Muller and Epplen, 1986;
Buitkamp et al., 1991).

The degree of polymorphism elucidated from a probe or a marker may
differ among species. Georges et al. (1988) observed a considerable
heterogeneity in genetic variation depending on the probe—species
combination. It is important to screen DNA markers for their informative-
ness and polymorphism for various domestic species of animals before
considering them for further use. In earlier studies, several synthetic probes
having core sequences of (AT), (GT), (GC), (CAC), (GAA), (GGAT),
(GACA), (TGG) and (GATA) have been used for DNA fingerprinting of a
variety of animal species (Buitkamp et al., 1991; Schwaiger et al., 1991).
However, the indigenous zebu cattle, which constitute the major proportion
of India’s cattle population, have thus far been poorly explored with DNA-
based markers. In this study, four different microsatellite probes were
screened for their usefulness as markers in zebu cattle.

2. MATERIALS AND METHODS

2.1 Animals

The investigation was carried out on randomly selected unrelated cattle
of the Sahiwal breed. The number of animals used for the study of each
probe is noted in Table 1. The animals were maintained in a herd at the



114 Shashikanth and B.R. Yadav

National Dairy Research Institute, Karnal. Blood samples were collected
aseptically by jugular venepuncture into sterile plastic vials containing 0.5 M
EDTA (pH 8.0) at 100 ul/10 ml blood.

2.2 Restriction enzymes

Five oligonucleotide probes — Alul, Hinfl, Mbol, EcoRI and Haelll — in
different combinations were used to reveal polymorphism in DNA of
Sahiwal cattle.

2.3 Oligonucleotide probes

Four oligonucleotide probes — (GT)s, (GT)12, (TCC)s and (GTG)s — and
sequences were selected on the basis of literature reports, and were obtained
in synthesized form from Bangalore Genei. All these probes were used in
different combinations with the above-mentioned restriction enzymes.

2.4 Methodology

Genomic DNA was extracted from 10 ml peripheral blood of each animal
using the phenol-chloroform extraction method (Clamp et al., 1993), with
some modifications. Restriction digestion of the DNA was carried out
separately for each restriction enzyme. Five enzymes — Alul, Hinfl, Mbol,
EcoRI and Haelll — were used to complete digestion according to the
supplier’s specifications.  Digested DNA samples were subjected to
electrophoresis on 0.8 percent agarose gel at 1.5 V/cm overnight or until a
2 kb fragment of lambda Hindlll marker (Boehringer Mannheim, Germany)
travelled more than 15 cm, using 1x tris/acetic acid/EDTA (TAE) as running
buffer. The size-separated DNA fragments were transferred from gel to
nylon membrane (Hybond™ N*, Amersham, UK) using the alkali transfer
protocol of the vacuum transfer method (VacuGene XL, Pharmacia LKB).
The DNA on nylon membrane was immobilized by exposing the membrane
to ultraviolet radiation (John and Ali, 1997). Oligonucleotide probes were
custom synthesized and used after radioisotopic labelling with (y’P)
dATP*’P using the enzyme polynucleotide kinase (New England Biolab,
UK) by the standard procedure (Sambrook, Fritsch and Maniatis, 1989).
Hybridization of labelled oligonucleotide probes to genomic DNA on nylon
membranes was carried out at 45°C for probes (GTG)s and (TCC);s, at 43°C
for (GT)s, and 65°C for (GT);,, in a hybridization cylinder of a hybridization
oven (Hybridizer 600, Stratagene). Post-hybridization treatments and
autoradiography were carried out as described by earlier workers (Alj,
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Muller and Epplen, 1986). The molecular size of each fragment on X-ray
film, i.e. the DNA fingerprint, was estimated using GelBase computer
software (UVP, UK). The number of total bands and shared bands in the
fingerprints of each individual were recorded in the range of 2.3 to 23.0 kb.

2.5  Analysis of band patterns

Number of bands, average band sharing rate , mean allelic frequencies (a)
and heterozygosity (h) level were calculated as per Jeffreys et al., 1986.
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Figure 1. DNA fingerprinting by (GTG)s in combination with (a) Mbol and (b) EcoRI.
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Figure 2. DNA fingerprinting by (GTG)s in combination with (a) A/ul and (b) Hinfl.

3. RESULTS AND DISCUSSION

All the oligonucleotide probes used in the present investigation were of
short tandem repeat (STR) nature. The observations identified the presence
of these repeats in digested DNA of Sahiwal cattle, in different combinations
of enzymes and probes. All the four probes produced multilocus
fingerprints. The number and intensity of bands varied in different
combinations of enzyme probes with differing levels of polymorphism (See
Figures 1 to 3). Restriction enzymes Mbol and EcoRI showed fewer bands
(Figures 1a and 1b) compared with A/ul and Hinfl (Figures 2a and 2b) in all
the combinations. Restriction enzyme Haelll produced a greater number of,
and more polymorphic, band patterns in all the combinations (Figure 3).
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Table 1. Levels of polymorphism in DNA fingerprints of various probes hybridized to
Sahiwal DNA digested with Haelll enzyme.

Probe N No. MM BSR A H Pattern
(GT)s 10 21.28 7 0.71 0.46 0.70 LP
(G2 5 21.00 19 0.97 0.82 0.30 LP
(TCC)s 10 15.50 1 0.73 0.48 0.65 LP
(GTG)s 10 14.95 0 0.48 0.27 0.85 HP

KEY: N = Number of replicates (randomly selected unrelated cattle); No. = Mean number of
bands; MM = Monomorphic bands; BSR = Average band sharing rate; A = Mean allelic
frequency; H = Heterozygosity; LP = Low polymorphism band pattern; and HP = High
polymorphism band pattern.

Probes (GT)s, (GT);2 and (TCC)s produced fingerprinting patterns of
medium to low polymorphism, whereas probe (GTG)s produced a highly
polymorphic pattern. Mean number of bands per individual was highest for
GT; and lowest for GTGs. Band sharing averages were highest for GT, and
lowest for GTGs fingerprints. Probe GTGs was highly polymorphic, with
heterozygosity level of 0.85, followed by GTg and TCCs, which had
heterozygosity levels of 0.70 and 0.65, respectively. Means of number of
bands per individual, band sharing rate, allele frequencies and heterozygosity
are listed in Table 1.
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Figure 3. DNA fingerprinting revealed by oligonucleotide probe (GTG)s in combination with
Haelll.
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The (GT)g probe produced as many as 32 bands in the resolvable portion
of the gel. However, several bands were shared by all the individuals, hence
the average band sharing rate was found to be high. The high band sharing
values observed is comparable to previous reports (Buitkamp et al., 1991;
Schwaiger et al., 1991). The high band sharing rate in this study indicates
that the animals examined might be genetically more homogeneous with
respect to (GT), sequences. Comparison of average number of bands
obtained from different probes showed that the (GT)s probe hybridized to
more fragments than the other probes. This result indicates that (GT),
sequences are more abundant in the zebu cattle genome compared with other
sequences studied. It has been reported by earlier workers (Tautz and Renz,
1984) that there are approximately 50,000 (CA), arrays in the human
genome and that they occur at an average interval of 30,000 bp.

The (GT);; probe produced multilocus fingerprints with a higher band
sharing rate compared with (GT)g fingerprints. The mean number of bands
and heterozygosity were low compared with (GT)g fingerprints. This
variation could be due to relatively smaller sample size used for (GT),
fingerprinting or, alternatively, due to variation in the nucleotide constitution
of repeat sequences and differences in hybridization and stringency
conditions for the same core sequences of differing length. This kind of
variation in hybridization pattern of same-core repeats of differing length has
been previously reported for TGG core repeat probes in buffaloes (Clamp et
al., 1993).

The (TCC)s probe produced multilocus polymorphic fingerprints. The
level of polymorphism was low, as revealed by high mean band sharing
value of 0.75. Buitkamp et al., (1991) observed that (TCC)s detected only
two polymorphic bands in Hinfl-digested DNA of German Friesian cattle.
The reason for this deviation from the present observation could be the
variation between the genomes of Bos taurus and Bos indicus. Alternatively,
it is possible that Hinfl restriction sites that are adjacent to (TCC), sequences
are conserved while there may be variation in Haelll restriction sites. Few
reports are available regarding the conservation of restriction sites adjacent
to VNTR sequences. Existence of conserved restriction sites for Hinfl and
Mbol adjacent to (GACA), sequences has been suggested in cattle
(Schwaiger et al., 1991). Existence of such restriction sites greatly reduces
the level of polymorphism owing to several monomorphic fragments.

The (GTG)s probe produced highly polymorphic DNA fingerprints. The
number of bands ranged between 9 and 17, with average band sharing of
0.48. The (GTG)s probe or its complement, (CAC)s produced highly
polymorphic fingerprints in a variety of species: man, cattle, pigs, chicken
and various other species (Buitkamp ez al., 1991; Schwaiger et al., 1991).
Thus this probe has been used for studies in a large number of animals and
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suggested for extensive analysis of DNA polymorphism in the Sahiwal breed
and in other cattle breeds of the zebu and taurus groups.

4. CONCLUSION

Synthetic oligonucleotides were used as probes to test their suitability for
analysing genetic variability in the Sahiwal breed of zebu cattle (Bos
indicus). All the four probes tested — (GT)s, (GT);2, (TCC)s and (GTG)s —
produced multilocus hybridization patterns with varying degrees of
polymorphism. The (GTG)s probe was highly polymorphic, with a
heterozygosity level of 0.85, followed by (GT)s and (TCC)s, which had
heterozygosity levels of 0.70 and 0.65, respectively.

The high heterozygosity level obtained in this study and the low level of
mutation rate associated with the sequences indicate that the probe can be
used for analysing population structure, for parentage verification and as a
marker to identify loci controlling quantitative traits, disease resistance,
fertility, etc. DNA profiling with highly polymorphic probes such as
(GTG)s, which detect loci having better somatic and germline stability, are
also useful in getting profiles specific to breeds and to differentiate between
breeds, and thus are helpful in conservation of genetic diversity in domestic
livestock.
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Abstract: Indigenous resources of the Asian pig population are less defined and only
rarely compared with European breeds. In this study, five indigenous pig
breeds from Viet Nam (Mong Cai, Muong Khuong, Co, Meo, Tap Na), two
exotic breeds kept in Viet Nam (Large White, Landrace), three European
commercial breeds (Pietrain, Landrace, Large White), and European Wild
Boar were chosen for evaluation and comparison of genetic diversity. Samples
and data from 317 animals were collected and ten polymorphic microsatellite
loci were selected according to the recommendations of the FAO Domestic
Animal Diversity Information System (DAD-IS; http://www.fao.org/dad-is/).
Effective number of alleles, Polymorphism Information Content (PIC), within-
breed diversity, estimated heterozygosities and tests for Hardy-Weinberg
equilibrium were determined. Breed differentiation was evaluated using the
fixation indices of Wright (1951). Genetic distances between breeds were
estimated according to Nei (1972) and used for the construction of UPGMA
dendrograms which were evaluated by bootstrapping. Heterozygosity was
higher in indigenous Vietnamese breeds than in the other breeds. The
Vietnamese indigenous breeds also showed higher genetic diversity than the
European breeds and all genetic distances had a strong bootstrap support. The
European commercial breeds, in contrast, were closely related and
bootstrapping values for genetic distances among them were below 60%.
European Wild Boar displayed closer relation with commercial breeds of
European origin than with the native breeds from Viet Nam. This study is one
of the first to contribute to a genetic characterization of autochthonous
Vietnamese pig breeds and it clearly demonstrates that these breeds harbour a
rich reservoir of genetic diversity.

121
H. P. S. Makkar and G. J. Viljoen (eds.), Applications of Gene-Based Technologies for
Improving Animal Production and Health in Developing Countries, 121-130.
© 2005 IAEA. Printed in the Netherlands.



122 N.T.D. Thuy et al.

1. INTRODUCTION

The current genetic composition of a species influences the capacity of its
members to adapt to future physical and biotic environments. However,
directed selection for economically desirable traits can lead to genetic
erosion of individual breeds. A diminished genetic base is likely to limit the
genetic gain for production characteristics that may be vital for sustainable
agricultural systems also in the future. According to the FAO World Watch
List (FAO, 2000), 55% of the world's pigs are located in the Asian and
Pacific region, representing 37% of the listed breeds. A number of studies
have been conducted on the genetic diversity of European (Laval et al.,
2000) and Chinese pig breeds (Li et al., 2000; Kim et al., 2002; Blott et al.,
2003). and a new international cooperation project has been started recently
to evaluate 50 Chinese breeds in comparison with 59 European breeds (Blott
et al., 2003). Little, however, is so far known about the ten Vietnamese
indigenous breeds listed in the FAO World Watch List (FAO, 2000).

Polymorphic molecular genetic markers provide a means to assess
within- and between-breed genetic diversity. Microsatellite markers, due to
their abundant and even distribution throughout the genome, high
polymorphism and comparative ease of genotyping, have been used to
characterize a wide variety of farm animal breeds in several species, and are
recommended for studies of livestock diversity.

This study is concerned with the evaluation of 10 microsatellite markers
in five Vietnamese indigenous pig populations with diverse geographical
origin, the assessment of their level of genetic diversity and the estimation of
genetic distances among them. Samples and data from 317 animals were
collected and ten polymorphic microsatellite loci were selected according to
the recommendations of the FAO Domestic Animal Diversity Information
System (DAD-IS; http://www.fao.org/dad-is/). In comparison with the
Vietnamese autochthonous breeds, two Vietnamese exotic breeds of
European descent were included in the study, together with three European
commercial breeds and the European Wild Boar.

2. MATERIAL AND METHODS

2.1 Population samples and DNA isolation

Blood or sperm samples were collected from five indigenous Vietnamese
pig breeds, two exotic breeds from Viet Nam (originating from breeds from
Australia, France and the United States of America), three commercial
breeds from Germany, and the European Wild Boar (Sus scrofa scrofa)
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(WB). The Vietnamese breed (VB) samples comprised 31 individuals of Co
(CO), 32 of Meo (ME), 32 of Muong Khuong (MK) and 25 of Tap Na (TN)
from mountain areas in northern or central Viet Nam, and 32 individuals of
Mong Cai (MC). The exotic breeds sampled numbered 22 and 17 for
Landrace (LV) and Yorkshire (YV), respectively. MC, LV and YV were
kept at breeding stations in Viet Nam. Samples from European commercial
breeds included 30 Large White (LW), 32 Pietrain (PI) and 32 German
Landrace (LG), and were collected from farms and an artificial insemination
station in Baden Wirttemberg (Germany). Samples of 32 Wild Boar
originated from different regions in Germany. DNA from blood and sperm
was isolated according to standard protocols.

2.2 Microsatellites, PCR conditions and fragment length
analysis

The 10 microsatellites used in this study are listed in Table 1. A 25-pl
PCR reaction contained 0.4 mmol/litre of each nucleotide, 100 ng template
DNA and 20 pmol of each Fluorescein-labelled primer. Denaturation at 92°C
for 135sec was followed by the appropriate number of cycles, with
annealing times between 20 and 40 sec and extension (72°C) times between
35 and 45 sec. The final cycle had an extension interval of 5 min.

Table 1. PCR parameters for microsatellite markers.

1
Locus (ﬁfm (3)112) g:’AC()) Forward primer Reverse primer

SWR345 3.0 60  AACAGCTOOGATTCAACCC TACTCAGCCTTAAAAGGAAGGG
SW489 3.0 55  CAAGIGTGAAATTTGTGCGG CGAAGIGCTAACTATAAGCAGCA
IFNG 2.1 58  ATTAGACCCCTAGCCTGGGA GITGGICCTGITCTCCAATAGG
SW2019 1.9 60  ATGATGCGAACCTGGAACTC TATGTGTAACTTGGTCCCATGC
TNFB 2.1 60  CTGGTCAGCCACCAAGATTT GGAAATGAGAAGTGTGGAGACC
SW1083 3.0 50  CCTTGCTGGCCTCCTAAC CATACTCCAAAATTTCTATGITGA
Sw2410 3.0 56  ATTTGCOCCCAAGGTATTIC CAGGGIGIGGAGGGTAGAAG
Swo57 3.0 54  AGGAAGTGAGCTCAGAAAGIGC ATGGACAAGCTTGGITTTCC
50215 2.5 58  TAGGCTCAGACCCTGCTGCAT TGGGAGGCTGAAGGATTGGGT

Sw2427 3.0 60  GCATGITATTGAGITGATGIGTAGG ~ TCGGAATTCCAGAAAATTGG

NoOTE: (1) Annealing temperature.
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Fragment length analysis was performed on an Automated Laser
Fluorescent Sequencer (A.L.F., Pharmacia, Freiburg) using 5% Hydrolink
gels. The 1.5 pl to 3 pl samples of PCR amplificates were mixed with 3 ul of
loading buffer (formamide with 10% w/v mixed ion exchanger, 0.6% w/v
dextran blue, 19.5 mmol/ml EDTA), with the appropriate length markers,
denatured at 92°C for 2 min and cooled on ice prior to loading on the gel.
Electrophoreses were carried out for 150 min at 1500 V and 50°C, using 0.6
x TBE (0.06 M Tris/HCI, 49.8 mmol/litre boric acid, 0.06 mmol/litre EDTA,
pH 8.2) as running buffer. A 2 mW laser was used to sample every 2 sec.

The actual fragment lengths, based on internal and external length
markers, were determined by using the A.L.F. win/Instrument Control and
Allele Links software (Pharmacia, Freiburg).

2.3 Cloning and sequencing of microsatellite alleles

Microsatellite amplificates were transferred into the pT7Blue vector
using the Perfectly Blunt Cloning Kit (Novagen, Freiburg) according to the
instructions of the manufacturer. PCR products from positive clones were
purified (GFX PCR DNA and Gel Band Purification Kit, Amersham
Pharmacia Biotech, Freiburg) and sequenced by the BIO LUX sequencing
Laboratory (Stuttgart) using vector specific primers. Sequence alignments
were effected with the GeneDoc software (Nicholas, Nicholas and Deerfield,
1997).

2.4  Statistical analyses

Genetic variability was measured for individual as well as grouped
populations. Effective number of alleles (ENA) and polymorphism
information content (PIC) were calculated according to Kimura and Crow
(1964) and Botstein et al. (1980), respectively. The BIOSYS-2 software
package (Swofford and Selander, 1989) was used for determination of
deviations from Hardy-Weinberg Equilibrium (HWE), F-statistics (Wright,
1951) and standard genetic distances (Ds) according to Nei (1972). Standard
genetic distances were submitted to 1000 bootstrap re-samplings applying
the BOOTDIST routine of BIOSYS-2, and subsequently used for the
construction of UPGMA (Unweighted Pair Group Measure using Arithmetic
Averages) dendrograms using the NEIGHBOR and CONSENSE routines of
the PHYLIP software package (Felsenstein, 1991).
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3. RESULTS AND DISCUSSION

3.1 Number of alleles

The number of alleles detected per locus varied widely, with as few as
nine at /FFNG and as many as 18 at TNFB, the overall mean number of alleles
being 14.4. None of the population samples contained the whole range of
alleles for any of the loci, and for locus S0215 only one allele was found in
the exotic breeds. The breed with the greatest mean number of alleles was
ME, with 9.5, and the lowest was LG, with 4.0. Among the Vietnamese
indigenous breeds, MC, which is kept at an experimental station, had the
lowest value for the average allele number (5.7), which was close to the
range for the breeds of European descent (4.1-5.1).

As can be seen in Table 2, the group of Vietnamese breeds shows at least
a twofold mean number of alleles compared with the breeds of European
origin. The ENA of the marker panel was also markedly higher in VB as
compared to the groups with European background. Higher ENA values in
VB than in the breeds of European background mirror our findings for allele
numbers and agree with the results of Li ef a/. (2000), who found increased
PIC and ENA values in four indigenous Chinese pig breeds in comparison
with one Australian breed. The values we found for breeds with European
background are comparable with a previous genetic analysis of Mexican
hairless pigs and commercial breeds by Lemus-Flores et al. (2001), where
the values were 6.8 and 6.7, respectively. Equally low numbers of alleles
(3.7 to 5.8) as found by Fan et al. (2002) for three Chinese indigenous breeds
could be explained by the fact that only populations from livestock farms
were investigated. This is supported by our finding for MC (5.7), which is
also kept on an experimental station under controlled breeding conditions.
Taken together, these results suggest that the Vietnamese indigenous breeds
are still highly diverse while the other breeds seem to have a reduced allelic
diversity due to breeding influences. This finding is supported by the fact
that, while none of the population samples contained the whole range of
alleles individually, only VB as a genetic group contains all the observed
alleles at four loci (SW489, SW1083, SW2410 and SW957, not shown).

Table 2. Number of alleles per locus and genetic group.

Genetic group NS NL MNA ENA
VB 120 10 12.8 6.17
XB 39 9 5.4 2.77
EB 64 10 6.4 3.31

KEY: VB = Vietnamese breeds (CO, ME, MK, TN); XB = exotic breeds (LV, YV); EB =
European breeds (LG, PI, LW); NS = number of samples; NL = number of polymorphic loci
(a locus was considered to be polymorphic if the most frequent allele was <0.99); MNA =
mean number of alleles across all loci; ENA = effective number of alleles.
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3.2 Polymorphism information content (PIC),
heterozygosity and genetic equilibrium

The PIC values, as shown in Table 3, were closely correlated with the
effective number of alleles. The heterozygosities observed were lower than
expected in all the genetic groups. However, the discrepancies were only
small in the groups of European origin (EB, XB) while VB showed a more
pronounced difference, having also the lowest number of loci in genetic
equilibrium (see also Table 3). It has been suggested that reduced
heterozygosities may result from size homoplasy at some loci that cannot be
detected by electrophoretic fragment length analyses (Makova, Nekrutenko
and Baker, 2000). For example, comparative sequencing at locus SW498 of
individuals from VB, EB and WB breeds of one highly frequent allele
revealed a 2 bp deletion in the 5'-flanking region of an allele with 16 repeats
in WB (not shown). The deletion caused this particular allele to appear as the
15 bp allele in fragment length analysis.

The number of populations with significant deviation from Hardy-
Weinberg Equilibrium was slightly higher than randomly expected. For the
Vietnamese local breeds, a certain degree of inbreeding due to the absence of
management and to poor infrastructural conditions can be expected. This is
reflected by the inbreeding coefficient, Fis (Table 3), for which VB showed
the highest value (0.089) while the lowest Fig value (-0.005) was observed in
EB. As also shown in Table 3, VB showed an intermediate genetic
differentiation between subpopulations (Fst) (0.050), while Fsr was highest
(0.097) in EB and lowest (0.028) in XB. These Fgr values are in a range of
0.005 to 0.15, which is considered to indicate moderate differentiation
between breeds (Wright, 1978; Hartl and Clark, 1997). Interestingly, it is the
group of European commercial breeds that shows the highest Fsr value. This
could partly be the result of selection, since when genetic drift and gene flow
are weak, the effects of other forces on the gene pool, such as mutation and
selection, gain more influence (Neigel, 2002).

Table 3. Heterozygosity, Hardy-Weinberg Equilibrium and F-statistics

Genetic group  PIC Hg Ho NLE Fis Fgr

VB 0.78 0.80 0.69 7 0.089 0.050
XB 0.50 0.54 0.51 9 0.022 0.028
EB 0.55 0.58 0.53 8 -0.005 0.097

KEY: VB = Vietnamese breeds (CO, ME, MK, TN); XB = exotic breeds (LV, YV); EB =
European breeds (LG, PI, LW); PIC = polymorphism information content; Hy = observed
heterozygosity (direct-count); Hg = expected heterozygosity (unbiased estimate); NLE =
number of loci in Hardy-Weinberg equilibrium (from 10 analysed loci); Fig = inbreeding
coefficient of individual in subpopulation; Fgp = genetic differentiation between
subpopulations.
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3.3 Genetic distances and phylogenetic tree

The genetic distances (Nei, 1972) between genetic groups, as well as
between individual populations, are indicated in Table 4. The smallest
genetic distances were found between the breeds LV and YV (0.06); CO and
ME (0.10); and LV and PI (0.07). The largest distances were observed
between WB and MC (1.98); and WB and TN or MK (1.89). The genetic
distance (0.11) between YV and PI, and LG and LW were identical
(Table 4). The distance between TN and MK is larger than the distance
between CO and ME by a factor of 2.4; these are already listed as
independent breeds in the FAO World Watch List (FAO, 2000), which leads
us to the conclusion that TN should also be considered a distinct breed.

Table 4. Matrix of genetic distances between individual populations according to Nei (1972)
standard distance (Ds).

Popu- Genetic distance

lation CO ME MK TN MC LV YV LG PI LW WB
CO XXX

ME 0.10 xxx

MK 0.28 030 xxx

TN 0.27 027 024 xxx

MC 036 028 0.53 044 xxx

LV 094 062 096 092 0.88 xxx

YV 1.06 070 1.18 121 1.10 0.06 xxx

LG 120 084 141 137 1.08 0.11 0.11 =xxx

PI 095 063 1.03 095 080 0.07 0.11 0.14 =xxx

LW 1.02 070 120 1.01 1.03 0.14 0.11 025 0.18 =xxx

WB 1.58 125 1.89 189 197 036 030 030 045 035 xxx

KEY: CO: Co; ME: Meo; MK: Muong Khuong; TN: Tap Na; MC: Mong Cai; LV: Landrace
(Viet Nam); YV: Yorkshire (Viet Nam); LG: Landrace (Germany); PI: Pietrain (Germany);
LW: Large White (Germany); WB: European Wild Boar.

Table 5. Matrix of genetic distances between genetic groups according to Nei (1972) standard
distance (Ds).

Genetic Genetic distance

group VB MC XB EB WB
VB XXX

MC 0.31 XXX

XB 0.81 0.96 XXX

EB 0.85 0.90 0.03 XXX

WB 1.52 1.96 0.32 0.30 XXX

KEY: VB = Vietnamese indigenous breeds grouped (CO, ME, MK, TN); MC = Mong Cai;
XB = exotic breeds grouped (LV, YV); EB = European breeds grouped (LG, PI, LW);
WB = European Wild Boar.
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Regarding the genetic groups, the smallest genetic distance (0.03) was
found between the two groups of European origin (XB and EB), and the
largest distances (1.52 and 1.96) between WB and VB or MC (Table 5).

The UPGMA dendrogram for the eleven pig populations, as well as the
tree for the genetic groups resulting from these data, are shown in Figure 1. It
can be seen that the eleven populations were divided into two branches.
Within the branches, the European-based breeds (LV, YV, PI and LG) were
very similar and bootstrapping values were below 60%. The Vietnamese
indigenous breeds formed a less homogenous cluster and all subclusters had
a strong bootstrap support. The dendrogram for the genetic groups (Figure 1)
shows high bootstrapping values for all branches and clearly differentiates

between EB and XB, as well as between the individual populations (MC,
WB) and genetic groups.

93 CcO

100

83
98 — LW

b)

1,I2 I 1,I1 I 1:0 I Ig I IB I I? I ES I I5 I 4 I 3 2 A .0
Genetic distance
Figure 1. UPGMA dendrograms based on standard genetic distances (Nei, 1972).

a) Individual populations. b) Grouped populations compared with MC and WB. Values
represent bootstrap results >60%.
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The results clearly point to differences between the Vietnamese
indigenous breeds, which reflect their geographical distribution. The closely
related CO and ME, for example, originate from regions only 150 km apart
in Nghe An Province, while MK and TN, which also form a cluster, are both
from the northern part of Viet Nam and closer to each other than to any of
the other populations. In addition, MC, which has been kept at an
experimental station since the 1960s, shows a slightly increased genetic
distance relative to all the other local breeds. However, with values below
60%, bootstrapping replicates of the trees did not establish a precise
topology among the commercial breeds of European descent. As the
BOOTDIST routine of BIOSYS2 (Swofford and Selander, 1989) resamples
the locus-specific genetic distance matrices, we consider this to be a
consequence of the limited number of loci tested, and so more clarity could
be expected from increasing the marker number.

4. CONCLUSION

This study is one of the first contributions to a genetic characterization of
autochthonous Vietnamese pig breeds. It clearly demonstrates that these
breeds harbour a rich reservoir of genetic diversity. In comparison with the
indigenous breeds listed in the FAO World Watch List (FAO, 2000), the
newly tested Tap Na can also be considered to be an independent breed.
Further studies on the genetic structure of the Vietnamese pig population are
necessary in order to characterize and preserve porcine genetic diversity in
this region.
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COMBINING GENE-BASED METHODS AND
REPRODUCTIVE TECHNOLOGIES TO
ENHANCE GENETIC IMPROVEMENT OF
LIVESTOCK IN DEVELOPING COUNTRIES

Julius van der Werf and Karen Marshall
School of Rural Science and Agriculture, University of New England, Armidale, Australia.

Abstract: Selection based on DNA markers is most useful for traits that are hard to
measure and have low heritability. It allows earlier and more accurate
selection, increasing short- and medium-term selection response, and may aid
in targeting genotypes for specific production environments or markets. The
use of genotypic information in breeding programmes for within-breed
selection will generally have limited extra benefit, unless selection based on
phenotype is difficult or advanced reproductive technologies are used. Novel
reproductive technologies boost reproductive rates of breeding animals and
may allow reproduction at juvenile ages. The benefit arises from increased
selection intensity, as well as from increased selection accuracy due to larger
families and decreased generation interval, as higher reproductive rates result
in lower optimal ages for breeding animals. Increased reproductive rates and
early selection rely more on between-family selection and potentially decrease
effective population size, therefore increasing inbreeding. Selection needs to
be optimized with respect to inbreeding and merit. Extra benefit from
scenarios with unlimited use of reproductive technologies is restricted by the
need to maintain genetic diversity. Benefits from marker assisted selection are
higher in breeding programmes that use reproductive technologies, as the
value of providing information about genotype is more beneficial for selection
of young animals before they have a phenotype. Moreover, genotype
information exploits variation within families, which is beneficial in breeding
programmes where loss of genetic diversity is to be controlled. In developing
countries, use of genotype information is likely to be most useful in marker
assisted introgression programmes, where valuable genes are introgressed
from one breed into another. A large variety of genetic resources in developing
countries exists across breeds and populations, and utilization and
management of this variation might greatly benefit from gene technologies.
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1. INTRODUCTION

The advent of molecular markers allows determination of actual
genotype at gene loci, without error due to random and non-random
environmental effects. In the ideal situation, we can directly identify
genotypes. This could have important applications in a range of areas,
varying from the development of genetically modified organisms, to
parentage testing, to marker assisted selection (MAS) in animal breeding
programmes. Parentage testing could be a very helpful tool in breeding
programmes for low input production systems. However, this paper will
mainly explore the benefit of DNA technologies for the purpose of genetic
improvement of livestock production efficiency. In that context, the
objective is mainly to improve traits related to animal productivity and
reproductive efficiency, most of these traits being quantitative by nature. The
genetic model underlying such traits is based on a large number of loci
affecting genetic variation. Some of these loci contain genes with substantial
effects therefore affecting profitability of livestock production. Knowledge
about genotype at these loci could have a substantial impact on the way in
which we select breeding animals. Selection could be based not only on
observed phenotypes but also upon genetic markers that are linked to
quantitative trait loci (QTLs).

The actual effect of MAS on the efficiency of breeding programmes
depends on a number of characteristics. These are related to the ability to
observe phenotype in breeding animals, and the information contained by the
genetic marker, being its degree of linkage to the QTL and the actual
genotypic effects at the QTL. The conditions under which application of
MAS would be favourable are discussed below. It will be shown that the
main value of MAS will be realized in cases where phenotypic measurement
is either difficult, expensive or late in a breeding animal’s life. Although a
number of traits would fall in this category, in the context of a complete
multi-trait breeding objective the total added value of MAS may be limited,
except where production is sex-limited and where specific traits such as
disease resistance or adaptability have a major impact on the production
system.

Benefits from selection based on genotypic information are potentially
higher in breeding programmes where reproductive rates are high. This is for
two reasons. First, increased reproductive rates decrease the optimal age of
breeding animals, reducing the number of traits that can be measured before
the moment of reproduction. MAS is particularly useful in providing
information about genotype in juvenile animals. The second advantage is
that increased reproductive rates tend to increase inbreeding rates because
fewer breeding animals are needed, resulting in smaller effective population
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size. Information on genotype would provide information about within-
family variation, rather than among families, which is advantageous in the
long term as genetic improvement can be achieved without eroding genetic
variability.

The aim of this paper is to evaluate the benefits of using genotype
information in the context of modern animal breeding programmes. In such
programmes, high selection intensities and short generation intervals provide
high rates of genetic improvement, yet sustainability is maintained through
restricting the loss in genetic diversity. Many of the arguments used will be
generally valid for livestock improvement programmes. However, a number
of specific aspects of the use of new technologies discussed will apply to
genetic improvement programmes for low input production systems.

2. USE OF GENETIC MARKERS IN BREEDING
PROGRAMMES

The value of genetic markers linked to QTLs accrues from increased
selection accuracy. Lande and Thompson (1990) estimated increases of
selection accuracy up to threefold for low heritable traits. These estimates
were very optimistic and later studies looked at the benefit of MAS
evaluated in the context of breeding programmes. In dairy breeding
programmes, estimates of improved rates of gain were around 10-20 percent
due to pre-selection of young bulls in a progeny testing scheme. Spellman
and Garrick (1997) evaluated economic benefits of MAS in a commercial
dairy population and found only limited additional gains (up to 2.6 percent)
over a 10-year period, mainly attributable to the long pay-back time from
initial investment. Meuwissen and Goddard (1996) published a simulation
study that looked at the main characteristics determining efficiency of MAS.
They varied the size of the QTL effect, the heritability of the trait and
whether trait measurement was available at reproductive age. The important
results of this study are summarized in Table 1.

Table 1. Additional gain from marker assisted selection (MAS) in a closed nucleus breeding
programme, depending on the moment of trait recording, and with varying heritability (h?)
and QTL variance (Vqr) as proportion of additive genetic variance (Meuwissen and
Goddard, 1996) after 1 (Gen 1) or 5 (Gen 5) generations of selection.

Selection affer recording Selection before recording
Gen 1 Gen 5 Gen 1 Gen 5
h*=0.11, Vor =0.33 +21% +6% +45% +23%
h*=0.27, Vgr.=0.33 +9% +2.3% +38% +15%

h?=10.27, Vor=0.11 +1.3% +1.3% +8% +6%
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In addition Meuwissen and Goddard (1996) were able to obtain
64 percent more selection response for carcase traits where information was
used on siblings that were pre-selected based on marker information. Their
work illustrates the conclusion that MAS is mainly useful for traits where
phenotypic measurement is less valuable because of (1) low heritability, (2)
sex-limited expression, (3) non-availability before sexual maturity, and (4)
unavailable without sacrificing the animal (e.g. slaughter traits). Traits such
as feed intake or disease resistance may also be expensive or difficult to
measure, and information on genotype might be useful in selection here as
well. Selection of animals based on (most probable) QTL genotype will
allow earlier and more accurate selection, increasing short- and medium-
term selection response.

When selection is based on indirect markers, there is no guarantee of
QTL genotype, as marker alleles linked to the preferred QTL allele can be
different in different families. In such a case, information about linkage
phase needs to be accumulated based on phenotypic and pedigree
information (e.g. a progeny test). In their study, Meuwissen and Goddard
(1996) assumed selection was on marker haplotype. An animal’s breeding
value at the QTL would be estimated in a genetic evaluation scheme where
QTL effects were fitted as random effects. Effects were estimated to be
different in different families and information on QTL haplotypes was based
on a combination of marker haplotype, pedigree and phenotypic information.
Hence, their approach assumes no certainty about individual QTL effects,
but knowledge of QTL variance and marker genotyping of all animals in the
nucleus. Woolliams, Pong-Wong and Villanueva (2002) pointed out that the
result of Meuwissen and Goddard (1996) were too optimistic, and that
information from markers is less valuable when markers are linked (as
opposed to direct markers). Another consideration is that genotypic selection
leads to rapid improvement in the short term, but in the long term this is
offset by a decreased polygenic response (Gibson, 1994).

In the context of low input production systems, some questions can be
raised concerning the validity and practicality of the simulation studies
described. Complete phenotypic and pedigree information is often not
available, except in some intensive breeding units. With a lack of such
information it would be more difficult to realize the value of the marker
information. It would be harder and more expensive to determine linkage
phase in the case of using linked markers. Moreover, even if the genetic
marker were a direct marker, its effect on phenotype would have to be
estimated for the population and the environment in which it is used, as
effects of individual genes are likely to be dependent upon the background.
Information is currently available for a number of “direct markers” (or actual
gene mutations) such as myostatin affecting double muscling in cattle,
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calipyge doing the same in sheep, and Booroola affecting fecundity. Many of
these mutations have a major phenotypic effect. Moreover, it turns out that
the genetic model often seems more complex than originally anticipated. It
may be that selecting based on actual genotype is less robust than selection
based on phenotype. However, we should expect that more and more QTLs
will be pinned down to actual gene mutations, such as DGAT, in dairy
cattle, and a number of those will have simple additive inheritance patterns
that are consistent across environments.

Another consideration is cost of genotyping, as such services might be
available commercially for a fair cost. Marshall, Henshall and van der Werf
(2002) looked at strategies to minimize genotyping cost in an extensive
sheep breeding programme. Close to maximal gain could be achieved when
only high ranking males were genotyped and animals whose marker
genotype probability could not be derived with enough certainty based on
information on relatives. Marshall (2002) also looked at progeny testing of
sires to determine family-specific marker-QTL phase. Again, testing of a
limited number of males provided a lot of information about phase in the
breeding operation, as progeny-tested sires carry relationships with
descendants in the following generations.

Many studies on MAS have taken a single-trait approach and, for some
traits, genetic markers would have a large impact on response for individual
traits. However, in a multi-trait breeding objective, more response for one
trait often appears at the expense of another. For example, genetic markers
for carcass traits allow an improved ability to select (i.e. earlier, with higher
accuracy) for such traits, but selection emphasis for other traits would be
reduced. This is comparable with having to divide selection emphasis
between genotypic and polygenic information (Gibson, 1994), or simply
multi-trait selection. Therefore, the overall effect of MAS on the breeding
programme will generally be smaller than predicted for MAS-favourable
cases. An exception may be in the dairy sector, where most traits are sex-
limited and therefore favoured by MAS. Meuwissen, Hayes and Goddard
(2001) considered a futuristic scenario where massive genotyping becomes
cost effective and dense marker maps can be used on selection candidates.
They showed that the breeding value of animals without phenotype could be
accurately estimated (accuracy ~ 0.7-0.8) based on pedigree and phenotypic
information on ancestors, as well as a dense marker map covering the whole
genome. As indicated by Woolliams, Pong-Wong and Villanueva (2002), the
value of marker information here is that it helps predict variation from
Mendelian sampling.

In conclusion, selection based on either direct or indirect DNA markers is
currently most useful for traits that are hard to measure, sex limited or have
low heritability. Unless the breeding objective is dominated by such traits,
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the impact of MAS on the rate of genetic gain may be limited in
conventional breeding programmes (varying from a few percent to maybe
10 percent extra gain). However, new technologies often lead to other
breeding programme designs being more optimal. Genotypic information
has extra value in the case of early selection and where within-family
variance can be exploited. Reproductive technologies usually lead to early
selection and more emphasis on between-family selection. DNA marker
technology and reproductive technologies are therefore highly synergistic
and complementary. Or, as phrased by Soller and Medjugorac (1999),
reproductive technologies might provide the “selection space” which can be
exploited when using genotype information.

3. REPRODUCTIVE TECHNOLOGIES

Novel reproductive technologies boost reproductive rates of breeding
males (through artificial insemination (Al)) or of females (through multiple
ovulation and embryo transfer (MOET), or through embryo production from
harvesting oocytes followed by in vitro fertilization (IVEP)). In addition,
oocytes can now be harvested in juvenile animals (juvenile in vifro
fertilization and embryo transfer (JIVET)), which allows a significant
reduction in the reproductive age of females. The benefit of new
reproductive technologies therefore derives from increased selection
intensity (fewer parents are needed for reproduction), as well as from
increased selection accuracy (larger families) and decreased generation
interval. The shorter generation interval can be a direct consequence of the
technology used, as in the case of JIVET, or an indirect effect. For example,
MOET causes breeding animals to have more contemporary siblings,
allowing more accurate estimation of breeding value. Moreover, higher rates
of genetic change also lead to higher probabilities of young animals being
genetically superior to the older age classes. Figure 1 illustrates optimization
of selection across age class, achieved by simply selecting on BLUP
Estimated Breeding Values (EBVs), where the proportion of young animals
selected will be larger with higher genetic trends and higher variance of their
EBVs. The last-named depends completely on the accuracy of the young
sire’s EBV, which will be higher if more information (phenotypic or
genotypic) can be used for genetic evaluation of young animals.
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Old sires \

Young sires

Figure 1. Truncation selection across age classes. Distribution of Estimated Breeding Values
(EBVs) for different age classes are shown. The proportion of young animals selected is
higher with more genetic trend and with higher accuracy (reflected in standard deviation).

An increased reproductive rate potentially decreases effective population
size, and therefore increases inbreeding. Selection for increased merit needs
to be balanced against maintenance of sufficient effective population size to
ensure long-term sustainability of the breeding programme, and maintenance
of genetic diversity. Therefore, selection needs to be optimized such that
contributions from selected parents are optimal not only with respect to the
next generation, but to future generations as well. Selection methods have
been developed, e.g. by Meuwissen (1997), allowing maximizing selection
on merit while constraining the rate of inbreeding. Alternative selection
schemes need to be compared under optimal selection strategies, keeping the
rate of inbreeding constant across schemes. Extra benefit from scenarios
with unlimited use of reproductive technologies will then become restricted
by the need to maintain genetic diversity (and sufficient effective population
size).

To make this point more clear we illustrate this with an application of
MOET schemes in beef cattle (Figure 2). When applying conventional
MOET, embryos would be flushed from cows at reproductive age (about 15
months) after which many traits can have been measured, e.g. growth, and
ultrasound measures of fat and muscling. In this scheme, the only MOET
benefit is an increase in female selection intensity. The generation interval
would be 24 months, which is similar to the minimum generation interval
under normal reproductive schemes.

The overall generation interval might still be reduced as more young
cows can be used as nucleus mothers. When juvenile MOET is applied to
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young females at an age of 6 months, using oocyte pickup and in vitro
fertilization, the generation interval could be reduced to 15 months.

MOET progeny: " ’ ’

Months: 0 15 .24 39 48
Binh  Get mo,‘rjs > A Get rec}:rds >

MOET Birth MOET Bi
Select & MOET I Select & MOE'? Birth

Generation interval 24 months Generation interval 24 months

Cow: ﬁﬁiﬁ | —>\ "'

MOET progeny: " ’

Months: 0 6 14 15 21 29 30
Birth ‘L[ Get records > Get records >
Select & MOET MOET Birth MOET Birth
I I Select & MOET |
Generation interval 15 months Generation interval 15 months

Figure 2. Diagram of MOET schemes in beef cattle where multiple embryos are collected
from breeding females either at normal reproductive age (top) or at a juvenile age using
oocyte pickup and embryo transfer (bottom) [illustration from Brian Kinghorn].
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Figure 3. Balance between merit and co-ancestry that can be achieved for various
reproductive technologies (Al = Artificial Insemination; MOET = Multiple Ovulation and
Embryo Transfer; IVEP = In vitro Embryo Production; and UR = Unrestricted reproductive
rates

However, the more the inbreeding rate is restricted, the smaller the
difference between the various schemes (Figure 3). In practice, schemes that
allow selection at earlier age will be restricted most, and relatively more
animals need to be selected from a wider number of families, or from older
age classes. Animals from older age classes have more within-family
information and animals from inferior families have more chance to be
selected based on their superior within-family deviation.

As Van Arendonk and Bijma (2003) have pointed out, the generation
interval itself is not a design parameter, but results from optimizing merit
and diversity in selection. Basically, the benefit of reproductive technologies
will result in earlier selection if information about the within-family
component is known, i.e. information about the Mendelian sampling
component of the breeding value. Such information could be generated by
using correlated phenotypes that can be measured early in life, or indeed,
DNA marker information to predict QTL genotype(s).
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4. COMBINING GENOTYPE SELECTION AND
REPRODUCTIVE TECHNOLOGIES

Marshall (2002) compared Genotype Assisted Selection (GAS) with non-
GAS for several reproductive scenarios and use of selection strategies that
restrict the rate of inbreeding. In adult schemes, where phenotype
measurement can be used at first selection, GAS can increase genetic
response initially by up to 10 percent but in the longer term (10 years) the
advantage is much smaller, even if major gene and polygenic response are
optimally balanced. The initial benefit from applying GAS is lost later
because of loss of response from underutilizing the remaining polygenic part
of genetic variance.

In the so-called “juvenile schemes” where first selection occurs before
the first phenotype has been measured, response based on phenotypic
selection is difficult and GAS provides significantly more benefit (Table 2).
GAS can nearly double initial response and even after 10 years of optimal
selection the superiority of GAS over non-GAS selection can be of the order
of 40 percent for juvenile MOET and IVEP schemes.

Table 2. Additional gain (percent) using genotype-assisted selection (GAS) compared with
non-GAS from using reproductive technologies in a closed breeding scheme using optimal
selection (restricted inbreeding) and a QTL substitution effect of 0.9 of a phenotypic SD.

Selection Round Adult schemes Juvenile schemes
Al MOET Juvenile MOET IVEP
7.8 7.1 63.5 42.7
4 0.0 3.6 102.0 54.1
10 -3.3 -8.7 41.6 10.4

KEY: MOET = Multiple Ovulation and Embryo Transfer. IVEP = In vitro Embryo Production.

S. BENEFIT FROM SEXING AND CLONING

Sexing of semen or embryos is now possible and semen-sexing services
are now available commercially. The technology is being further developed
as the amount of semen that can be separated in a given time span is limited.
The effect of sexing (semen or embryos) on the rate of genetic improvement
is expected to be small: about 5 percent. One could contemplate generating
more female offspring in the breeding nucleus to increase female selection
intensity. However, this gain is nearly offset by the loss in male selection
intensity. In dairy programmes, benefits could be somewhat larger
(~10 percent) because of sex-limited progeny testing. The selection intensity
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in elite females can be increased and more progeny testing capacity can be
used for the same cost.

The main benefit of sexing can be expected at the commercial level. The
breeding nucleus could generate relatively more males, allowing for some
selection intensity in males sold to commercial farmers. This would reduce
the genetic lag between the nucleus and the commercial herds. Moreover,
commercial progeny can be produced for a specific goal, with female semen
used to generate herd replacements, and male semen to generate slaughter
progeny. This scenario could be highly profitable at the commercial level in
both milk and meat production systems. Gene testing would also be very
beneficial in these schemes, as different types of animals are needed for
females and males. Similar to using specific matings from specialized male
and female lines, as in pig production schemes, MAS would help utilize
within-breed variation to target specific genotypes for specific goals, e.g.
maternal effects for female replacements, and growth and carcass traits for
male progeny.

Animal cloning is currently still very much in an experimental phase,
with low efficiency (only a small percentage of clones survive). Applications
are mainly for pharmaceutical purposes where high cost and ethical concerns
can be easier overcome than in large-scale agricultural applications. As with
sexing, the main benefit from cloning is not expected in relation to genetic
improvement but in the dissemination of improved breeding animals. After
all, clones are copies and cloning multiplies rather than generates improved
genotypes. Therefore, the benefit would be that tested clones could be made
available to commercial producers. This is not dissimilar to current plant
breeding routines. The value of gene technology in the use of cloning could
be very high. Gene testing could be useful in the lengthy process of clone
selection and testing. Furthermore, specific genotypes could again be
targeted for specific environments or markets. This is attractive from a
marketing point of view, and will genuinely improve the efficiency of
disseminating breeding stock to commercial producers.

6. INTROGRESSION

Rather than exploiting existing QTLs through within-breed selection, a
more likely scenario for developing countries will be that valuable QTLs
will be introgressed from one population into another. Especially in
developing countries, there is a huge variety across breeds, much of it being
useful to exploit in genetic improvement programmes. This includes the
variation coming from “exotic” breeds in developing countries. Either
indigenous breeds may contain valuable QTLs, but could benefit from
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upgrading through crossing with superior exotic breeds. Alternatively,
valuable QTLs could be introgressed from exogenous breeds. Examples are
the Booroola gene in the Garole breed in India (having a moderate and
desirable effect on number of lambs weaned), and a number of genes
affecting resistance to endemic local diseases. Furthermore, there are many
cases of QTLs found in crosses of extreme breeds, and a number of those
would be candidates for introgression.

Visscher and Haley (1995) reviewed studies on the efficiency of
introgression. A gene marker can be used to introgress a desirable allele into
a population, by repeatedly crossing the crossbred animals back to the
superior breed that does not contain the desirable allele. The gene marker
would help to quickly recover a large proportion of the genetic background
without losing the desired QTL allele. DNA markers could also be used to
recover the background genes, but the efficiency of this strategy would
depend on how much of the variation is within and between populations.
Phenotypic selection might be just as efficient when most variation is within
populations, or when the between component is very large, but markers
would be more efficient for the intermediate cases.

7. DISCUSSION

The combined application of reproductive and gene technologies in
breeding programmes works synergistically. In general, however, use of
genotypic information in breeding programmes for within-breed selection
will generally have limited extra benefit, unless selection based on
phenotype is difficult or advanced reproductive technologies are used.
Moreover, MAS is best utilized when embedded in a breeding programme
that already relies on extensive recording of phenotypes and pedigree.
Phenotypic information will therefore not become redundant in MAS
selection programmes. Rather, phenotypic information may be less used in
the actual selection, but recording of phenotype will be continuously needed
for the purpose of monitoring the QTL effect (retrospectively), and genetic
change over time. Therefore, breeding programmes in developing countries
are unlikely to benefit much from MAS within populations.

Most breeding programmes in both developed and developing countries
struggle to obtain rates of genetic response that are anywhere near to what
might be expected based on theoretical considerations. The discrepancy is
often due to the lack of control over selection decisions and the lack of clear
breeding objectives. Implementation of advanced genetic and reproductive
technologies may therefore not be first priority in such programmes.
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However, when the gains in response can be significant, they should not be
avoided either.

There are a number of useful applications of GAS that would not fit the
usual type of evaluation for quantitative traits. Some genes may have
significant value in targeting genotypes for specific production environments
or markets. Other genes may have very large effects. In many tropical
environments, there are specific genes responsible for adaptation or disease
resistance (e.g. to external parasites such as ticks or trypanosomes). The
value of genetic markers in selection for such genes is large, especially if
selection is against recessive genotypes, even though the traits are not easily
given a value in a breeding objective context. Such larger benefits from gene
technologies may be expected when exploiting variation across populations.

In developing countries, use of genotype information is therefore likely
to be more useful in marker-assisted introgression (MAI) compared with
selection within breeds. Also in the case of MAI, reproductive technologies
will be beneficial because they can help increase the number of animals with
the desired genotype. Again, optimal strategies will have to consider genetic
diversity as well as risk. Not many case studies have been described for
developing countries looking at MAI scenarios in a complete model for
livestock production. Such studies would be warranted, as they would
probably form an important evaluation framework for the use of genetic
technologies in genetic improvement programmes in developing countries.
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Abstract: Reproductive performance was analysed of ¥4 Garole ewes (with % comprising
different combinations of Deccani and Bannur genes), 97 of them
heterozygous (B+) for the FecB (Booroola) gene and 99 non-carrier (++).
These ewes belong to the first backcross in the programme of introgression of
the FecB gene into the Deccani breed, which is one of the main meat-
producing breeds in India. Compared with ++ ewes, B+ ewes gave birth to 0.5
more lambs per ewe lambing, weaned 0.3 more lambs and produced 1.1 kg
greater lamb weight at 105 days, and this was a significant effect. Of the litters
produced by B+ ewes, 49 percent were twins, 2.5 percent triplets and the rest
singles. The effect of FecB thus appears to be smaller compared with literature
reports based on Booroola Merino and its crosses. A moderate effect implies
easier manageability. Management efforts are still needed to reduce lamb
mortality, especially among multiple-born lambs. Compared with single-
bearing ewes, twin-bearing ewes weaned 0.7 more lambs and produced 2.4 kg
more weight of lamb at 105 days. Triplet-bearing ewes weaned 0.5 more
lambs and 4.7 kg more weight of lamb than twin-bearing ewes. Genes from the
small-sized and locally unadapted Garole, with inferior mothering ability,
probably had an adverse effect on milk yield, lamb survival and growth.
Weaning percentage is likely to improve with further backcrossing. Two
unique features of this study are that the gene was introgressed from the
Garole and not the Booroola Merino, and all ewes were genotyped using a
DNA test rather than classified according to the ovulation rate criterion. The
participation of local smallholder sheep owners in the project will improve its
chances of successful implementation.
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1. INTRODUCTION

Deccani is a breed of sheep reared in semi-arid areas of the Deccan
plateau (16-22°N and 73-77°E) in Maharashtra, Karnataka and Andhra
Pradesh States of India. Among Indian sheep breeds, the Deccani and
Marwari are considered the most important numerically and the largest
contributors to mutton production (Khan et al., 2002). The Deccani is a
medium-sized (30 kg mature weight), leggy breed that varies widely in
colour and produces a short coarse fleece (600 g/year). There are about
3 million Deccani sheep in Maharashtra, reared in flocks of 30 to 100
breeding ewes by smallholder farmers and landless flock owners. The main
(>90 percent) source of income is sale of lambs. All male lambs and most
surplus female lambs are sold at about 105 days of age. Deccani ewes
usually have only a single lamb; the average litter size is about 1.02. Any
improvement in the reproductive rate of the ewe in such a production system
would increase the biological and economic efficiency of the system, income
and profit earned. A low reproductive rate also limits genetic progress in any
breeding scheme. Despite the low heritability of litter size (about 0.1) in
sheep, average rates of genetic improvement of 1.3 percent of the mean per
year have been realized in Merino, Romney and Galway breeds, mainly
because of the high coefficient of variation in these breeds (Land, Atkins and
Roberts, 1983). However, the fecundity of the Deccani is extremely low and
there is not much variation to exploit.

A diallel cross-breeding programme using the Deccani, Bannur and
prolific Garole breeds was conducted at the Nimbkar Agricultural Research
Institute (NARI) during 1996-99 (Nimbkar et al., 2003a). Bannur is a non-
prolific breed of hair sheep reared for meat production in Karnataka State.
One of the reasons for including the Garole breed was to improve the
prolificacy of the Deccani by cross-breeding. The project also aimed to
determine the genetic basis of the prolificacy of the Garole. Two hypotheses
to be tested were, first, that there is a single major gene for prolificacy in the
Garole, and, second, that such a major gene is the same as or homologous to
the FecB (Booroola) gene. Backcross Y4 Garole ewes were therefore
produced and their ovulation rates determined (Nimbkar ez al., 2003b). The
single-gene hypothesis was confirmed because roughly half the daughters of
each F, sire had an average ovulation rate close to 2, while it was 1 for the
other half. The FecB mutation was identified in early 2001 (Wilson et al.,
2001) and subsequently it was confirmed to exist in the Garole breed (Davis
et al., 2002). The FecB gene has a large effect on ovulation rate and has been
introgressed from the Booroola Merino into several breeds in different
countries to improve reproduction rate while maintaining desirable levels of
performance for other traits (Meyer et al., 1994; Gootwine et al., 2001). The
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Garole breed, being native to the humid, swampy Sunderban region of West
Bengal State, is not adapted to a semi-arid environment. The adult weight of
Garole ewes is about 15 kg and their milk yield and lamb-rearing ability
have been observed to be inferior to comparable breeds. Introgression of the
FecB gene from the Garole into the Deccani was therefore considered to be
the appropriate strategy. It was decided to develop two strains — a fecund
Deccani and a composite combining high prolificacy with superior milk
yield and mothering ability by introducing the Awassi dairy breed.

This paper reports the effect of the FecB gene on the productivity of
Y, Garole ewes in terms of number of lambs weaned, lamb survival and total
105-day weight of lamb produced per ewe lambing.

2. MATERIALS AND METHODS

2.1 Animals and management

Eleven F; rams were produced during 1996-98 by inseminating Deccani
and Bannur ewes with fresh diluted semen of 9 Garole rams. Each of the
eleven F, rams was then single-sire mated to Deccani, Bannur and Deccani X
Bannur or Bannur X Deccani ewes to produce ¥4 Garole ewe progeny groups
of 12 to 27 daughters per sire from 1999 to 2001 (Nimbkar et al., 2003b). In
addition, reciprocal backcross Y4 Garole ewes were produced in 2000 by
mating 3 Deccani and 3 Bannur rams to F; ewes (Garole x Deccani)
produced in the diallel crossing programme. Observations on a total of 196
Ya Garole ewes were available. These ewes had varying proportions (0.0 to
0.75) of Deccani and Bannur genes. All ewes were managed from the age of
about 7 months as a single group, in a semi-stall-fed system where they were
grazed, herded by shepherds for 8 hours during the day, and were fed mixed
dry and green roughage and concentrate at 300 g per head in their pens at
night.

The ovulation rate of ewes was determined 4 to 7 days after natural
oestrus, twice before and twice after first lambing. They were inseminated
with fresh, diluted semen at the third consecutive oestrus. Lambings were
therefore spread over the year. In 2000 and 2001, semen of cross-bred rams
with proportions of Awassi, Deccani and Garole genes varying from 25 to
50 percent was used. In 2002, the ewes were either inseminated with the
semen of Deccani rams or inter se mated to 25 percent Garole, FecB
heterozygote carrier (B+) rams.

Individual lambs were identified with ear tags. Sex, birth type, birth
weight and description of lambs and dam identity were also recorded at this
time. Thereafter, lambs were weighed once a month. Ewes were given the
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opportunity to rear all lambs born. Multiple-born lambs of dams without
enough milk were also allowed to suckle other ewes losing their lambs or
ewes with single lambs and surplus milk. This practice is common in local
flocks. Lambs were penned with their dams at night until weaning at
approximately 105 days. There was no culling or selection of animals in this
study.

2.2 FecB genotyping

The 9 Garole grandsires of the ewes whose lambing records are analysed
here were assumed to be FecB homozygotes on the basis of lambing records
of their daughters. Consequently, the F; sires of ewes were assumed to be
FecB heterozygotes (B+). All existing Garole, Deccani and cross-bred rams,
ewes and lambs were genotyped using a modified forced restriction fragment
length polymorphism (RFLP) Booroola mutation test in November 2001,
confirming the above assumptions. In mid-2002, the test was established at
the National Chemical Laboratory (NCL) in Pune and fast and accurate FecB
genotyping of animals became available.

2.3  Traits studied and statistical analysis

Lambing records during 2000-02 were available on a total of 196 %4 G
ewes; 97 of them heterozygotes (B+) for the FecB gene (159 records) and 99
non-carriers (++) or wild-type homozygotes (162 records). Lambings with
at least one live lamb were considered. The distribution of records according
to year of lambing and litter size is given in Table 1. The proportions of
abortions and stillbirths among ewes of the two genotypes were compared.
The traits of the ewe analysed (computed per ewe per lambing) were:
Litter size or number of lambs born alive (NLB).

Number of lambs weaned at 105 days (NLW1).
Lamb survival to weaning at 105 days (LSURV = NLWI1/NLB).
Number of weaned lambs surviving to 180 days (NLW2).

el NS

Table 1. Distribution of lambing records according to year of lambing, FecB genotype of ewe
and litter size.

Year of lambin,
Ewe FecB genotype 2000 2001 £ 2002 Total records
S Tw Tri{S Tw Tr ;S Tw Tr S Tw Tr
Heterozygote (B+) 2 2 - 127 17 1 48 59 3 77 78 4
Non-carrier (++) 6 — - 51 1 - 1103 1 - 160 2 —
Total | 8 2 - 78 18 1 151 60 3 1237 80 4

KEY to litter size: S = Singles; Tw = Twins; Tr = Triplets.
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5. Weight (kg) of lamb weaned at 105 days (LWT1), at which age Deccani
lambs are usually slaughtered.

If a lamb died before the age of 105 days, its weight was considered to be
zero for the LWTI trait. Each trait was analysed separately using the
ASReml program (Gilmour et al., 2002). The traits NLB, NLW1, NLW2
and LSURYV were treated as Poisson variables while LWT1 was treated as a
normally distributed variable. All traits were analysed using a mixed model,
fitting all significant fixed effects, a random sire effect and the direct
permanent environmental effect of the ewe. Two different models were
fitted: model A, with the fixed effect of FecB genotype of ewe for all five
traits; and model B, with the fixed effect of litter size for the traits NLW1,
NLW2 and LWT1. Each model also had all other significant fixed effects, as
well as random effects. Either FecB genotype of ewe or litter size were fitted
in the model, but not together because these two effects are highly
confounded. Other fixed effects tested were parity of ewe, year of birth of
ewe, year-season of lambing, proportion of Deccani and Bannur genes in the
ewe, and two-way interactions between all pairs of fixed effects. The
proportion of Deccani, Bannur and Awassi genes in the lamb(s) were also
tested for all traits other than NLB and found not to be significant.

Model B was investigated to obtain least squares means for single, twin
and triplet lambings. Model A allowed the comparison of single-bearing ++
ewes with single- and multiple-bearing B+ ewes, while Model B allowed the
comparison of single-bearing ++ and B+ ewes with twin- and triplet-bearing
B+ ewes.

3. RESULTS

Parity and year-season of lambing were significant (P<0.001) only for
LWT]1 in both models. In Model A, FecB genotype of ewe had a significant
(P<0.01) effect on NLB, NLW1 and LWTT1 but not on NLW2 or LSURYV.
In Model B, litter size had a significant effect (P<0.01) on NLW1, NLW?2
and LWT1. Ewe genotype X parity interaction was significant (P<0.05) only
for LWT1 in Model A. All other interactions and the proportion of Deccani
genes in the ewe were not significant in either of the models.

Least squares means of traits for ewe genotype and litter size for the two
models fitted are given in Table 2. It shows clearly that B+ ewes had a
significant advantage over ++ ewes for NLB, NLWI1 and LWTI1. This
advantage declined from 53 percent in NLB to 34 percent in NLW1 and
17 percent in NLW2 due to higher mortality of lambs born as twins. It was
13 percent for LWT1. The difference between single- and twin-bearing
ewes was much larger, twin-bearing ewes weaning 82 percent more lambs at
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105 days (NLWI), 56 percent more at 180 days (NLW2) and producing
28 percent more total weight of lamb at 105 days post-partum (LWT1). Of
the lambs born to B+ ewes, 77 percent survived to weaning, compared with
86 percent of lambs born to ++ ewes, but this difference was not significant.

In May-June 2003, there was a severe outbreak of an undiagnosed viral
infection among lambs, causing heavy morbidity and mortality and probably
leading to reduced growth rates among surviving lambs. Most of the lambs
born in the winter of 2002 were around 5 months old at this time.

The proportion of abortions and stillbirths among B+ maiden ewes (0.21)
was significantly higher (P<0.05) than that among ++ maiden ewes (0.11).
At the second and third parities, the proportion of abortions was similar
(0.04 and 0.0, respectively) in both groups.

Table 2. Least squares mean values, standard errors (in brackets) and overall standard error of
difference (SED) for ewe productivity traits for the fixed effects of FecB genotype of ewe and
litter size using models A and B.

NLB NLW1 NLW2 LSURV  LWTI (kg)
Ewe genotype Model A
++ 1.01(0.08)  0.88(0.07) 0.76 (0.07)  0.86(0.07)  8.79 (0.54)
B+ 1.54 (0.10)  1.18(0.09)  0.89 (0.08)  0.77(0.07)  9.89 (0.51)
SED 0.10 0.11 0.12 0.12 0.57
Litter size Model B
Singles - 0.84 (0.06)  0.70 (0.06) - 8.66 (0.46)
Twins - 1.53(0.14)  1.09 (0.12) - 11.05 (0.61)
Triplets'” - 2.00(0.72)  1.57 (0.67) - 15.75 (2.15)
SED - 0.30 0.36 - 1.82

NOTE: (1) The means for triplets are based on only 4 sets of triplets.

4. DISCUSSION

4.1 Benefit of FecB

Ovulation rates of B+ ewes in this study have been reported earlier
(Nimbkar et al., 2003b) to be about 1 ovum more than ++ ewes. Their
ovulation rates were not determined at the oestrus at which they were
inseminated. B+ ewes gave birth to 0.5 more lambs per ewe lambing,
weaned 0.3 more lambs at 105 days (and 1.1 kg more lamb weight) and had
0.1 more weaned lambs at 180 days than ++ ewes. One copy of FecB added
0.9 of a lamb to the litter size of CSIRO Booroola Merino ewes (Piper and
Bindon, 1985) while the difference in lambs born per ewe lambing between
B+ and ++ ewes among Booroola-Awassi and Booroola-Assaf crosses was
0.66 (Gootwine ef al., 2001). In a New Zealand study (Meyer et al., 1994) of
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Romney, Perendale and cross-bred ewes, B+ ewes produced 1.1 more lambs
at birth relative to ++ ewes and weaned 0.4 more lambs per ewe lambing.
Loss due to pre-weaning mortality is comparatively lower (0.2 lambs per
ewe lambing) in the present study.

A notable difference between this and other studies of introgression of
FecB is the low incidence (2.5 percent) of triplet or higher order litters. The
majority of lambings of B+ ewes in other studies were three or more lambs
(Meyer et al., 1994; Gootwine et al., 2001; Piper and Bindon, 1985). This
could be due to the higher average litter size of the breeds into which the
FecB gene was introgressed, compared with the Deccani.

The effect of the FecB gene on prolificacy has been considered to be
undesirably large, and higher lamb mortality due to the higher incidence of
multiple births in Booroola cross-breds has been widely reported in the
literature (Meyer ef al., 1994). The damped effect of FecB in Garole and Y4
Garole ewes could be due to the lower level and poorer quality of nutrition
available to sheep in the tropics. Another possibility is that since the
previous studies (with the exception of the Booroola-Assaf, where marker
genotypes were used for classification (Gootwine et al., 2001)) were based
on determination of ewe genotypes according to phenotypic ovulation rate
(Piper and Bindon, 1985), it most probably led to some misclassifications
and an overestimation of the effect of the gene. It is also possible that
modifier genes in the Garole suppress the expression of the FecB gene. The
moderate effect of the FecB gene found in this study is likely to be more
manageable in a shepherd’s flock. In Rajasthan State, India, the Central
Sheep and Wool Research Institute has introduced Garole sheep into their
mutton project, with a view to improving the prolificacy of the local Malpura
breed (Sharma, Arora and Khan, 2001).

4.2  Frequency of multiple births among B+ ewes

Twin-bearing ewes in this study weaned 0.7 of a lamb more and 2.4 kg
more lamb weight than single-bearing ewes, and had 0.4 of a lamb more at
180 days. On average, 49 percent of the litters produced by B+ ewes in this
study were twins and 2.5 percent were triplets while the rest were singles. It
seems possible that the more B+ ewes have twin lambs, the higher will be
the increase in the productivity of the flock. The average litter size of 52
FecB homozygous (BB) Garole ewes at NARI was 2.01 (Nimbkar et al.,
2003b). It is therefore possible that cross-bred ewes with two copies of FecB
might have twins more consistently than ewes with a single copy. The
actual proportions of B+ ewes with singles, twins and triplets (0.48, 0.49 and
0.03, respectively) for the average litter size of 1.54 agreed reasonably with
the predictions (0.473, 0.520 and 0.007, respectively) made by Z. Gao (pers.



152 C. Nimbkar, V.C. Pardeshi and P.M. Ghalsasi

comm.) using the model of Amer et al. (1999). For the average litter size of
2.01, this model predicted proportions of ewes with singles, twins and
triplets to be 0.21, 0.58 and 0.21, respectively.

4.3 Effect of Garole genes and lamb mortality

This is the first report of the use of a breed other than the Booroola
Merino to introduce the FecB gene into a non-prolific breed, and the
comparison of B+ and ++ ewes based on genotypes obtained using the direct
DNA test for the Booroola mutation. All ewes in this study had 25 percent
Garole genes. Mortality among lambs of Garole ewes at NARI has been
observed to be around 30 percent and there are similar figures reported for
the Garole in the literature (Sharma, Arora and Khan, 2001). Overall
mortality among single and twin lambs in this study was 28 percent and
44 percent, respectively, while mortality at NARI among Deccani lambs is
typically <15 percent (Nimbkar et al., 2003a). Pre-weaning mortality among
lambs of B+ ewes was 24 percent compared with 13 percent in lambs of ++
ewes. Garole breeding probably had an adverse effect on the milk yield of
ewes and on the growth and adaptability of lambs in this study. There was
probably also variation among the ewes in this study due to Mendelian
sampling, since one of their parents was cross-bred. It is highly likely that
with further reduction in the proportion of Garole genes in subsequent stages
of the programme of introgression, survival and growth of lambs would
improve significantly. This is because Deccani sheep have been observed to
have better ability to rear lambs compared with Garole sheep.

4.4 Introgression of FecB into Deccani and development of
a composite

A nucleus flock has been established at NARI with purebred Deccani
ewes and various cross-bred types generated so far, for the development of a
fecund Deccani and a composite with higher prolificacy, lamb-rearing ability
and growth. Selection based on an index with growth, reproduction and
survival traits will be introduced into this programme and is expected to lead
to higher gains. Rigorous evaluation of overall performance of ewes with 0,
1 and 2 copies of FecB will be carried out at NARI and in local shepherds’
flocks before widespread dissemination is contemplated.

Starting in early 2003, 200 Deccani ewes in 11 local sheep owners’
flocks had been mated to or inseminated with semen from B+ rams, and 25
pregnant B+ ewes and 25 ++ ewes, selected on the basis of their
reproductive performance, were to be introduced into five more small-
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holders’ flocks. The intention is to assess the sheep owners’ ability to
manage multiple births, and compare not only the performance of B+ with
++ ewes, but also that of introduced ewes with Deccani ewes in shepherds’
flocks. It has been NARI’s experience so far that lamb mortality is
substantially lower in local shepherds’ flocks than the institute’s flocks, and
lamb growth rates are higher. A geographically dispersed nucleus may be
practical to take advantage of shepherds’ superior sheep management skills.

S. CONCLUSION

FecB heterozygous % Garole ewes weaned 0.3 more lambs and yielded
1.1 kg more weight of lamb per ewe lambing than non-carrier " Garole
ewes. Twin-bearing ewes, most of which were B+, weaned 0.7 more lambs
and 2.4 kg more lamb weight per ewe lambing than single-bearing ewes,
despite 40 percent higher pre-weaning mortality among multiple-born lambs.
The benefit of FecB is moderate because only about half the B+ ewes have
multiple births at any one lambing. The small proportion of triplets and
absence of litters larger than 3 in B+ ewes implies a more manageable effect
under shepherds’ flock conditions. The damped expression of FecB could be
due to genetic or environmental reasons. Cross-bred ewes with two copies of
FecB are being generated to evaluate their reproductive performance.
Reduction in lamb mortality through better management will bring about
further improvement in productivity. Weaning percentage is likely to be
higher with further backcrossing to Deccani. The FecB gene has been
introduced into some shepherds’ flocks with a view to assessing flock
owners’ attitude to and management of multiple births, and to develop
practical methods to improve lamb survival and growth. Gene technology
has been harnessed successfully to utilize the FecB gene and appears useful.
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Abstract: The effect of pregnancy on oestrogen receptor (ER) and progesterone receptor
(PR) endometrial expression in heifers was studied. Holstein heifers were not
inseminated (controls, n = 8) or inseminated (n = 21). Endometrial biopsies were
taken at Day 17 from the uterine horn ipsilateral to the corpus luteum. Hourly samples
were taken on the day of the biopsy in 12 animals (controls = 4 and inseminated = 8)
to analyze 15-ketodihydro-PGF,, (PGFM) and progesterone concentrations.
Pregnancy determined by ultrasonography diagnosed 6 pregnant cows. The uterine
biopsy increased PGFM concentrations, which remained high for 2 to 4 hours,
followed by a transient decrease in progesterone concentrations, but the
procedure neither provoked luteolysis nor blocked pregnancy. PGFM
concentrations were higher in cyclic than in pregnant cows. No differences in
PR mRNA expression were observed among groups, but ER mRNA in
pregnant heifers tended to be lower than controls, suggesting that this pathway
is implicated in maintenance of pregnancy.

1. INTRODUCTION

Genetic improvement for milk production during the last decades has
been associated with decreased reproductive efficiency (Lucy, 2001).
Selection for reproductive efficiency in dairy cows has not been attempted
worldwide, with the main causes being the time required to evaluate
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reproductive parameters and the lack of appropriate markers for fertility.
One important cause of reproductive failure has been attributed to embryo
loss, which has been estimated to be approximately 40 percent (Thatcher et
al., 2003), that results from failures in maintaining the life of the corpus
luteum. The process whereby the regression of the corpus luteum (luteolysis)
is blocked in early gestation in ruminants has been termed maternal
recognition of pregnancy (Short, 1969).

In order to inhibit luteolysis, the ruminant embryo delivers a signal
(interferon-t (IFN-1)) along the uterine horns by elongation. The IFN-t,
acting by modifying uterine gene expression in pathways not completely
understood, affects the episodic prostaglandin F,, (PGF,) release that is
responsible for the luteal regression. During this period, the embryo is free-
living in the uterine lumen and is completely dependent on uterine secretion
for all its metabolic needs. Oestrogen and progesterone, acting via their
intracellular receptors, ER and PR, are the main regulators of uterine
function and have been implicated in the control of luteolysis (Lamming et
al., 1995). Maximum concentrations of ER and PR were found around
oestrus, while the lowest concentrations of receptors were found at dioestrus
(Zelinski et al., 1982; Vesanen et al., 1988). In addition, differences in gene
expression were found in heifers with short and normal cycle: cows with
short cycle presented higher ER mRNA concentration at day 5 and lower PR
mRNA concentration at day 12 (Meikle ef al., 2001). These results show that
the endometrium of heifers with a short cycle has an altered gene expression
during the early luteal phase, which cannot be explained by gene expression
at day 0 or by the circulating concentration of steroids between days 0 and 5
(no differences between groups). Heifers that have short-lived corpora lutea
and consequently a short cycle are not capable of maintaining pregnancy.

Although progesterone is the principal hormone implicated in the control
of embryo development and IFN-t secretion (Mann and Lamming, 1995),
the role of PR in pregnancy remains unclear. Studies consistently report a
loss of PR in the uterus around the time of luteolysis in both sheep and cattle
(Spencer and Bazer, 1995; Mann et al., 1999; Robinson ef al., 2001). These
findings are puzzling if we consider the importance of this hormone around
the time of maternal recognition of pregnancy. Regarding ER, different
responses have been reported in early pregnancy in cattle, such as no
changes (Robinson et al., 1999), a decrease in expression within all layers of
the endometrium at days 16 and 18 of pregnancy (Robinson et al., 2001), or
an increase in uterine glands and stroma but a decrease in luminal epithelium
(Kimmins and MacLaren, 2001).

In this study we focused on the effect of the embryo on gene endometrial
expression (embryo-to-mother signalling) on sex steroid receptor endometrial
expression. As a first step, we investigated if uterine biopsy in heifers
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provokes PGF,, release, and if it also induces luteolysis or allows pregnancy
to be maintained.

2. MATERIALS AND METHODS

2.1 Experimental design

The experiment was carried out at the INIA experimental farm, Colonia,
Uruguay. Twenty-nine Holstein heifers in heat (day 0) were selected after
synchronization with two injections of an analogue of PGF,,, at an interval of
12 days. Only animals with normal cycle length were analysed. The animals
had (mean £SE) an age of 20.3 0.9 months, a body weight of 358 £8 kg and
a body condition score of 2.25 £0.1 (on a scale of 1 to 5). Eight cows were
kept as control and not inseminated, while 21 were inseminated 12 hours
after showing standing oestrus. Endometrial biopsies were taken at day 17
from the uterine horn ipsilateral to the corpus luteum, and tissue samples
were frozen immediately in liquid nitrogen and stored in a freezer at -80°C
until the analysis. Special care was taken in collecting the endometrial
samples in order to maintain pregnancy, and the amount of tissue sampled
was approximately 0.1 g. Blood samples for progesterone determination
were taken daily from day -1 to day +25. An hourly sampling was taken
from 5 hours before to 12 hours after the biopsy in 12 animals (four from the
control group and eight from the inseminated group) to analyse the PGF,,
release by 15-ketodihydro-PGF,,. Pregnancy was determined by
ultrasonography 35 days after oestrus, and animals were classified in three
groups: control, and artificial inseminated (AI) non-pregnant (Al non-
pregnant) and pregnant (Al pregnant) heifers.

2.2 Hormone determination
2.2.1 Progesterone

Progesterone (P,) was determined in plasma using a commercial kit
(Coat-a-count, DPC Diagnostic Products Co., Los Angeles CA, USA). In the

plasma assay, the intra- and inter-coefficients of variation were 9 percent and
8 percent, respectively. The sensitivity of the assay was 0.04 nmol/litre.



158 A. Meikle et al.
2.2.2 15-Ketodihydro-PGF,,

The plasma metabolite of PGF,, was analysed in unextracted plasma by
RIA. The detection limit of the assay was between 25 and 30 pmol/litre. The
intra-assay coefficient of variation was below 11 percent and the inter-assay
coefficient of variation was 14 percent.

2.2.3 Cortisol

Cortisol was determined using a solid phase RIA kit (Coat-a-count, DPC
Diagnostic Products Co., Los Angeles CA, USA). The detection limit of the
assay was 6 nmol/litre. All samples were determined in the same assay and
the intra-assay coefficient of variation for control samples was below
8 percent.

2.3 mRNA determination

A solution hybridization assay of specific mRNAs for ERa and PR was
performed in endometrial samples as described previously (Meikle et al.,
2001). In short, total nucleic acids (TNA) were prepared and the
concentration of DNA in the TNA samples was measured fluorometrically.
Probes were synthesized in vitro and radiolabelled with **S-UTP. The probes
used for ERo0 mRNA and PR mRNA determinations were derived from full-
length ¢cDNAs containing the whole open reading frame of the human
oestrogen and progesterone receptors, respectively. The cross-reactivity
between bovine mRNA and human probes for ERo and PR has been
demonstrated previously by northern blot (Meikle ef al., 2001). Overnight
incubation was performed at two different concentrations, and samples were
then treated with RNase to digest unhybridized RNA. Labelled hybrids were
precipitated with trichloroacetic acid, collected on filters and the
radioactivity was determined in a liquid scintillation counter. All the samples
from the experiment were determined in the same assay. Receptor mRNA
concentrations are expressed as counts per minute (cpm) in relation to DNA
content (cpm/pug DNA).

2.4 Statistical analyses

Statistical analysis was carried out using the Statistical Analysis System
(SAS Institute Inc., Cary NC, USA). Progesterone, cortisol and 15-
ketodihydro-PGF,, concentrations were analysed by a mixed procedure
(SAS) and the statistical model included the effects of group (control, Al
non-pregnant and Al pregnant heifers), day and the interaction between
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group and day, and also the random effect of cow within the group. Data of
mRNA of ER and PR were analysed by orthogonal contrast using SAS.

3. RESULTS

3.1 Effect of the uterine biopsy on 15-ketodihydro-
PGF2aq, progesterone and cortisol levels

Determination of 15-ketodihydro-PGF,,, progesterone and cortisol were
performed in plasma samples collected from 5 hour before to 12 hour after
the performance of the uterine biopsy on day 17 of the oestrous cycle in 12
heifers (controls n = 4; Al n = 8). The inseminated heifers were classified as
pregnant (n = 3) or non-pregnant (n = 5) by ultrasound diagnosis at day 35.
One Al non-pregnant heifer that had low concentration of P4 on day 17 was
already in luteolysis; this animal was excluded from the analyses. The
uterine biopsy increased 15-ketodihydro-PGF,, concentration in the first
bleeding after performance of the biopsy (p <0.0001), and concentration
remained high for the following 2 to 4 hours (Figure 1).

Progesterone concentration increased in the first bleeding after the biopsy
(» <0.01) but concentration then decreased 2 to 4 hours after the biopsy,
consistent with the 15-ketodihydro-PGF,, peak observed (Figures 1 and 2).
No statistical difference in P, concentration according to physiological status
(pregnant vs non-pregnant) could be detected. The significant increase
1 hour after the biopsy was consistent with a cortisol peak at that moment
(Figure 2). There was a significant correlation between the two hormones:
r=0.2079 (p = 0.003).

3.2 Outcome of pregnancy

The oestrous cycle in control and inseminated non-pregnant heifers had a
duration of 20 +0.3 and 20.8 1.2 days (oestrus to oestrus). Progesterone
concentrations from day 0 to day 25 post-oestrus in control (not
inseminated), Al non-pregnant and Al pregnant heifers are shown in
Figure 3. At day 35, 6 out of 21 inseminated heifers were diagnosed as
pregnant. Inseminated non-pregnant cows (n = 15) were classified in two
groups according to P4 concentrations at days 21 to 25: luteal
(P4 > 18 nmol/litre; Al non-pregnant A; n = 2) or basal (P4 < 3 nmol/litre; Al
non-pregnant B; n = 13). Heifers with luteal concentration of P, at day 25
(AI non-pregnant A) may have suffered early embryonic mortality and were
possibly pregnant at day 17; they were therefore considered as pregnant for
mRNA analysis (pregnant, n = 8).
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Figure 1. Mean (£ standard error of the mean) concentrations of 15-ketodihydro-PGF,, (top
panel) and progesterone (bottom panel) in control (n = 4), inseminated non-pregnant (n = 4)
and pregnant (n = 3) heifers before and after uterine biopsy.
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Figure 3. Mean concentrations of progesterone in control, pregnant, non-pregnant heifers with
luteal (A) or basal (B) concentration of P4 at day 25 post-oestrus.
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3.3 Effect of pregnancy on endometrial mRNA expression
of ER and PR

The results of ER mRNA and PR mRNA are shown in Figure 4. No
difference could be demonstrated in PR mRNA expression of the different
groups. The concentration of ER mRNA in pregnant heifers tend to be lower
than control (p <0.1).
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Figure 4. Concentrations of mRNA of oestrogen receptor oo (ER mRNA; top panel) and
progesterone receptor (PR mRNA; bottom panel) in the endometrial biopsies on day 17 in
control, Al non-pregnant and Al pregnant heifers. The results are presented as percentages of
control heifers. Bars are least square mean +SE of a versus b, p <0.10.
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4. DISCUSSION

This is the first study to describe that the effect of an endometrial biopsy
on PGF,, release is dependent on the physiological status (pregnant vs cyclic
heifers).

Measurement of PGF,,, itself in the peripheral circulation is not a suitable
parameter since it has an extremely short half-life; 15-ketodihydro-PGF,,, a
parent compound of PGF,, and having a longer half-life, has been widely
used as a good parameter of PGF,,, release (Basu et al., 1987). The 3-fold
increase of 15-ketodihydro-PGF,, concentration after the uterine biopsy on
day 17 is consistent with the known ability of the uterus to secrete high
PGF,, concentrations during late dioestrus (Kindahl, Lindell and Edqvist,
1981). There was an effect of the physiological status on 15-ketodihydro-
PGF,, concentration; pregnant cows had lower concentration of 15-
ketodihydro-PGF,,, than control and Al non-pregnant heifers 1 to 3 hour post
biopsy. Similar results have been previously reported by Thatcher et al.
(1995): the magnitude and frequency of PGF,, release from the uterus in
non-pregnant cows are higher than that of pregnant cows. This agrees with
the final action of the embryo for maternal recognition of pregnancy in
ruminants: the embryo signal, interferon-t, inhibits the episodic PGFy,
secretion and in consequence the corpus luteum is maintained.

The uterine biopsy induces a temporary release of PGF,, which is
followed by a transient decrease in progesterone concentration, but this
procedure does not provoke luteolysis or block pregnancy. Pregnancy was
maintained even after entering the horn ipsilateral to the corpus luteum by a
transcervical catheter and performing an endometrial biopsy. Thus,
transcervical biopsies can be used for studies on the interaction between the
conceptus and maternal mRNA endometrial expression. This is useful,
avoiding complicated surgery or expensive slaughter. This methodology may
allow repeated measurements of gene uterine expression during a biological
process.

The progesterone increase observed one hour after the biopsy was
surprising, and therefore cortisol was determined. There was an important
release of cortisol one hour after the biopsy, which may indicate an
important stress for the animals. The correlation observed in progesterone
and cortisol concentrations is of no surprise, since progesterone is one of the
precursors of cortisol, and may explain the increase found in progesterone
concentration one hour after the biopsy (Bolafios, Molina and Forsberg,
1997).

There was a tendency in pregnant heifers to have lower ER mRNA
concentration, but no difference was found in PR mRNA concentration.
Recently we have further studied the effect of the presence of the embryo on
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sex steroid receptor expression by different methodologies (Thatcher ef al.,
2003). Endometrial ER mRNA measured both by northern blot and solution
hybridization analysis was higher in cyclic cows at day 17. This finding was
substantiated by the increase in ER protein measured by immuno-
histochemistry and western blot analyses (Thatcher et al.,, 2003). Although
there was an increased staining intensity of ER protein in luminal
epithelium, this cell type was almost devoid of PR staining. At the same
time, PR expression in the uterine glands was higher in pregnant cows. The
physiological status did not affect PR mRNA concentration, suggesting the
embryo may alter PR expression by post-transcriptional pathways.

In summary, as demonstrated for sheep (Spencer and Bazer, 1995),
pregnancy affects the expression of ER in cattle and the decrease observed
around the time of maternal recognition of pregnancy suggests this pathway
is implicated in the inhibition of luteolysis. Although the lack of PR presence
in the luminal epithelium is puzzling, the increase of PR staining found in
the uterine glands could explain progesterone stimulus to embryo growth.
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Abstract: The improvement of livestock productivity and the preservation of their
genetic diversity to allow breeders to select animals adapted to environmental
changes, diseases and social needs, require a detailed inventory and genetic
characterization of domesticated animal breeds. Indeed, in developing
countries, the notion of breed is not clearly defined, as visual traits are often
used and characterization procedures are often subjective. So it is necessary to
upgrade the phenotypic approach using genetic information. At CIRDES, a
regional centre for subhumid livestock research and development, such studies
have been conducted. This paper focuses on cattle breed inventory in seven
countries of West Africa as a tool for genetic research on cattle improvement.
Data collection was done using a bibliographical study, complemented by in
situ investigations. According to phenotypic description and concepts used by
indigenous livestock keepers, 13 local cattle breeds were recognized: N’dama,
Kouri, the Baoule-Somba group, the Lagoon cattle group, zebu Azawak, zebu
Maure, zebu Touareg, zebu Goudali, zebu Bororo, zebu White Fulani, zebu
Djelli, zebu Peuhl soudanien and zebu Gobra (Toronke). Nine exotic breeds,
(American Brahman, Gir, Girolando, Droughtmaster, Santa Gertrudis,
Holstein, Montbéliarde, Jersey and Brown Swiss) and five typical cross-breeds
(Holstein x Goudali; Montbéliarde X Goudali; Holstein X Azawak; Brown
Swiss X Azawak; and Brown Swiss X zebu peuhl soudanien) were also found.
From this initial investigation, the areas of heavy concentration of herds and
the most important breeds were described. The review has also indicated the
necessity for a balance between improving livestock productivity and the
conservation of trypanotolerant breeds at risk of extinction in West Africa.
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1. INTRODUCTION

There is no doubt that livestock play an important role in agriculture and
provide opportunities for asset building to support sustainable food
production for the increasing population of the developing world, and
especially Africa. New and improved technologies are available for
increasing agricultural production, such as new cultural techniques,
including the use of improved seeds and irradiation technologies for food
conservation. Improving animal production by reducing health constraints
has become possible with recent developments in biotechnology and
subsequent introduction of techniques such as artificial insemination,
embryo transfer, cryoconservation of genomes and genes, cross-breeding
and marker assisted selection. However, before animals are submitted to any
genetic manipulation, breeds have to be characterized in order to determine
their genetic composition, a necessary step in the process of conserving
animal genetic diversity.

The Centre de Recherche-Développement sur 1’Elevage en Zone
Subhumide (CIRDES) is a regional research institution with an agenda
addressing livestock production and health in West Africa. CIRDES has a
long history of work on cattle breed characterization (Moazami-Goudarzi et
al., 2001). Genetic research has focused on trypanotolerant livestock as part
of a strategy to combat trypanosomiasis, a parasitic disease transmitted by
tsetse flies (Berthier er al, 2003). African animal trypanosomiasis is
endemic in several parts of the humid and subhumid zones across sub-
Saharan Africa. Estimates of economic losses due to the disease are over
US$ 500,000 annually in both production losses and the costs of disease
control (ILRAD, 1993). In response to the decline in trypanotolerant
livestock populations in recent decades, farmers have devised innovative
strategies to cope with the changing situation. One such strategy involves
crossing local taurine cattle with zebu cattle or exotic breeds in an attempt to
increase their productivity. Unabated, this trend could yield undesirable
consequences in the long term and weaken incentives for in sifu conservation
of trypanotolerant breeds.

The general objective of the paper is to review available information on
West African cattle breeds. A corollary objective of the paper is to make
available in one place the results of several important studies on phenotypic
traits, geographical localization and breeds under threat of extinction.
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2. MATERIALS AND METHODS

2.1 Study area

The study covered all seven countries in West Africa under the mandate
of CIRDES, namely Benin, Burkina Faso, Cote-d’Ivoire, Ghana, Mali, Niger
and Togo. This area is 3,514,947 km?, about 11.5% of all Africa (Figure 1).
These countries have in common a broad band of territory comprising the
subhumid and non-forested areas of the humid zones in which a mixture of
trypanotolerant, trypano-susceptible and cross-bred cattle are found.

2.2 Inventory

The inventory of cattle breeds in the CIRDES mandate zone was based
on a detailed bibliographical review of available studies. Using available
census data, the statistics on cattle population were updated accordingly,
using the estimation procedure: P,=Py(1+T)"
where: P, = is the estimated cattle number;

n =is the projection year;
Py = cattle number during the last inventory; and
T = the growth rate.
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Figure 1. Map of study area in West Africa
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The review was complemented with interviews with livestock assistants,
and an exploratory survey of selected farmers to confirm the existence of
distinct breeds, based on indigenous knowledge.

3. RESULTS

3.1 Cattle breed inventory: global results

Table 1 indicates the distribution of local cattle breeds enumerated in the
CIRDES mandate zone. As indicated, there are shorthorn and longhorn
breeds in both Bos taurus and Bos indicus groups.

Over the years, natural crossing between zebu and taurine breeds has
resulted in the development of stabilized local genotypes such as the Ghana
Sanga, Borgou in Benin, or Mere in other countries (Felus, 1995). Some
private and commercial breeding schemes and national livestock services
have imported exotic breeds to improve the potential of indigenous
livestock. These include nine exotic cattle breeds, namely American
Brahman, Gir, Girolando, Droughtmaster, Santa Gertrudis, Holstein,
Montbéliarde, Jersey and Brown Swiss. The result of crossing with local
breeds has produced five cross-breed types: Holstein X Goudali;
Montbéliarde x Goudali; Holstein x Azawak; Brown Swiss X Azawak; and
Brown Swiss X zebu Peuhl soudanien.

Table 1. Location of available local breeds of cattle in West Africa (CIRDES area).

Benin  Burkina Faso  Cote d’Ivoire  Ghana Mali  Niger Togo

Bos taurus (shorthorn cattle type)

Baoule-Somba X X X X X
Lagoon X X X X
Bos taurus (longhorn cattle type)
N’Dama X X X X X X
Kouri X
Bos indicus (shorthorn cattle type)
Azawak X X X
Maure X X
Touareg X
Goudali X X X X X
Bos indicus (longhorn cattle type)
Bororo X X X
White Fulani X X X X
Djelli X
Peuhl soudanien X X X X

Gobra (Toronké) X
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In the CIRDES zone countries, the total local cattle population is
estimated at 19.2 million head: most (6.6 million) are in Mali (Table 2);
while Burkina Faso has the highest density (17 bovines per km?).

In Figure 2, it can be seen that zebu cattle breeds are predominantly
found in Sahelian countries (Niger, Mali, Burkina Faso), while trypano-
tolerant livestock outnumber other breeds in countries with a soudanian
climate (Cote d’Ivoire, Benin, Ghana, Togo). In all countries, active and
passive crossings occur.

4. DISCUSSION

Adequate knowledge of the animal resources in each country is essential
in any genetic improvement programme. A large quantity of information has
been collected from the available literature. This review indicates that there
is a pressing need for more detailed quantitative data, especially country and
regional comparative data on trypanotolerance and other adaptive traits, and
special genetic attributes of local breeds (d’leteren ef al., 1998).

Table 2. Approximate numbers (millions) of local cattle breeds and their density in each
country.

Benin Burkina Faso Cote d’Ivoire  Ghana Mali  Niger  Togo
Number 1.49 4.80 1.33 1.32 6.64 3.31 0.28
Density (no./km?) 13 17 4 6 5 3 5
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Figure 2. Relative importance of cattle in CIRDES countries
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Compared to the cattle population in Africa — 224.3 million (FAO, 2000)
— the seven countries of the CIRDES mandate zone (11 percent of Africa’s
area) account for 8.5 percent of the cattle. This, however, represents more
than 70 percent of the total cattle population reared in West Africa. It is
interesting to note that the CIRDES zone holds the largest population of
trypanotolerant cattle, the most adapted breed in the humid and subhumid
zone (Hoste et al., 1988). It has been reported that the Benin Pabli breed has
disappeared, that the Lagoon cattle group and the Kouri breed are under
threat of extinction, and that the Somba-Baoule group is at risk of gene
introgression from Borgou and zebu breeds (Yapi-Gnaore ef al., 1996;
Youssao et al., 2000). The taurine cattle population is indeed decreasing,
compared with the total number of cattle. But the number of Borgou cattle
and zebu breeds is on the increase in the zones where trypanosomiasis risk is
high. It is clear that indigenous cattle breeds are disappearing not only
because of threat from indiscriminate crossing by individual farmers, but
also because many schemes for genetic improvement were developed with
neither a concern for programmes to preserve local, adapted breeds, nor a
built-in plan to conduct routine genetic impact analyses when exotic strains
are used (Hall, 1996; Toure, 1993). Even if developing countries need
existing and new technologies to improve livestock productions, they first
need to put in place firm measures to maintain stocks of breeds at risk of
extinction. Indeed, the future of livestock breeding depends on the
availability of a large gene pool from which useful traits can be selected.

Measures taken to conserve trypanotolerant breeds of cattle should take
into account the diversity in agro-ecological zones and the demand for land
use improvement in tsetse-infested but otherwise fertile areas. The question
of conserving trypanotolerant breeds should be seen from the perspective of
biodiversity and the control of trypanosomiasis. Conservation efforts should
emphasize the training of farmers in breeding practices, improved
management and primary health care. The efforts of research institutions
should be directed at incorporating farmers’ preferences for phenotypic and
genotype traits. The conservation of trypanotolerant cattle should take a
holistic approach that takes into account the strengths and weaknesses of
existing livestock production systems.
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Abstract:

All animals, including humans, are adapted to life in a microbial world. Large
populations of micro-organisms inhabit the gastrointestinal tract of all animals
and form a closely integrated ecological unit with the host. This complex,
mixed, microbial culture can be considered the most metabolically adaptable
and rapidly renewable organ of the body, which plays a vital role in the normal
nutritional, physiological, immunological and protective functions of the host
animal.

Bacteria have traditionally been classified mainly on the basis of phenotypic
properties. Despite the vast amount of knowledge generated for ruminal and
other intestinal ecosystems using traditional techniques, the basic requisites for
ecological studies, namely, enumeration and identification of all community
members, have limitations. The two major problems faced by microbial
ecologists are bias introduced by culture-based enumeration and
characterization techniques, and the lack of a phylogenetically-based
classification scheme. Modern molecular ecology techniques based on
sequence comparisons of nucleic acids (DNA or RNA) can be used to provide
molecular characterization while at the same time providing a classification
scheme that predicts natural evolutionary relationships. These molecular
methods provide results that are independent of growth conditions and media
used. Also, using these techniques, bacteria can be classified and identified
before they can be grown in pure culture. These nucleic acid-based techniques
will enable gut microbiologists to answer the most difficult question in
microbial ecology: namely, describing the exact role or function a specific
bacterium plays in its natural environment and its quantitative contribution to
the whole. However, rather than replacing the classical culture-based system,
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the new molecular-based techniques can be used in combination with the
classical approach to improve cultivation, speciation and evaluation of
diversity. The study of microbial ecology in gut ecosystems involves
investigation of the organisms present (abundance and diversity), their activity
(usually determined in vitro, but in vivo activity or expression of activity is
really required), and their relationship with each other and the host animal
(synergistic and competitive interactions). This entails the study and
measurement of many types of interactions, both beneficial and competitive.

Traditionally, media for isolation of bacteria from natural environments are
basically of two types: those that simulate the habitat in broad terms, i.e.
habitat-simulating and non-selective media; and those designed to enumerate
and isolate bacteria of a particular type or from a specific biochemical niche,
i.e. niche-simulating or functional or nutritional group analysis. A third type,
less important in the ecological sense, does not simulate the habitat, is often
highly selective and is used to isolate specific bacterial groups. Specific
nutritional types of bacteria may be isolated by the use of enrichment media.
This type of medium, basically a refinement of the habitat-simulating medium,
is widely used in environmental microbiology and has been applied with some
success to the gut ecosystem. Although estimates of microbial number rely on
culture techniques, microscopic examination is a most useful technique for
evaluating the efficacy of other enumeration approaches. The combination of
microscopy with specific phylogenetic stains or fluorescent antibodies enables
bacteria to be specifically detected and enumerated in mixed populations.

The introduction of genetic-based technologies, and in particular those relating
to 16S rRNA typing, are rapidly replacing conventional detection and
enumeration methods in studies of the mammalian intestinal tract. Although
molecular techniques promise a fuller and more accurate description of the
true diversity, structure and dynamics of complex microbial communities than
the present culturing studies, each technique suffers from its own experimental
bias and selectivity. Different methods used for direct molecular detection are
reviewed in the paper. Attention is given to molecular characterization of
complex communities; in particular, the application of molecular
fingerprinting techniques to examine diversity and community structure in
complex gut bacterial communities. Denaturing or temperature gradient gel
electrophoresis (DGGE/TGGE) methods have been successfully applied to the
analysis of human, pig, cattle, dog and rodent intestinal populations. In future,
genomics technologies will provide gut microbial ecologists with their best
opportunity for a complete or global analysis of the molecular mechanisms
involved in metabolism and regulation within the bacterial community and
between host and resident microbes. Molecular microbial techniques have
been widely and successfully used to study microbial diversity in
environmental microbiology but have had limited application in the
gastrointestinal ecosystem.
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1. INTRODUCTION

All animals, including humans, are adapted to life in a microbial world.
The complexity of animal-microbe relationships varies tremendously,
ranging from competition to cooperation (Hungate, 1985). The animal
alimentary tract has evolved as an adaptation enabling the animal to secure
food and limit consumption by other animals. This allows the retention and
digestion of ingested food followed by absorption and metabolism of
digestion products, whilst feeding and other activities continue. The
gastrointestinal tract is a specialized tube divided into various well-defined
anatomical regions extending from the lips to the anus. For the purposes of
this, and most other, review(s) concerning the ecology, physiology and
metabolism of gut microbes, discussion is restricted to the stomach (rumen-
reticulum, crop, gizzard), small intestine and large intestine (caecum and
colon). The mouth has a characteristic anaerobic bacterial microbiota that is
greatly influenced by the practice of coprophagy (the consumption of faecal
material). In the context of intestinal function, the mouth determines the
physical state and degree of homogenization of the food. This has a
considerable effect on the surface area available for the action of enzymes
produced by both the host and resident microbes. Large populations of
micro-organisms inhabit the gastrointestinal tract of all animals and form a
closely integrated ecological unit with the host. This complex, mixed,
microbial culture — comprising bacteria, ciliate and flagellate protozoa,
anaerobic phycomycete fungi and bacteriophages (at least in the rumen) —
can be considered the most metabolically adaptable and rapidly renewable
organ of the body, an organ that plays a vital role in the normal nutritional,
physiological, immunological and protective functions of the host animal. In
monogastric animals, the complex microbiota is simplified by the absence of
a large part of the eukaryotic microbiota. It is worthwhile reiterating that the
study of microbial ecology in gut ecosystems (Hungate, 1960) involves
investigation of the organisms present (abundance and diversity), their
activity (usually determined in vitro, but in vivo activity or expression of
activity is really required), and their relationship with each other and the host
animal (synergistic and competitive interactions). This entails a study of
many types of effects and interactions, competitive and beneficial, dietary,
nutritional, physiological and immunological. This emphasizes the urgent
need for an integrative, interdisciplinary approach to study digestive
physiology, which includes the disciplines of animal physiology, nutrition,
biochemistry, microbiology, microbial ecology and molecular biology.
However, the first and key part is the description of the microbes present and
the measurement of their activities.
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Human appreciation for anaerobic life is relatively recent. It was chiefly
Pasteur (1858) who alerted the world to actions of microbes in the absence
of oxygen and described what we know today as fermentation. Pasteur’s
demonstration of life without air soon led to the development of many
methods for growing such organisms. However, until about 1940 only spore
formers and non-spore formers of clinical importance had been isolated and
described, probably due to the popularity of the Petri dish and the ease of
cultivating aerobic bacteria. Attempts to inoculate and incubate plates under
anaerobic conditions were unsuccessful until the anaerobic glove box was
perfected (Aranki et al., 1969). Robert E. Hungate is recognized as the father
of modern anaerobic microbial ecology. His understanding of the principle
of redox potential and achieving low potentials in anaerobic media led to the
development of procedures for media preparation enabling enumeration and
isolation of anaerobic bacteria. The roll tube technique, with its numerous
modifications and improvements since the original description (Hungate,
1950), was considerably superior to other anaerobic methods and contributed
much to our understanding of anaerobes. Despite the advent of the anaerobic
cabinet, with its many advantages, modifications of the roll tube technique
are still widely used and are standard procedures for anaerobe laboratories.
Importantly, these techniques have provided the tools that have enabled
microbial ecologists, particularly those working in the gut, to advance this
field of research considerably.

Bacteria have traditionally been classified mainly on the basis of
phenotypic properties. Despite the vast amount of knowledge generated for
ruminal and other intestinal ecosystems using traditional techniques, the
basic requisites for ecological studies, namely, enumeration and
identification of all community members have limitations. The two major
problems faced by microbial ecologists include bias introduced by culture-
based enumeration and characterization techniques and the lack of a
phylogenetically-based classification scheme (Raskin et al., 1997). Modern
molecular ecology techniques based on sequence comparisons of nucleic
acids (DNA or RNA) can be used to provide molecular characterization
while at the same time providing a classification scheme that predicts natural
evolutionary relationships. These molecular methods provide results that are
independent of growth conditions and media used. Also, using these
techniques, bacteria can be classified and identified before they can be
grown in pure culture.

In addition, in sifu hybridization with fluorescently labelled rRNA
targeted nucleic acid probes facilitates in situ identification and phylogenetic
placing of uncultured organisms and provides information on three-
dimensional relationships in complex microbial populations (Amann, 1995).
Ultimately, genetic capabilities, expression of these capabilities, and
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taxonomic information are all potentially accessible at the individual cell
level using targeted nucleic acid (DNA, mRNA or rRNA) in situ
hybridization methods. These nucleic acid-based techniques will enable gut
microbiologists to answer the most difficult question in microbial ecology:
namely describing the exact role or function a specific bacteria plays in its
natural environment and its quantitative contribution to the whole (Hungate,
1960). However, rather than replacing the classical culture-based system, the
new molecular-based techniques can be used in combination with the
classical approach to improve cultivation, speciation and evaluation of
diversity. In fact, many of the entries in the SS rRNA database are derived
from pure-culture studies. The new research era of “molecular microbial
ecology” commands a lot of attention and receives considerable funding
support, but it should also be noted that the emphasis should be placed on
“ecology” and not “molecular”. However, it is also true that microbial
ecology cannot be adequately and rigorously pursued without the application
of modern molecular techniques.

It could be argued that the technological impetus for major advances in
our knowledge of gastrointestinal ecology during the last 40 years has been
derived from three major sources: the development of anaerobic culture
techniques and their application to the study of the rumen microbial
ecosystem by Hungate, Bryant and others; the use of rodent experimental
models to define relationships between intestinal bacteria and the host by
Dubos, Savage and others; and the development of gnotobiotic technology
by which germ-free or defined-microbiota animal models could be derived
and maintained. It is already true that the use of molecular ecology and
genomics technologies will generate the next major advance in our
knowledge and provide, for the first time, not simply a refinement or
increased understanding, but a complete description of the gastrointestinal
ecosystem.

2. CLASSICAL CULTIVATION-BASED
TECHNIQUES

Physical and chemical conditions within the gut of different animals may
differ considerably, but are usually relatively constant in a single species on
a given diet. This is the case for homoeothermic animals, in which, allowing
for irregularities in food intake, other factors such as temperature, oxygen,
acidity and moisture vary little with time. The detailed chemical composition
of the gut contents of most animals is extremely complex. The microbial
environment in the rumen has, to date, been the most extensively studied and
clearly defined and, allowing for variation in the nature and amount of food
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ingested, serves as a good model for other gut ecosystems, both herbivores
and non-herbivores (Mackie, 1997). The hindgut environment is more
constant in terms of physical and chemical composition with nutrients for
caeco-colic bacteria being provided by undigested dietary polysaccharides
and endogenous secretions and tissues such as mucopolysaccharides,
mucins, epithelial cells, and enzymes. Many of the properties of rumen
contents illustrate the complexities that must be considered in media
selection and design in order to cultivate, enumerate and isolate predominant
gut bacteria. These properties and conditions form the basis for the
formulation of habitat-simulating media used successfully by Hungate,
Bryant and others to describe the microbial ecology of the rumen.

Media for isolation of bacteria from natural environments are basically of
two types: those that simulate the habitat in broad terms, i.e. habitat-
simulating, and non-selective media; and those designed to enumerate and
isolate bacteria of a particular type or from a specific biochemical niche, i.e.
niche-simulating or functional or nutritional group analysis. A third type,
less important in the ecological sense, does not simulate the habitat, is often
highly selective and is used to isolate specific bacterial groups. Media in this
category include those designed for groups such as clostridia, lactobacilli,
bifidobacteria and gram-negative anaerobes. Typically these are commercial
general-purpose media and media containing antibiotics or other inhibitory
compounds resulting in selective growth conditions. These selective (and
erroneously named “specific”’) media are discouraged during the initial
stages of enumeration since they suppress the viable count of bacteria.
Specific nutritional types of bacteria may be isolated by the use of
enrichment media. This type of medium, basically a refinement of the
habitat-simulating medium, is widely used in environmental microbiology
and has been applied with some success to the gut ecosystem (Krumholz and
Bryant, 1986a, b; Russell, Stroebel and Chen, 1988). A serious criticism of
the technique is that it gives no information on the numerical importance of
the bacteria isolated and it must be combined with the Most Probable
Number (MPN) dilution enumeration procedure to provide a quantitative
estimate of numbers and their confidence limits.

Although estimates of microbial number rely on culture techniques,
microscopic examination is a most useful technique for evaluating the
efficacy of other enumeration approaches. The combination of microscopy
with specific phylogenetic stains or fluorescent antibodies enables bacteria to
be specifically detected and enumerated in mixed populations (see section
describing fluorescence in sifu hybridization (FISH) in molecular
techniques). A few bacteria, such as spirochetes and Oscillospira, can be
recognized by their unique morphology, but most rods and cocci remain
anonymous. Chemical estimation of the mass of bacteria is possible, but also
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has numerous limitations. Microbial ecologists generally use two methods to
quantitate the bacteria present in intestinal samples: the total microscopic
count and the total viable count of the numerically dominant groups of
bacteria made from serial dilutions of the homogenized sample. The total
viable count made on a non-selective solid (agar-based) medium estimates
the number of colony forming units (cfu) per gram of faeces or other unit.
Since each colony can vary from one cell to a clump or chain of cells it is
important to count microscopically in the same way. Comparison of the
results using the two methods normally produces the finding that the total
viable count is less than the total microscopic count. In the past this was
attributed to a large proportion of dead bacteria in the sample. However, this
is more likely to be due to an inability to culture the majority of bacteria
present. Estimates of the proportion of culturable bacteria in intestinal

samples vary from 5-50 percent, but are more likely to be in the range of 5—

10 percent. Currently Live/Dead staining kits are commercially available

(Molecular Probes, Oregon) and should be a standard component of

ecological analyses. With the ability to automate cell counting using specific

cell staining procedures, this approach is an essential component of intestinal
microbial ecology.
In future, cultivation efforts will intensify with increased attention to:

— the cultivation of previously uncultured bacteria by recreating the
chemical environment in their natural setting, resulting in the ability to
isolate synergistic cultures, that are unable to grow alone but when in co-
culture provide synergistic nutrients or signalling molecules essential for
growth of the other partner;

— reduction in carbohydrate/substrate concentrations in medium
formulations and longer incubation times to enable slow growing but
ecologically and physiologically relevant bacteria that are not fast
growers to compete in culture,

— the use of extinction dilution procedures to determine the most abundant
bacteria; and

— combining cultivation with molecular approaches, e.g. the use of
DGGE/TGGE, to improve isolation and resolution of mixed or
synergistic enrichment cultures.

3. TECHNIQUES USED IN MOLECULAR
MICROBIAL ECOLOGY

The introduction of genetic-based technologies, and in particular those
relating to 16S rRNA typing, are rapidly replacing conventional detection
and enumeration methods in studies of the mammalian intestinal tract
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(Tannock, 1999, 2001). The use of ribosomal sequences for classification of
micro-organisms in the environment is favoured by several critical attributes.
The first is their universal distribution among all cellular forms of life in
high copy number. The second is that their essential function in all microbes
translates into very slow genetic evolution resulting in high conservation of
sequences coding for rRNA. Importantly, the mutation rate of rRNAs
corresponds with evolutionary divergence of micro-organisms. Identification
and enumeration are basic prerequisites for ecological studies and it is now
acknowledged that the most desirable classification scheme should reflect
natural evolutionary relationships (Pace, 1997; Woese, 1987). Ribosomal
RNA molecules consist of alternating conserved and variable domains
making them highly suitable for detection and identification of microbial
species and ideal targets for specific DNA probes. By aligning the
appropriate  16S rRNA sequences, genus-specific and species-specific
sequences can be identified, allowing simultaneous detection and
classification. Comparative sequencing of the 16S rRNA molecule has
become the most commonly used measure of microbial diversity in the
environment (Head, Saunders and Pickup, 1998). The 5S rRNA used in
initial studies is rather small (300 nt), giving limited information, while the
16S rRNA, consisting of approximately 1500 nt, provides a large amount of
information for phylogenetic inference and is a reasonable size for
sequencing. The 23S rRNA (3000 nt) offers substantially more information
but requires more sequencing. Thus 16S rRNA has become the established
reference and gold standard.

Inferring species identity from genetic data is not without difficulty.
Currently identity based on rRNA classification schemes uses <97 percent
sequence similarity with any known organism in the database as the rule of
thumb for describing a new species. However, in practice, it is more
complex. The species concept is receiving considerable attention and the
generation of complete genome sequences for prokaryotes of different
descent is providing evidence that horizontal gene transfer may be an
important factor in bacterial adaptation and speciation (Doolittle, 1999;
Woese, 2002). Nevertheless, the state of the art is well founded in the use of
rRNA as a phylogenetic marker. Potential uses and limitations of various
methods for analysis of complex microbial communities are presented in
Tables 1 and 2 (Zoetendal et al., 2004).
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Table 1. A summary of molecular techniques used to study complex microbial ecosystems.

Methods

Uses

Limitations

Cultivation
16S rDNA sequencing

DGGE/TGGE/TTGE

T-RFLP

SSCP

FISH

Dot-blot hybridization

Quantitative PCR
Diversity micro-arrays

Non-16S rRNA profiling

Isolation; traditional approach.
Phylogenetic identification.

Monitoring of community or
population shifts; rapid
comparative analysis.
Monitoring of community shifts;
rapid comparative analysis; very
sensitive; potential for high
throughput.

Monitoring of community or
population shifts; rapid
comparative analysis.

Detection; enumeration;
comparative analysis possible
with automation.

Detection; estimates relative
abundance.

Detection; estimates relative
abundance.

Detection; estimates relative
abundance.

Monitoring of community shifts;
rapid comparative analysis.

Not representative; slow and
laborious.

Laborious; subject to PCR
biases.

Subject to PCR biases; semi-
quantitative; identification
requires clone library.
Subject to PCR biases; semi-
quantitative; identification
requires clone library.

Subject to PCR biases; semi-
quantitative; identification
requires clone library.
Requires sequence
information; laborious at
species level.

Requires sequence
information; laborious at
species level.

Laborious.

In early stages of
development; expensive.
Identification requires
additional 16S rRNA-based
approaches.

Table 2. Molecular approaches for studying metabolic activities and gene expression in

gastrointestinal microbes.

Target Is Is the identity ~ Can microbes .
Approach cultivation of the target be identified Main purpose
molecule . . .
required?  gene required?  directly?
BAC vector  Genomic No No No Identify
cloning DNA functional genes.
DNA micro- mRNA No Yes No Obtain tran-
array scriptional
fingerprints.
In situ isotope Labeled Yes No Yes Identify active
tracking biomarkers microbes.
IVET Promoter  Yes Yes Yes Detect induced
regions promoters.
RT-PCR mRNA No Yes No Detect/measure
gene expression.
Subtractive Genomic No No No Recovery of
hybridization DNA unique genes.
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4. DIRECT MOLECULAR DETECTION

4.1 Cell lysis and extraction of nucleic acids

Although molecular techniques promise a fuller and more accurate
description of the true diversity, structure and dynamics of complex
microbial communities than the present culturing studies, each technique
suffers from its own experimental bias and selectivity. The first of these
biases is selective nucleic acid extraction. Extraction procedure and protocol
is dictated by the application or fingerprinting technique for the isolated
DNA. When investigating whole communities a reliable method for
extraction and purification of DNA or RNA, or both, from the sample is one
of the most critical steps, since all further analyses assume complete and
representative presence of accessible nucleic acids. Since not all microbial
cells are lysed with equal ease, numerous protocols have been reported for
nucleic acid extraction from faecal samples involving enzymatic, chemical
and mechanical breaking or disruption of cells. Recently, the more preferred
methods involve disruption by bead beating in combination with other
treatments (Dore ef al., 1998; Simpson et al., 1999; Zoetendal, Akkermans
and de Vos, 1998). Optimization of the extraction procedure compatible with
the fingerprinting technique applied will obviously provide more confidence
in the final results.

4.2 Cloning and sequencing of 16S rRNA and rDNA
genes

Ribosomal RNA sequences can be obtained either directly from rRNA or
from the encoding genes located at various positions in the genome, i.e.
rDNA. In practice, sequences of 16S rDNAs are determined by creating
rDNA clone libraries rather than rRNA libraries, for several reasons. Full-
length 16S rDNA can be amplified either directly, or after reverse
transcription of rRNA, with a set of primers binding to conserved regions of
the 16 rDNA. Although this is a routine method for pure cultures, several
problems can arise when these techniques are applied to environmental
community analysis. These have been reviewed by von Wintzingerode,
Gobel and Stackebrandt (1997) and are listed below:

1. Inhibition of polymerase chain reaction (PCR) amplification by co-
extracted substances particularly humic acids or humic substances that
strongly inhibit DNA modifying enzymes.
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2. Differential PCR amplification of the DNA template from a complex
community based on differing abundance of template as well as
hybridization and extension efficiency.

3. Formation of artefactual PCR products, such as chimeric molecules,
deletion and point mutations.

4. Contaminating DNA, containing the specific target sequence for the PCR
reaction involved, leading to amplification in negative controls without
added template.

5. 16S rRNA sequence variations due to 7#n operon heterogeneity that can
interfere with the analysis of 16S rDNA clone libraries or gel
electrophoresis patterns.

The effect of the number of PCR cycles (10 versus 25 cycles) on the
inferred structure of the 16S rDNA library was examined by Bonnet et al.
(2002). Coverage-based computing, projections and statistical analysis
demonstrated that the structures of the two PCR-derived libraries were
different and that the 25-cycle rDNA library displayed reduced diversity.
Clearly, the number of PCR cycles used for amplification of 16S rDNA
genes for phylogenetic diversity studies must be kept as small as possible.

The reverse transcription-polymerase chain reaction (RT-PCR), which
converts rRNA into rDNA, is sensitive, requiring high quality template. The
1500 nt size of 16S rRNA, the presence of post-transcriptionally modified
ribonucleotides, or processing resulting in fragmentation, can limit the
efficiency of the RT reaction, resulting in premature termination of the
transcription (Vaughan et al., 2000).

Several programs are available for determining sequence similarity. A
comprehensive sequence data set, currently >90,000 small subunit rRNA
entries, is available in accessible databases such as GenBank, European
Molecular Biology Laboratory (EMBL), Ribosomal Database Project (RDP)
(Maidak et al., 1999), and ARB (Strunk and Ludwig, 1995). The last two
databases are maintained by specialists and provide services such as
alignment of newly submitted sequences, probe check, chimera tests and
phylogenetic information (Ludwig ef al., 1998).

The number of culture-independent studies performed on human faeces is
very limited but demonstrates our limited understanding of bacterial
diversity. A pioneering study by Wilson and Blittchington (1996) showed
that about 41 percent of all cloned material was not represented by any
clonal sequence obtained and only 31 percent of the sequenced colony
isolates corresponded with any known species in the databases. The most
thorough direct analysis of 16S rDNA clone libraries to date has been
generated by the French group (Suau ef al., 1999). Their results show that
three phylogenetic groups, namely Bacteroides, Clostridium coccoides and
C. leptum, constituted 95 percent of the clones. Comparative sequence
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analysis again indicated that only 24 percent of the clones corresponded to
described species in databases. Thus the vast majority of bacteria in the
human intestinal tract have eluded scientific description and our knowledge
concerning bacterial diversity is superficial and inadequate. On completion
of the review, the same conclusion will be reached concerning the bacterial
populations that inhabit the intestinal tract of production animals, except that
our knowledge is even more superficial and limited.

5. MOLECULAR FINGERPRINTING METHODS
FOR MICROBIAL COMMUNITIES

It is worthwhile to consider that only some 30 species make up the bulk
of the bacterial population in human faeces at any one time, based on the
classical cultivation-based approach (Finegold, Attebury and Sutter, 1974;
(Moore, and Holdeman, 1974). Thus, it is practical to focus on specific
groups of interest within the complex community. These may be the
predominant or most active species, specific physiological groups or readily
identifiable (genetic) clusters of phylogenetically-related organisms. Several
16S rDNA fingerprinting techniques can be invaluable for selecting and
monitoring sequences or phylogenetic groups of interest, and are described
below.

Over the past few decades considerable attention has been focused on the
identification of pure cultures of microbes on the basis of genetic
polymorphisms of DNA encoding rRNA, such as ribotyping, amplified
fragment length polymorphism (AFLP), and randomly amplified
polymorphic DNA (RAPD) (O’Sullivan, 1999). However, many of these
methods require prior cultivation and are less suitable for use in analysis of
complex mixed populations, although important in describing cultivated
microbial diversity in molecular terms. Much less attention was given to
molecular characterization of complex communities. In particular, research
into diversity and community structure over time has been revolutionized by
the advent of molecular fingerprinting techniques for complex communities
(Muyzer, 1999). DGGE/TGGE methods have been successfully applied to
the analysis of human (Zoetendal, Akkermans and de Vos, 1998; Zoetendal
et al., 2001, 2002), pig (Simpson et al., 1999, 2000), cattle (Kocherginskaya,
Aminov and White, 2001), dog (Simpson et al., 2002) and rodent
(Deplancke et al., 2000; McCracken et al., 2001) intestinal populations.
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5.1 DGGE/TGGE

DGGE is a genetic fingerprinting technique that enables separation of
double stranded DNA fragments up to 500 bp in length, utilizing either a
denaturing or a temperature gradient gel (Muyzer, 1999; Muyzer et al.,
1998). Separation of similar length PCR amplified fragments is achieved by
denaturation within discrete melting domains, which results in characteristic
banding patterns from PCR product mixtures. Increased resolution of
banding patterns is achieved through addition of a GC clamp during PCR
amplification (Muyzer ef al., 1998). In principle, DGGE can be used for
analysis of PCR-amplified ribosomal genes, or functional genes, from mixed
microbial communities. For studies on microbial diversity and ecology, or
community structure and dynamics, the 16S rDNA is particularly useful due
to its mosaic structure comprising highly conserved and hypervariable
regions. The application of mixed PCR product to a DGGE gel results in a
pattern of bands that corresponds with the predominant species or
assemblages (phylotypes) of the microbial community under study.
Individual bands, separated by DGGE, can also be identified by direct
cloning and sequencing, or by hybridization with group or genus specific
DNA probes. This technique is widely used in molecular microbial ecology
and has been successfully applied in the authors’ laboratory to analyse
intestinal and faecal bacterial banding profiles of pigs, rodents and dogs
(Deplancke et al., 2000; Simpson et al., 1999, 2000, 2002). Improvements
from these studies are optimization of DNA extraction from faecal samples,
inclusion of standard DNA fragments from known gut bacteria, which allow
more precise gel analysis and between-gel comparisons, as well as image
capture and analysis. These improvements have enabled the description of
temporal and spatial changes in bacterial populations as a result of diet,
dosing of exogenous probiotic bacteria and antibiotic therapy. Importantly,
this has demonstrated that each individual animal has a unique but stable and
repeatable banding pattern over time. This technique is less labour intensive
and biased than traditional cloning and enables rapid estimation of microbial
diversity.

Other applications of this technique include identifying 16S rDNA
sequence heterogeneity (Nubel et al., 1996); the study of gene diversity,
such as tetracycline genes (Aminov, Garrigues-Jeanjean and Mackie, 2001;
Aminov et al., 2002); monitoring specific physiological groups; monitoring
enrichment; and facilitating isolation (Muyzer, 1999). Similarity indices
need to be calculated using numerical methods such as the Shannon-Weaver
index (Nubel ef al., 1999; Zoetendal et al., 2001) and other indices (Simpson
et al., 1999, 2000, 2002). These indices result in a more objective approach
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to analysing the effect of location, diet or supplementation on gut microbial
populations.

5.2 Quantitative Real Time (RT)-PCR of 16S rRNA

Although PCR is the most sensitive technique for detecting sequences
that are present in very low concentrations in the environment, many factors
can influence the amplification reaction, resulting in misleading results even
from quantitative PCR (Vaughan et al., 2000; von Wintzingerode, Gobel
and Stackebrandt, 1997). Moreover, the copy number of 16S rRNA genes
per genome can vary considerably depending on species and thus
competitive PCR procedures with internal standards for 16S rDNA
amplification will not accurately reflect bacterial cell numbers or ratios of
nucleic acids, but nevertheless give a good estimate.

6. USE OF DNA PROBES BASED ON rRNA
SEQUENCES

6.1 Dot blot hybridization

This technique is useful to measure the amount of a specific 16S rRNA in
a mixture relative to the total amount of rRNA. In brief, total RNA is
isolated from the sample, bound to a filter using a dot or slot blot manifold
device, and hybridized with labelled oligonucleotide probe(s). The amount
of label bound to the filter is a measure of the amount of specific rRNA
target present, and the relative amount of rRNA may be estimated by
dividing the amount of specific probe by the amount of labelled universal
probe hybridized under the same conditions. However, the relative amount
of rRNA sequence does not reflect the true abundance of the microbe since
cells of different species have different ribosome contents and the number of
ribosomes within one strain can vary with growth phase. Nevertheless, the
relative quantity of rRNA provides a reasonable measure of the relative
physiological activity of a specific population. This technique is the most
widely used and reliable method for quantitating microbial populations in
the intestinal tract of humans and animals (Raskin ez al., 1997).

6.2 Fluorescence in situ hybridization (FISH)

This method combines the power of molecular techniques with
epiflourescent light microscopy (or Confocal Laser Microscopy) for direct
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visualization of individual cells (i.e. phylogenetic stain) and can be used to
determine the relative importance of specific groups or genera detected by
cultivation-based and molecular methods. This method can be used to
determine if a species, group or cloned sequences indeed comprise a
significant part of the original natural community (Amann, Ludwig and
Schleifer, 1995). In contrast to most molecular techniques, whole cell
fluorescence in  situ  hybridization (FISH) with rRNA-targeted
oligonucleotide probes is quantitative on an individual cell basis. Ultimately
enumeration of species in the intestinal tract is best addressed using this
approach. This technique has become widely used to enumerate various
phylogenetic groups that constitute the microbial population of humans
(Franks et al., 1998; Harmsen et al., 1999, 2002; Welling et al., 1997). To
facilitate enumeration, FISH has been automated and combined with image
analysis that is analysed by computer software programs. FISH enables
microbial ecologists to address five ecological themes simultaneously:

(1) to identify subpopulations in natural systems and to locate their niche;

(i1) to obtain information on community structure by using sets of probes;

(iii) to bypass cultivation problems;

(iv) to determine in situ cellular rRNA content and “metabolic fitness”;

and
(v) to accurately enumerate defined cell populations (Vaughan et al.,
2000).
The lowest level of detection at present is 10° cells per gram of faeces.

6.3 Flow cytometry

FISH enumeration methods rely on membrane filter/epifluorescence
microscopy and thus flow cytometry may be a more promising enumeration
technique. Flow cytometry has several advantages over image cytometry
(microscopy), including speed and automation. Several studies have
demonstrated the use of flow cytometry in association with FISH, and the
general conclusion is that this combination is a very powerful tool for the
rapid and automated analysis of mixed microbial communities (Davey and
Kell, 1996). The feasibility of this technique has been reported for
enumeration of bacterial species in the human gut where bifidobacteria were
enumerated with good precision in comparison with microscopic counts
(Vaughan et al., 2000).

Direct detection of low numbers of specific bacteria is impeded by high
background populations (10'® — 10'") of other bacteria in faecal samples.
Currently, subpopulations constituting at least 0.2—1.0 percent of the total
population (>2x10® per gram) can be detected. Several species of intestinal
microbiota, specifically facultative anaerobes and dosed probiotic bacteria,
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are well below this level and other specific techniques must be used to
enumerate these bacteria. Metabolic parameters such as live/dead can be
analysed cytometrically (Davey and Kell, 1996). In order to allow
simultaneous detection of several taxa in one sample, multi-parameter
processing of samples is required but available and affordable flow
cytometers can only excite up to three fluorochromes simultaneously. Thus,
the potential for flow cytometry in combination with FISH as a quantitative
method for analysing microbial ecology of the intestinal tract still remains to
be evaluated.

7. FUTURE PERSPECTIVES

7.1 Advances in probe and primer technology

Denatured DNA used in dot blots, cell blots or PCR reactions allows easy
hybridization with probes and primers, regardless of the hybridization site
within the target molecule. However, accessibility of the 16S rRNA in its
native form to fluorescently labelled probes varies for different regions of
the molecule and different bacteria, due to higher order structure of the
native ribosome and the 16S rRNA molecule. Very small (3 bp) shifts in
choice of binding site could increase effective fluorescence by a factor of 8.

One of the latest developments in PCR product detection is DNA probes
called “molecular beacons”, which fluoresce only on hybridization with their
target sequence (Tyagi and Kramer, 1996). The molecular beacon has a
stem-loop structure that positions the fluor and quench in close proximity
and uses Fluorescence Resonance Energy Transfer (FRET) to suppress
fluorescence. The technique is solution-based and on hybridization to target
the molecular beacon linearizes and a fluorescence signal is generated that is
proportional to the amount of target nucleic acid. At present, the application
of molecular beacon technology based on phylogenetically-designed beacons
is limited by a lack of understanding of the mechanism of different aspects
of FISH staining, secondary structure interactions and high background
fluorescence based on destabilization of the secondary structure of the
beacon by nucleic acid and protein interactions.

Another advance in probe technology is the development of peptide-
nucleic acid (PNA) probes (Nielsen, 1999; Stender et al., 2002). These
uncharged peptide nucleic acids exhibit much higher target specificity, as
well as higher hybridization rates. The chemistry permits a higher level of
hydrogen-bonding between probe and target; as a consequence, PNA probes
can be shorter (8—15 nt) than conventional nucleotide probes (15-30 nt).
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Although primer extension is not possible with PNA, PNA-DNA chimeras
have recently been reported that would support PCR applications.

7.2  High-throughput and DNA array technology

The emergence of genomics as a new field of scientific endeavour has re-
emphasized the need for rapid and cost-effective molecular biological
technologies (Ball, and Trevors, 2002). The concept is to use
microfabricated systems using a minimum of reactants that facilitate fully
automated massive parallel analyses without a complete supporting
laboratory. For example, microlithographic etching of silicon surfaces allows
creation of miniaturized fluidic systems in which biomolecules can be
mixed, reacted, separated and detected in much the same way as the classical
laboratory but on a micro scale. By combining such components on a single
chip with a temperature cycling microsystem, PCR amplification and
detection of specific DNA can be carried out rapidly. The major advantages
of such microfluidic systems will be speed of analysis for tens to thousands
of samples (e.g. sequencing or restriction endonuclease (RE) mapping), and
the possibility of performing experiments in the field.

Another development is that of DNA micro-arrays, also called biochips,
gene chips or DNA chips. DNA micro-arrays are basically glass surfaces
spotted with arrays of numerous covalently linked DNA fragments that are
available for hybridization. Current applications include monitoring
expression of the arrayed genes in mRNA species of growing cells
(transcriptional profiling) or detecting DNA sequence polymorphisms or
mutations in genomic DNA. Attempts to generate DNA micro-arrays for
application to gut ecosystems are in progress (Leser et al., 2002; Wilson et
al., 2002). The potential of micro-array technology in microbial ecology
studies was demonstrated using microchips containing oligonucleotides
complementary to 16S rRNA sequences of nitrifying bacteria that could
detect and identify the DNA or RNA isolated from samples containing the
target bacteria (Guschin et al., 1997).

7.3 Genomic analysis

High throughput DNA sequencing now offers the potential to obtain a
complete blueprint for the lifestyle of a specific microbe, and to assess its
genetic potential using comparative and functional genomics approaches.
The North American Consortium for Genomics of Fibrolytic Ruminal
Bacteria was established in 2000 to promote the sequencing of rumen
bacterial genomes, with a central focus on ruminal fibre degradation. The
genomes of Fibrobacter succinogenes S85 and Ruminococcus albus 8 will
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both be sequenced to closure, and the draft sequence for these bacteria has
been searchable via The Institute for Genomics Research (TIGR)’s
unfinished genomes Web site (www.tigr.org) since July 2001. A project to
sequence the genome of Prevotella ruminicola strain 23 to approximately 8x
coverage has also been started. At the time of writing, there were only a few
physical sequencing gaps remaining in the F. succinogenes genome, and
annotation was in progress (Nelson et al., 2002), while the R. albus project
had reached the final stages of random (draft) sequencing.

Despite the unequivocal value associated with whole genome
sequencing, it is still cost-prohibitive for many investigators to obtain a
similar degree of sequence data for multiple strains of the same microbe, or
for related species. Subtractive hybridization (SH) can be used as a means to
recover “unique” genomic information from other strains of Ruminococcus
spp. and F. succinogenes. Using these methods, Antonopoulos et al. (2004)
have generated a set of 384 clones that are unique to R. flavefaciens FD-1
with respect to R. flavefaciens JM1. These results demonstrate how SH can
broaden the scope of functional and comparative genomics in a cost-
effective manner, and will facilitate the examination of gene diversity and
genome plasticity among closely related ruminal microbes. These methods
might also help elucidate which gene(s), as well as other ecological or
physiological process(es), are rate-limiting to fibre degradation. By doing so,
some of the major “informational” constraints to improving ruminal fibre
degradation may ultimately be alleviated, and hypothesis-driven rather than
empirical experimental designs will be employed.

7.4 Metagenomic analysis

Cloning large fragments of DNA isolated directly from microbes in
natural environments provides a method to access metagenomic DNA. This
approach is based on the use of a powerful genomics tool, the Bacterial
Artificial Chromosome (BAC). BAC technology has been applied in a
limited way to prokaryotic genomics but has recently been used to study
Bacillus cereus and the soil metagenome (Beja er al., 2000; Rondon,
Goodman and Handelsman, 1999; Rondon et al., 2000). BACs can be used
to clone complex loci such as biosynthetic pathways, secretion systems and
pathogenicity islands, because the average insert size is usually circa 100 kb
and because the genes for many bacterial pathways are clustered in the
genome. Also, because BAC inserts are large, a relatively small number of
clones is required to provide complete coverage of the metagenome,
reducing the amount of work required to screen a BAC library. Bacterial
BAC libraries can be used to detect gene expression from poorly studied,
difficult to manipulate or uncultured isolates. Thus BAC libraries can serve
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to archive DNA for genomics purposes and can also be used to analyse gene
expression as the first step in functional genomics analysis. Importantly, the
metagenomic approach enables us to link phylogenetic and functional
diversity in the intestinal metagenome of production animals. Several
laboratories have initiated studies using this BAC technology.

BAC vectors support the cloning of large DNA inserts (>100 kb) and,
combined with their low copy number and the stability of insert DNA, offer
new opportunities to conduct a meta-analysis of diversity and metabolic
potential in virtually any microbial community. Rondon et a/l. (2000) and
Beja et al. (2000) successfully constructed BAC libraries of soil and marine
environmental DNA, respectively, and they assessed the diversity and
metabolic potential recovered in these metagenomic libraries. Such efforts
have raised expectations associated with the analysis of microbial
communities, to move beyond 16S rRNA-based approaches, and integrate a
more functional assessment of the metabolic and degradative potential
maintained in microbial communities. Subsequently, a number of initiatives
to construct and end-sequence BAC libraries are now underway. Hopefully,
these efforts will include rumen and other intestinal microbial consortia.

In conclusion, (gen)omics technologies now provide microbiologists with
their best opportunity for a complete or global analysis of the molecular
mechanisms involved in bacterial metabolism and regulation from both a
comparative and functional perspective.

8. CONCLUSIONS

This paper can be considered unusual in the present day since it began
with an overview of the classical anaerobic cultivation techniques that
provide the foundation for our understanding of microbial ecology,
physiology and metabolism in gastrointestinal ecosystem. This was followed
by a description of the techniques, with some background, and highlighted
the tremendous potential, as well as the limitations, of the application of
molecular biology to the study of gut microbiology and ecology. It is clear
that these modern molecular techniques will not simply result in a
refinement of our understanding of the gut microbial ecosystem but will
provide the first complete description. The use of nucleic acid probes for
specific micro-organisms (rRNA) their genes (rDNA and DNA) and their
expression (mRNA) will enable gut microbial ecologists to determine the
exact role or function a specific organism has in the gut ecosystem and its
quantitative contribution to the whole process — the ultimate goal of the
microbial ecologist. This will require a combination of established
conventional as well as modern and emerging molecular techniques, which
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will enable us to elevate this research area into experimental science with the
emphasis on hypothesis testing and experimental rigour rather than a
descriptive science. Also, with the advent of these techniques based on
comparative sequence comparisons it is possible to link ecology and
evolution, which was not possible previously, since we have no continuous
fossil record or evolutionary history.

The gastrointestinal microbiota can be considered as the most
metabolically adaptable and rapidly renewable organ of the body — one that
plays a vital role in the normal nutritional, physiological and immunological
functions of the host animal. Microbial ecology is defined as the study of
microbial life and its interactions with its surrounding biotic and abiotic
environment. Although modern molecular techniques have significant
advantages over classical cultivation techniques, it is worth remembering
that microbial ecology is the study of life, and not of techniques. The
emphasis and focus should therefore be more on the study of ecology and
less on molecular techniques.

Thus studies on gastrointestinal microbial ecology should focus on:

— diversity (i.e. fingerprinting techniques),
— community structure (i.e. quantitative membrane hybridization and

FISH),

— function (i.e. physiology and biochemistry), and
— interactions with the host.
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GENE-BASED VACCINE DEVELOPMENT FOR
IMPROVING ANIMAL PRODUCTION IN

DEVELOPING COUNTRIES
Possibilities and constraints

J.R. Egerton
Faculty of Veterinary Science, University of Sydney, Camden, Australia

Abstract: For vaccine production, recombinant antigens must be protective. Identifying
protective antigens or candidate antigens is an essential precursor to vaccine
development. Even when a protective antigen has been identified, cloning of
its gene does not lead directly to vaccine development. The fimbrial protein of
Dichelobacter nodosus, the agent of foot-rot in ruminants, was known to be
protective. Recombinant vaccines against this infection are ineffective if
expressed protein subunits are not assembled as mature fimbriae. Antigenic
competition between different, but closely related, recombinant antigens
limited the use of multivalent vaccines based on this technology.

Recombinant antigens may need adjuvants to enhance response. DNA
vaccines, potentiated with genes for different cytokines, may replace the need
for aggressive adjuvants, and especially where cellular immunity is essential
for protection. The expression of antigens from animal pathogens in plants and
the demonstration of some immunity to a disease like rinderpest after ingestion
of these, suggests an alternative approach to vaccination by injection.

Research on disease pathogenesis and the identification of candidate antigens
is specific to the disease agent. The definition of expression systems and the
formulation of a vaccine for each disease must be followed by research to
establish safety and efficacy. Where vaccines are based on unique gene
sequences, the intellectual property is likely to be protected by patent.
Organizations, licensed to produce recombinant vaccines, expect to recover
their costs and to make a profit. The consequence is that genetically-derived
vaccines are expensive.

The capacity of vaccines to help animal owners of poorer countries depends
not only on quality and cost but also on the veterinary infrastructure where
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they are used. Ensuring the existence of an effective animal health
infrastructure in developing countries is as great a challenge for the developed
world as providing the next generation of vaccines.

1. INTRODUCTION

The human population has doubled in the last half century, due mainly to
the success of public health programmes based on antimicrobial treatment
of, and immunization against, infectious diseases (Bloom and Widdus,
1998). However increased human populations exert pressure on the
availability of land for animal production. Thus a consequence of population
pressure can be land shortage, poorer nutrition of animals and an increased
impact of their infectious and parasitic diseases. In developed countries,
where there is less likely to be overpopulation, production-limiting animal
diseases are managed by a combination of immunization, therapy and
change in production systems. The costs of these are recognized as part of
the business of farming. Furthermore, profits from commercial farming can
be invested in professional advice and the trial of new products.

Where animals are a component of a subsistence agricultural system,
however, it is unlikely that owners will have the money to buy vaccines and
drugs. It is less likely, also, that these people will have access to advice on
animal health and animal husbandry, and the optimal application of those
products.

In the case of many endemic, production-limiting diseases, like
helminthiasis and acariasis, there continues to be reliance on drugs, for either
treatment or prevention: no vaccines exist other than for the lungworm,
Dictyocaulus viviparus, in sheep. The use of drugs introduces the potential
for persistence of harmful residues in human food, market restriction,
damage to the environment and the recurrent problem of development of
resistance in target organisms. The cost of these drugs restricts their use by
owners of animals in the developing world.

There are limits to the efficacy of many of the vaccines currently
available. The relative failure of some of these has been due to low potency,
short duration of immunity, the need for multiple doses and aggressive
adjuvants, and cost. In the case of vaccines based on live, attenuated
organisms, there has been continuing concern about inadequate attenuation,
reversion to virulence or the persistence of infection in the absence of
clinical signs of disease in vaccinated animals. Nevertheless, vaccines
currently available have made a major contribution to the control of
epidemic diseases like foot-and-mouth disease (FMD) and rinderpest.
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Gene technology has the potential to correct the deficiencies of existing
animal vaccines and to provide new vaccines where they do not exist. This
paper examines this potential and identifies some prerequisites for achieving
that goal. It is based on experience with development of recombinant DNA
vaccine against foot rot (Dichelobacter nodosus infection) and its application
in developing countries.

2. PREREQUISITES FOR APPLICATION OF GENE
TECHNOLOGY TO VACCINES

2.1 Identification of protective antigens

The empirical approach to vaccinology entailed the use of either whole
culture of organisms, which were delivered as killed preparations, or in an
attenuated form. Cell-free toxoids, e.g. some clostridial vaccines, perhaps
represented an early move towards exploitation of specific components of
micro-organisms. Vaccines based on gene technology, in contrast, require
pre-existing knowledge of the essential protective antigens involved in the
development of resistance. This knowledge can then be applied to the
cloning of the genes responsible and their translation into appropriate
expression systems. Among all the agents of animal disease there are
relatively few where this information is complete. Even where this
information is available, successful cloning may not lead immediately to an
effective product.

Recognition that the fimbrial protein was the principal immunogen of
D. nodosus (Stewart, 1978), the transmitting agent of foot-rot of ruminants,
and its cloning, illustrate this point. Whereas the initial expression host,
Escherichia coli, elaborated subunits of fimbrial protein, it was found that,
although antigenic, they were not protective (Emery, Stewart and Clark,
1984). When the gene responsible was transferred to a fimbrial Type IV
bacterium, Pseudomonas aeruginosa, the subunits were not only expressed
but also assembled as mature fimbriae (Mattick et al., 1987). In this form
the recombinant material was a powerful immunogen (Egerton et al., 1987).
Because the resistance to fimbrial protein is serogroup specific and because
there are at least nine serogroups, recombinant vaccines needed to have
representatives of all serogroups included. As further evidence of the
difficulties that beset vaccine developers, it has been realized (Raadsma et
al., 1994) that antigenic competition between the different components of
the multi-serogroup mix limits the extent and duration of antibody response
to each component.
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In virus diseases like FMD and blue tongue, where multiple serogroups
exist and where immunity is also serogroup specific, it can be anticipated
that similar problems will be encountered in the preparation of fully effective
multivalent vaccines. It has already been shown that subunit vaccines based
on the VP1 protein and other components of FMD do not stimulate full
immunity in the face of homologous challenge (Taboga, 1997; Beard, 1999;
Brown, 2003).

Much loss of animal production is due to metazoan parasites like
helminths and acarids. Earlier reports of the identification of immunogenic
proteins from nematode worms (Jasmer and McGuire, 1997; Schallig, Van
Leeuwen and Cornellissen, 1997) and the cloning of their genes, has not
resulted in a commercial product. Immunity to intestinal nematodes of
ruminants includes cell-mediated components, and the stimulation of these,
together with adequate levels of antibodies to structural and secretory
proteins, appear necessary for effective vaccination (Smith, 1999).

A novel approach was used in the development of a vaccine to control
Boophilus microplus, a tick that causes chronic losses in tropical and
subtropical countries through its blood engorgement and irritation of the
host. Furthermore, it transmits serious protozoan parasites. A so-called
“hidden” antigen, the protein BP86, isolated from the gut mucosa of ticks,
was found to stimulate antibodies lethal for tick larvae when used to
immunize cattle (Willadsen, 1992). The genes responsible were used to
express the protein in a yeast host. That protein and more recently
recognized ones, with an appropriate adjuvant, confer a satisfactory,
although incomplete resistance in vaccinated cattle (Garcia-Garcia et al.,
1998). The availability of commercial, recombinant vaccines against cattle
ticks is a rare realization of the potential of gene technology.

Many successful conventional vaccines were developed before the
recognition of the role of cellular immunity in resistance to disease. The
detailed understanding of cellular immune responses and how these can be
modified by natural and cloned immunomodulators will inevitably improve
the formulation of the next generation of vaccines. The challenge now is to
establish, for each disease whether both humoral and cellular responses are
essential for the resistance of each host species to its specific diseases. Next
there is a need to discover antigens convertible to recombinant products that
stimulate the optimum immune responses. Accurate methods for measuring
these responses in vitro will be an essential component of this research.
Therefore the identification of candidate antigens, to be cloned and produced
as immunogens, implies a detailed understanding of the complete
pathogenesis of the diseases associated with individual causal agents. This
represents a major departure from the original empirical approach to
vaccinology.
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All the techniques of molecular biology — genome sequencing;
promotion, ablation or inactivation of candidate genes; virulence testing of
genetically transformed agents; polymerase chain reaction (PCR)
enhancement of putative sequences; micro-arrays — are available and
together with proteomics are being applied for many of the agents of animal
disease. It is now possible to select candidate vaccine antigens by mining the
genome sequence of pathogens (Ariel et al, 2003). Encouraging results
continue to emerge. However, because the research is specific to each
disease, and funding, when available, is finite, progress is necessarily slow
and expensive. Proof of vaccine efficacy may be the rate-limiting step in the
future, requiring suitable experimental models of infection and considerable
resources and time.

2.2 Selection of expression system

Many options are available experimentally but the system selected for
vaccine production will be governed by knowledge of the pathogenesis of
the disease against which the final vaccine is directed. Where resistance is
based on humoral immunity, expression and harvesting of the antigen from
easily grown bacterial or yeast cultures may be the method of choice. The
important issue is to ensure that the recombinant product is immunogenic in
small doses, preferably without the need for tissue-damaging adjuvants.
When resistance depends in part or whole on cellular immunity, recombinant
products may need to be incorporated into attenuated organisms for
presentation to the host.

Living vaccines, recombinant or otherwise, have several advantages.
Avirulent viruses, which replicate sufficiently to generate an immune
response are being investigated as vehicles for one or more recombinant
antigens (Pastoret et al., 1988; Romero et al., 1993). They often need only
one dose and there is the potential for their administration other than by
injection. There are disadvantages with living vaccines: a perceived potential
to revert to virulence; the possibility of their containing other, masked,
agents derived from cell culture lines; and a lack of robustness under field
conditions.

DNA vaccines have been shown to stimulate cellular immunity and they
overcome real and perceived concerns about using viable, attenuated
organisms (Lai and Bennett, 1988; Dufour, 2001). Experimental DNA
vaccines directed against components of Mycobacterium bovis have been
shown to stimulate cellular immunity but do not induce sensitivity to
tuberculin (Vordermeier, 2000). Evidence that simultaneous incorporation of
cytokine genes with DNA vaccines can enhance immune responses of sheep
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(Scheerlinck, 2002) suggests a method for removing the need for aggressive
adjuvants.

2.3 Adjuvants

Experience with conventional vaccines is that, other than when delivered
in a replicating organism, inoculated immunogens are unlikely to provoke
long-term resistance. They require enhancement by adjuvants (Stewart-Tull,
2003). All empirically derived adjuvants result in some degree of irritation
and exaggerated host response, both at the site of inoculation and more
generally within the immune system. At present, the efficacy of many
vaccines is dependent on the use of water-in-oil emulsions as adjuvant.
Whereas the tissue damage associated with these may be preferable to the
impact of a disease like haemorrhagic septicaemia, there is a need for more
refined approaches to manipulation of the immune system. Again, increased
understanding of the pathogenesis of diseases, and in particular of the
immune response to them, offers the opportunity to enhance the potency of
vaccines by inclusion of genetic material to stimulate desirable aspects of the
response to individual pathogens (Scheerlinck, 2002; Klavinskis, Hobson
and Woods, 2003). The range of immunomodulators available is extensive
and the role of each in specific disease systems will need to be defined.

2.4 Methods of administration

Traditionally, killed vaccines have been delivered by subcutaneous or
intramuscular injection. There is evidence that intra-dermal and trans-dermal
injections may give superior responses in some instances, but for practical
purposes they are not used. The possibility of iatrogenic transfer of other
diseases is a disadvantage of injection of vaccines in difficult environments.
There are circumstances where administration of vaccines other than by
injection is desirable. Vaccines for the control of respiratory infections may
be more effective if administered intra-nasally or intra-ocularly, such as for
Newcastle Disease of poultry. Control of rabies in wildlife is dependent on
the success of oral administration of vaccines, recombinant or otherwise
(Pastoret et al., 1988).

Application of live vaccines, either natural or genetically engineered,
must result in either local or systemic infection to ensure an immune
response. It is essential therefore that these products are robust enough to
retain their viability in the environments in which they are used. DNA
(plasmid) vaccines, which have a number of potential advantages over live-
agent products, including greater viability at normal environmental
temperatures, also vary in efficacy depending on their route of
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administration (De Rose, 2002; Babiuk, 2003). The gene gun method of
vaccine delivery may enhance immune responsiveness (Lodmell, Ray and
Ewalt, 1998) but in its present form it is unlikely to have practical
application in the developing world.

Expression in plants of immunogens from pathogenic animal viruses like
rinderpest (Carrillo, 1998), and evidence of immunity in animals fed these
plants (Khandelwal, Lakshmi and Shaila, 2003), suggests the attractive
possibility of vaccines being provided to village animals from crops adapted
to and grown locally as a source of both nutrient and immunization.

3. CONSTRAINTS TO APPLICATION OF GENE
TECHNOLOGY

The availability of effective vaccines, whether derived from gene
technology or otherwise, will not lead inevitably to the reduction of animal
disease and enhanced production in developing countries. Many factors will
inhibit this.

3.1 Cost of vaccines

The research necessary to identify candidate antigens, the genes coding
for them, their translation to suitable expression systems, their formulation
and subsequent evaluation for efficacy and safety is expensive. Scientists in
research institutes in the developed world are most likely, at present, to be
the inventors of these new vaccines and they or their institutions will protect
the intellectual property involved by patenting. The commercialization of
these products entails further expense for companies licensed for production
under patent protection. All the costs associated with production, marketing
and distribution of vaccines need to be recouped. Similar difficulties inhibit
the delivery to the third world of vaccines for human diseases (Robbins and
Freeman, 1988).

The outcome is that, unless alternative funding is available to subsidize
their purchase and application, animal owners in developing countries are
unlikely to benefit from gene technology. There is recognition of the need
for aid programmes to assist developing countries in the management of
epidemic diseases like FMD and rinderpest. Collectively, there is much
greater impact on farm animals of the undeveloped world from endemic
diseases like the tick- and fly-borne fevers, helminthiasis, and zoonoses like
tuberculosis and brucellosis. Mechanisms need to be devised and funding
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found to ensure that improved vaccines benefit animals and owners in
developing countries.

3.2 Animal health services

There are few circumstances where vaccination alone can be expected to
resolve a disease problem satisfactorily. A functional national and local
veterinary and para-veterinary infrastructure makes it more likely that there
will be some understanding of the epidemiology, and economic and social
impact, of diseases occurring nationally. Where a veterinary infrastructure
exists, but where resources are limited, it will be easier to establish priorities
for the use of vaccines improved by gene technology, and the role of those
vaccines in the management of individual diseases.

Animal owners at village level need to have confidence in the field staff
of their animal health service. Where this confidence exists, it is more likely
that new products and new approaches to disease management will be
adopted. Unless properly managed, a change as simple as the replacement of
alum-precipitated adjuvant with oil emulsion in a vaccine may not be
acceptable to animal owners.

The existence of an effective field veterinary service is a by-product of
national policy and the priority given to agriculture. Where animal health
policy is directed towards intensification and income generation from the
sale of the product of animals in urban areas, the needs of subsistence
farmers and their animals tend to be overlooked. Consequently, subsistence
agriculture systems, which often include dependence on animals to maintain
soil fertility, to provide draught power, a form of negotiable asset and some
social prestige to their owners, will be decreasingly less able to provide food
for the poor who depend on them.

Animal health programmes, which may include the use of effective
vaccines, depend also on the level of biosecurity that can be achieved for a
nation’s farm animals. These programmes will be compromised if national
boundaries are not secure from threats emanating from other countries with
less stringent standards of animal health. This applies not only to contiguous
national borders in Asia, Africa and South America, but also to distant
countries from which animals might be imported. Along with control and
prevention of disease by vaccination, there is a continuing need for the
development and application of policies and protocols for the exclusion of
unwanted disease and restriction of its transmission.

Systems of animal production that entail a transhumance component
increase the risk of disease transmission within regions, which may include
more than one country. In Nepal, absence of appropriate protocols in the
importation of sheep, their transmission of foot-rot to indigenous sheep and
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goats in one village, and the spread of this disease to 40,000 other animals
during seasonal migration, illustrates this problem (Ghimire and Egerton,
1996). The successful application of rDNA vaccines to the elimination of
this disease has been described (Egerton et al., 2002). The success achieved
in Nepal and subsequently in Bhutan (Gurung, 2002) was due as much to the
quality of the existing veterinary infrastructure as it was to the vaccine.
Although transhumance systems facilitate the spread of disease, they have a
number of benefits. In the hill districts of Nepal, the annual spring—summer
migration of sheep, goats and cattle from the villages to high altitude alpine
pastures allows access to feed that would not otherwise be available.
Meanwhile, the people who remain in the villages grow and harvest crops
from fields previously fertilized by the migrating animals. The by-products
from the grain harvest, which itself provides food for the villagers, are used
as an important element of animal feed during the winter months.

The biggest challenge in reducing the poverty of rural communities
dependent on animals is to promote and support national agricultural policies
that ensure that owners have access to comprehensive advice and support in
the application of community-level disease control programmes. These may
or may not include conventional or recombinant vaccines.

3.3 Social and cultural constraints

The killing of animals is accepted and used as a method of disease
control in many developed countries. Thus whole flock and herd slaughter
would follow the incursion of FMD in countries like Australia, the USA or
the United Kingdom. Major advances have been made in the reduction of
prevalence and even eradication of brucellosis and contagious bovine pleuro-
pneumonia (CBPP) of cattle by a combination of vaccination and subsequent
test and slaughter of reactors identified by wide-scale serological testing.
The test-and-slaughter method, without prior vaccination, has been used
successfully in the eradication of bovine tuberculosis from many national
herds. Killing of animals is generally unacceptable in some communities,
e.g. Bhutan, and, more specifically, the killing of cattle is unacceptable in
Hindu societies. Elsewhere, poor farmers, whose only assets may be a few
farm animals, are understandably reluctant to dispose of diseased animals.
This is especially so when the effects of disease are not obvious and when no
compensation is available. There is thus a compelling need for development
and application of improved vaccines for the management of animal disease
in those societies where the removal of known sources of infection from
flocks and herds is unlikely to be adopted. The need for better vaccines is
especially strong in the case of the major zoonoses — diseases like
tuberculosis, brucellosis and hydatidosis.
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34 Environmental issues

There is continuing debate about the acceptability of genetically modified
crops and food derived from these crops. A similar level of concern about
the safety of genetically engineered vaccines for people and animals’
(Robbins and Freeman, 1988; Traavik, 1999) is based on the perceived threat
of undesirable horizontal transfer of genetic material from vaccines or
vaccine vectors to other species. Providing compelling evidence to meet
these concerns is a major challenge for the scientific community and those
responsible for animal health programmes. Inevitably, providing evidence to
support the safety of recombinant vaccines will add to their cost and
decrease their availability in developing countries.

4. CONCLUSIONS

In theory, scientists using gene technology have great scope to develop
vaccines for the control and perhaps elimination of diseases of animals.
Progress towards these goals must be preceded by extensive research on the
pathogenesis of diseases important in different environments. Vaccines
developed through understanding of disease pathogenesis and the application
of gene technology will be more specific in their action, but are likely to be
much more expensive.

DNA vaccines, having a demonstrated capacity to provoke cellular and
humoral immunity when the appropriate antigens and immunomodulators
are delivered, may replace the need for living vectors or attenuated strains as
vaccine vehicles. The possibility that recombinant crops might provide a
source of edible vaccines against some animal diseases is encouraging.

The application of better animal vaccines will improve the health and
well-being of people in the developing world only where the infrastructure
exists to enable their use by animal owners. The development and
maintenance of that infrastructure is as big a challenge as making better
vaccines.

REFERENCES

Ariel, N., Zvi, K.S., Makarova, E., Chitlaru, E., Elhanany, E., Velan, B., Cohen, S.,
Friedlander, A.M. & Shafferman, A. 2003. Genome-based bioinformatic selection of
chromosomal Bacillus anthracis putative vaccine candidates coupled with proteomic
identification of surface-associated antigens. Infection and Immunity, 71: 4563—4579.



Gene-based vaccine development for improving animal production 209

Babiuk, L.A., Pontarollo, R., Babiuk, S., Loehr, B. & van Drunen Littel-van den Hurk,
S. 2003. Induction of immune responses by DNA vaccines in large animals. Vaccine,
21: 649-658.

Beard, C., Ward, G., Rieder, E., Chinsangaram, J., Grubman, M.J. & Mason, P.W.
1999. Development of DNA vaccines for foot-and-mouth disease, evaluation of vaccines
encoding replicating and non-replicating nucleic acids in swine. Journal of
Biotechnology, 73: 243-249.

Bloom, B.R. & Widdus, R. 1998. Vaccine visions and their global impact. Nature
Medicine, 4: 480—484.

Brown, F. 2003. Use of peptides for immunization against foot-and-mouth disease. Vaccine,
21:3282-3289.

Carrillo, C., Wigdorovitz, A., Oliveros, J.C., Zamorano, P.I., Sadir, A.M., Gémez, N.,
Salinas, J., Escribano, J.M. & Borcal, M.V. 1998. Protective immune response to
foot-and-mouth disease virus with VP1 expressed in transgenic plants. Journal of
Virology, 72: 1688—1690.

De Rose, R., Tennent, J.M., McWaters, P., Chaplin, P.J., Wood, P.R., Kimpton, W.,
Cahill, R. & Scheerlinck, J.P. 2002. Efficacy of DNA vaccination by different routes
of immunisation in sheep. Vaccine, 20: 2603-2610.

Dufour, V. 2001. DNA vaccines: new applications for veterinary medicine. Veferinary
Sciences Tomorrow - Issue 2 - May 2001.

Egerton, J.R., Cox, P.T., Anderson, B.J., Kristo, C., Norman, M. & Mattick, J.S. 1987.
Protection of sheep against foot rot with a recombinant DNA-based fimbrial vaccine.
Veterinary Microbiology, 14:393-409.

Egerton, J.R., Ghimire, S.C., Dhungyel, O.P., Shrestha, H.K., Joshi, H.D., Joshi, B.R.,
Abbott, K.A. & Kristo, C. 2002. Eradication of virulent foot rot from sheep and goats
in an endemic area of Nepal and an evaluation of specific vaccination. Veterinary
Record, 151: 290-295.

Emery, D.L., Stewart, D.J. & Clark, B.L. 1984. The structural integrity of pili from
Bacteroides nodosus is required to elicit protective immunity against foot rot in sheep.
Australian Veterinary Journal, 61: 237-238.

Garcia-Garcia, J.C., Soto, A., Nigro, F., Mazza, M., Joglar, M., Hechevarria, M.,
Lamberti, J. & de la Fuente, J. 1998, Adjuvant and immunostimulating properties of
the recombinant Bm86 protein expressed in Pichia pastoris. Vaccine, 16: 1053—1055.

Ghimire, S.C. & Egerton, J.R. 1996. Transmission of foot rot in migratory sheep and goats
of Nepal. Small Ruminant Research, 22: 231-240.

Gurung, R.B. 2002. The epidemiology of foot rot in Bhutan. MVSc Thesis, University of
Sydney.

Jasmer, D.P. & McGuire, T.C. 1997. Protective immunity to a blood-feeding nematode
(Haemonchus contortus) induced by parasite gut antigens. Parasite Immunology,
19: 447-453.

Khandelwal, A.G., Lakshmi, S. & Shaila, M.S. 2003. Oral immunization of cattle with
hemagglutinin protein of rinderpest virus expressed in transgenic peanut induces specific
immune responses. Vaccine, 21: 3282-3289.

Kitching, R.P. 1998. A recent history of foot and mouth disease. Journal of Comparative
Pathology, 118: 89—-108.

Klavinskis, L.S., Hobson, P. & Woods, A. 2003. Incorporation of immunomodulators into
plasmid DNA vaccines. Methods in Molecular Medicine, 87: 195-210.

Lai, W.C. & Bennett, M. 1988. DNA Vaccines. Critical Reviews in Immunology,

18: 449-484.



210 J.R. Egerton

Lodmell, D.,L.., Ray, N.B. & Ewalt L.C. 1998. Gene gun particle-mediated vaccination
with plasmid DNA confers protective immunity against rabies virus infection. Vaccine,
16: 115-118.

Mattick, J.S., Bills, M.M., Anderson, B.J., Dalrymple, B., Mott, M.R. & Egerton, J.R.
1987. Morphogenetic expression of Bacteroides nodosus fimbriae in Pseudomonas
aeruginosa. Journal of Bacteriology, 169: 33—41.

Pastoret, P.P., Brochier, B., Languet, B., Thomas, 1., Paquot, A., Bauduin, B., Costy, F.,
Antoine, H., Kieny, M.P., Lecocq, J.P., Debruyn, J. & Desmettre, Ph. 1988. First
field trial of fox vaccination against rabies with a vaccinia-rabies recombinant virus.
Veterinary Record, 123: 481-483.

Raadsma, H.W., O’Meara, T.J., Egerton, J.R., Lehrbach, P.R. & Schwartzkoff, C.L.
1994. Protective antibody titres and antigenic competition in multivalent Dichelobacter
nodosus fimbrial vaccines using characterized rDNA antigens. Veterinary Immunology
and Immunopathology, 40: 253-274.

Robbins, A. & Freeman, P. 1988. Obstacles to developing vaccines for the Third World.
Scientific American, 259: 126—133.

Romero, C.H., Barrett, T.S., Evans, A., Kitching, R.P., Gershon, P.D., Bostock, C. &
Black, D.N. 1993. Single capripoxvirus recombinant vaccine for the protection of cattle
against rinderpest and lumpy skin disease. Vaccine, 11: 737-742.

Schallig, H.D., Van Leeuwen, M. & Cornellissen, W.C. 1997. Parasite immunity induced
by vaccination with two excretory secretory proteins in sheep. Parasite Immunology,
19: 447-453.

Scheerlinck J.P., Casey, G., McWaters, P., Kelly, J., Woollard, D., Lightowlers, M.W.,
Tennent, J.M. & Chaplin, P.J. 2002. The immune response to a DNA vaccine can be
modulated by co-delivery of cytokine genes using a DNA prime-protein boost strategy.
Veterinary Immunology and Immunopathology, 90: 55-63.

Smith, W.D. 1999. Prospects for vaccines of helminth parasites of animals. International
Journal of Parasitology, 29: 17-24.

Stewart, D.J. 1978. The role of various antigenic fractions in eliciting protection against
foot rot in vaccinated sheep. Research in Veterinary Science, 24: 14-19.

Stewart-Tull, D.E. 2003. Adjuvant formulations for experimental vaccines. Methods in
Molecular Medicine, 87: 175—-194.

Taboga, O., Tami, C., Carrillo, E., Nunez, J.I., Rodriguez, A., Saiz, J.C., Blanco, E.,
Valero, M.L., Roig, X., Camarero, J.A., Andreu, D., Mateu, M.G., Giralt, E.,
Domingo, E., Sobrino, F. & Palma, E.L. 1997. Large-scale evaluation of peptide
vaccines against foot-and-mouth disease: lack of solid protection in cattle and isolation of
escape mutants. Journal of Virology, 71: 2606-2614.

Traavik, T. 1999. An orphan in science: environmental risks of genetically engineered
vaccines. Research Report for DN 199-6. Directorate of Nature Management,
Trondheim, Norway.

Vordermeier, H.M., Cockle, P.J., Whelan, A.O., Rhodes, S., Chambers, M.A., Clifford,
D., Huygenb, K., Tascon, R., Lowrie, D., Colston, M.J. & Hewinson, R.G. 2000.
Effective DNA vaccination of cattle with the mycobacterial antigens MPB83 and MPB70
does not compromise the specificity of the comparative intradermal tuberculin skin test.
Vaccine, 19: 1246-1255.

Willadsen, P., Kemp, D.H., Cobon, G.S. & Wright, I.G. 1992. Successful vaccination
against Boophilus microplus and Babesia bovis using recombinant antigens. Memorias
do Institute Oswaldo Cruz, 87 (Suppl.3): 289-294.



CURRENT AND FUTURE DEVELOPMENTS IN
NUCLEIC ACID-BASED DIAGNOSTICS

Gerrit J. Viljoen,' Marco Romito® and Pravesh D. Kara®

1. Animal Production and Health Section, Joint FAO/IAEA Division, IAEA Vienna, Austria.
2. Biotechnology Division, Onderstepoort Veterinary Institute, Private Bag X5,
Onderstepoort 0110, South Africa.

Abstract: The detection and characterization of specific nucleic acids of medico-
veterinary pathogens have proven invaluable for diagnostic purposes. Apart
from hybridization and sequencing techniques, polymerase chain reaction
(PCR) and numerous other methods have contributed significantly to this
process. The integration of amplification and signal detection systems,
including on-line real-time devices, have increased speed and sensitivity and
greatly facilitated the quantification of target nucleic acids. They have also
allowed for sequence characterization using melting or hybridization curves.
Rugged portable real-time instruments for field use and robotic devices for
processing samples are already available commercially. Various stem-loop
DNA probes have been designed to have greater specificity for target
recognition during real-time PCR. Various DNA fingerprinting techniques or
post amplification sequencing are used to type pathogenic strains.
Characterization according to DNA sequence is becoming more readily
available as automated sequencers become more widely used. Reverse
hybridization and to a greater degree DNA micro-arrays, are being used for
genotyping related organisms and can allow for the detection of a large variety
of different pathogens simultaneously. Non-radioactive labelling of DNA,
especially using fluorophores and the principles of fluorescence resonance
energy transfer, is now widely used, especially in real-time detection devices.
Other detection methods include the use of surface plasmon resonance and
MALDI-TOF mass spectrometry. In addition to these technological advances,
contributions by bioinformatics and the description of unique signatures of
DNA sequences from pathogens will contribute to the development of further
assays for monitoring presence of pathogens. An important goal will be the
development of robust devices capable of sensitively and specifically detecting
a broad spectrum of pathogens that will be applicable for point-of-care use.
Advances in biosensors, the development of integrated systems, such as lab-
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on-a-chip devices, and enhanced communications systems are likely to play
significant future roles in allowing for rapid therapeutic and management
strategies to deal with disease outbreaks.

1. INTRODUCTION

Current developments in nucleic acid-based technologies are continuing
to improve the specificity, sensitivity, rapidity, user-friendliness and cost-
effectiveness of molecular diagnostics. Nucleic-acid based assays are a
direct means of pathogen detection and characterization and are particularly
valuable where conventional means of isolation, culture or characterization
have proven to be tedious, hazardous, timely, uninformative or even
impossible (Van Belkum, 2003). DNA is also more resistant to denaturation
than proteins and can survive for long periods under appropriate conditions.
Basic principles of cloning, the use of restriction enzymes for plasmid
fingerprinting, as well as the use of hybridization probes for use in dot blots
as well as Southern and northern blotting all played important contributory
roles in the initial detection and/or characterization of nucleic acids of
various pathogens. Initially hybridization reactions required the separation of
hybrid molecules from unhybridized probes using ultracentrifugation or
chromatography and filtration. Immobilization and transfer to membranes
was a further development with Southern blotting then dominating the field
for two decades. The ability to sequence DNA made further important
contributions towards subsequent developments in molecular diagnostics.
The ability to synthesize oligonucleotides for use as primers and probes
facilitated this process. Initial developments in nucleic acid-based
procedures were nevertheless reliant on the cultivation of pathogens so as to
obtain sufficient nucleic acids for further analysis. The most important
subsequent development was the ability to amplify target DNA, and today
polymerase chain reaction (PCR) assays are widely used as diagnostic tools.
A host of variations on these principles have been devised in an effort to
improve their efficacy and wusefulness. Solution-based homogenous
hybridization formats using fluorescence resonance energy transfer (FRET)-
labelling have also allowed for homogenous diagnostic assays and high
throughput multiplex analyses. Apart from important contributions to
diagnostic activities, nucleic acid-based approaches are also contributing
significantly = towards molecular theranostics, where the rapid
characterization of pathogens allows for more effective therapeutic
interventions e.g. optimal selection of anti-microbials, antitoxins or even
antiviral agents (Picard and Bergeron, 2002).
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Apart from amplifying nucleic acids, technologies are also being
developed for enhancing product separation, signal detection, and
instrumentation. Not only must these systems prove to be more sensitive and
specific, they should also be relatively simple, rapid and cost-effective if
clinical applications are to be realized. In this review, we give a cursory
overview of ongoing developments in this field.

2. BIOINFORMATICS

The design of suitable molecular assays will rely increasingly on
available bioinformatical data. Available sequence data is required for
suitable probe and primer design. Whole-genome shotgun sequencing
together with powerful computational algorithms to facilitate sequence data
assembly, gene prediction and functional annotation have played important
roles in this process. Primers designed to target conserved sequences of
bacteria, e.g. rRNA, have allowed for the development of broad spectrum
PCR for detecting bacteria (Picard and Bergeron, 2002). The variable
internal rRNA gene regions can be sequenced and the data obtained
compared with database sequences to make potential identifications at the
species level, as well as contributing to epidemiological studies or for strain
typing purposes, so as to determine traits such as antimicrobial resistance
and virulence. Sequence data from 140 viruses has been used to design long
oligonucleotide DNA micro-arrays with the potential of simultaneously
detecting hundreds of viruses (Wang ef al., 2002).

Many challenges also exist regarding the storage, analysis, management
and integration of generated data. In the case of micro-arrays, pattern
recognition tools are becoming increasingly important not only for direct
pathogen detection, but also for analysing expression profiles from infected
cells (Stenger et al., 2002). Methods of improving internet access to vast
amounts of biomedical literature, using improved search engines and data
mining programs, will also have important contributions to make to
bioinformatics.

Internet and wireless communication technologies are also being
harnessed to facilitate diagnostic systems (Cranfield Centre for Analytical
Science Institute of BioScience and Technology, Cranfield University). Data
that has been remotely collected can now be readily transferred to a central
application for processing. Broadband internet, mobile phones and wireless
communications technology, among others, will allow for the development
of fully integrated, distributed applications across the internet.
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3. SAMPLE COLLECTION AND PROCESSING

Improvements in sample collection, transport and storage are designed to
ensure stability of virus and bacteria, especially their nucleic acids, without
interfering with the performance of subsequent tests (Picard and Bergeron,
2002). Immunomagnetic separation, using superparamagnetic beads (Dynal
Biotech, Norway) is a useful means of concentrating a target organism or
virus even at low concentrations in large volumes of complex media (Olsvik
et al., 1994; Stark, Reizenstein and Uhlen, 1996). Methods used to extract
nucleic acids include lysis of the target using detergents and chaotropes
and/or target capture. Mechanical means of disruption have utilized mortar
and pestle with samples frozen in liquid nitrogen; homogenization with a
Dounce; sonicators; French presses; bead mills; blade homogenizers; and
ultrasonic disintegration devices. Enzymatic means make use of proteases.
Current improvements are directed towards ensuring more rapid and
efficient release of nucleic acids, more effective protection from degradation
by nucleases, as well as removal of PCR inhibitors. Currently, commercially
available kits and reagents are used by most diagnostic laboratories. A novel
sample preparation system, pressure cycling technology (PCT) using the
Barocycler™ (Boston Biomedica), has been developed which alternately
generates high and low pressure environments, achieving high-level release
of DNA, RNA and proteins from a variety of biological samples. Several
samples can also be processed simultaneously in separate tubes. The MagNA
Lyser (Roche) utilizes a centrifuge and ceramic beads to efficiently process
tissue samples.

Methods of nucleic acid capture include the use of paramagnetic particles
coated with poly dT or specific probes, silica or a glass matrix which
concentrate the target with more effective removal of inhibitors (Manak e?
al., 2001; Greenfield and White, 1993; O’Meara, 2001). By controlling the
pH and salinity of the medium, the cationic character of core-shell magnetic
latex particles becomes favourable for nucleic acid adsorption/desorption
(Eliassari et al., 2001). This approach is particularly amenable for
automation and high-throughput. Robotic devices such as MagnaPure
(Roche), are capable of extracting nucleic acids from samples and even
preparing PCR reagent mixes in an automated manner. Automated devices
have the advantage of being closed systems, which significantly reduce the
risks of carry-over contamination and analytical errors associated with
manual testing.

Integrated systems, with important contributions by microfluidics, are
also under development and combine automated sample processing with
amplification and detection in microfabricated devices.
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4. NUCLEIC ACID AMPLIFICATION

Target amplification includes PCR, transcription mediated, and strand
displacement amplification. Amplification of a probe, however, does not
lead to amplification of sequences other than that also found within the
probe sequence and includes ligase chain reaction (LCR), rolling circle
amplification (RCA), cycling probe technology (CPT) and QP replicase
assays. Signal amplification does not involve amplification of any sequences
found in the target and allows for the use of generic components, ¢.g. bDNA,
SMART and Invader assays.

4.1 Target amplification
4.1.1 PCR

PCR has proven to be particularly effective as a diagnostic tool in
allowing for the amplification of minute amounts of target nucleic acids.
Since its conception by Mullis in 1983 and the discovery of a thermostable
DNA polymerase (Saiki et al., 1985; Mullis and Faloona, 1987; Saiki et al.,
1988), the procedure has undergone numerous further developments.
Nested, multiple, asymmetric, Hot Start, touchdown PCR, RT-PCR, rapid
amplification of cDNA ends (RACE), real-time assays, the use of internal
controls, multiplexing, quantitative analyses, improved methods of
contamination control and miniaturization of reactions are but some
examples of currently established procedures (O’Meara, 2001; Nygren,
2000). In addition, ongoing improvements in instrumentation are increasing
the efficiency and through-put of PCR-based testing, including the use of
rapid cycling devices such as air-heated microcapillaries, microfabricated
silicon-based reaction chambers, and PCR chips integrating amplification
and product detection using capillary electrophoresis,

Direct pathogen detection occurs with PCR and it has the potential of
detecting less than 10 copies of a specific gene within a complex sample.
PCR has also helped to resolve uncertainties where antibody levels remain
persistently low, e.g. when ELISA signals remain repeatedly in the “grey
zone”. It is useful as a means of discriminating between infection and
maternal immunity in neonates, detecting viruses that are difficult to culture
or are present together with cytotoxic substrates, detecting latent carrier
animals, discriminating vaccine from field-strains, characterizing strains
(including those with antimicrobial resistance or virulence genes), and
performing molecular epidemiological analyses (Whitcombe, Newton and
Little, 1998). Apart from PCR, several alternative methods of nucleic acid
amplification have been developed and some are described below.
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4.1.2 Transcription-based amplification

Several transcription-based amplification assays have been described,
including the Q replicase system which can exponentially amplify RNA
sequences encased within the sequence of MDV-1 RNA, which serves as
template for QP replicase, an RNA-directed tRNA polymerase of
bacteriophage QP (Kramer, and Lizardi, 1989). When hybridized to
complementary DNA, the recombinant RNA serves as template for RNA
synthesis, with a billion-fold increase in product. Nucleic acid sequence-
based amplification (NASBA) is an optimized form of self-sustained
sequence replication (3SR) that utilizes primers containing sequences for the
T7 RNA polymerase promoter that becomes functional once double stranded
DNA is formed after reverse transcription. These systems can be used for the
detection of RNA targets (Compton, 1991; Guatelli et al., 1990) and also
offer a means of detecting viable cells. Amplicon detection is done by gel
electrophoresis, but probe hybridization can be used for confirmation.
Alternatively, amplicons are detected by enzyme-linked gel electrophoresis
(ELGA), where they are hybridized to a horseradish peroxidase-labelled
species-specific probes, run on an acrylamide gel, and stained in the gel by
immersion in a substrate solution. Molecular beacons can also be used, with
real-time monitoring (Cook, 2003; Deiman, Van Aarle and Sillekens, 2002).
The commercially marketed TMA assay (Gen-Probe Inc, CA, USA),
utilizes a hybridization protection assay and chemiluminescence using
acridinium ester-labelled DNA probes to detect transcripts (Hill, 2001).
Unbound probe is inactivated chemically. Signal mediated amplification of
RNA technology (SMART) is also a transcription-based amplification
system using a primer with the T7 promoter sequence, but is a signal and not
a target amplification system (see Section 4.3.3).

4.1.3 Strand displacement amplification and loop mediated
isothermal amplification assays

Strand displacement amplification (SDA) is another exponential
isothermal amplification method based on the nicking of a hemi-modified
recognition site by a restriction enzyme followed by the displacement of
downstream strands by a polymerase (Walker et al., 1992; Spargo et al.,
1996; Spears et al., 1997). The original SDA system proceeds at 37—41°C
and takes 2 hours to accomplish 10°fold amplification. Recently, a new
thermophilic SDA system has been developed which proceeds at 50-60°C
and takes only 15 min to accomplish 10'°-fold amplification (Spargo et al.,
1996). Detection of SDA products has been by using microtitre plate
sandwich hybridization or gel electrophoresis. A homogenous system
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utilizes a fluorescently-labelled detector probe and detection by fluorescence
polarization (Spears et al., 1997). The latter system discriminates bound and
unbound probe according to differences in tumbling motion. SDA is used in
assays for the detection of, for example, Chlamydia trachomatis (Spears et
al., 1997) and Mycobacterium tuberculosis (Walker et al., 1992; Spargo et
al., 1996). In loop-mediated isothermal amplification (LAMP), a DNA
polymerase with strand displacement activity and a set of four specially
designed primers, termed inner and outer primers are used (Notomi et al.,
2000; Nagamine et al., 2001; Mori et al., 2001). Initially, a stem-loop
(hairpin) DNA structure is formed, in which the sequences of both DNA
ends are derived from the inner primer and form the starting material.
Subsequently, one inner primer hybridizes to the loop on the product in the
LAMP cycle and initiates strand displacement DNA synthesis, yielding the
original stem-loop DNA and a new stem-loop DNA with a stem twice as
long. The final products are stem-loop DNAs with several inverted repeats
of the target DNA and cauliflower-like structures with multiple loops. About
10° copies of target can be achieved within an hour. This isothermal
technique does not require a denatured DNA template and when combined
with reverse transcription, can also effectively amplify RNA. Furthermore,
single-stranded DNA can be isolated from LAMP products, which can be
used for micro-arrays, where ssDNA is preferable to dsDNA because of its
superior hybridization abilities. Another method has been devised that
accelerates the LAMP reaction even further by using loop primers
(Nagamine, Kuzuhara and Notomi, 2002). These hybridize to the stem-
loops, except for the loops that are hybridized by the inner primer, and prime
strand displacement DNA synthesis. LAMP is able to amplify more DNA
than most other methods. It does, however, require a complicated design of
multiple primers. The final product is also a complex mix of stem-loop
cauliflower-like DNA structures of various sizes but the advanced method
was designed to obtain uniform single-stranded DNA.

4.1.4 Rolling Circle Amplification (RCA)

RCA produces many tandem copies of a circularized single stranded
DNA probe (C-probe) under isothermal conditions, using a specific
polymerase with high processivity (29 DNA polymerase) and a primer
binding to the probe. Alternatively, a linear (padlock) probe is used but the 3'
and 5' ends undergo enzymatic ligation only after hybridization and their
juxtaposition on the target, producing closed circle DNA (Banér et al.,
1998). The polymerase extends the bound forward primer along the C-probe
and displaces the downstream forward strand, generating a multimeric
single-stranded DNA (ssDNA), as for rolling circle amplification. RCA is a
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highly sensitive and contamination-resistant assay capable of high
multiplexity and can be used in a variety of testing formats without the
considerable pre-optimization of many other amplification systems. More
than a billion-fold amplification can be achieved in as little as 1-2 hours.
Sensitive antigen detection is even possible, employing a RCA primer
attached to an antibody with addition of preformed circular DNA template
after antibody-antigen interaction (ImmunoRCA) (Demidov, 2002).

In ramification amplification (RAM), multimeric ssDNA formed during
RCA serves as template for multiple reverse primers to hybridize and be
extended (Zhang et al, 2001). These then displace other strands being
generated downstream which in turn become targets for the first primer. A
large ramified (branching) DNA complex is generated which continues until
all ssDNAs become double-stranded. This results in exponential
amplification of the probe, with significant amplification occurring within an
hour at 35°C. Advantages include isothermal conditions, generic primers
that amplify all probes with equal efficiency, use of both DNA and RNA as
target, and the ability to detect single nucleotide polymorphisms (SNPs). In
the case of intracellular target detection, it allows for specific localization of
the signal while isothermic conditions preserve cell morphology and
minimal effect on RAM with fixation of cells.

4.2 Probe amplification
4.2.1 Ligation assays

The ligation chain reaction (LCR) involves exponential amplification of
ligated probes using two sets of probes in the presence of a thermostable
ligase and thermocycling conditions (Weiguo, 2001). Detection of such
probes using FRET-based labelling has now also been described (Schweitzer
and Kingsmore, 2001). Amplification using PCR has also been combined
with ligation of probes or the ligation detection reaction using a single probe
pair. In the case of Gap-LCR, a DNA polymerase is used to seal a gap
between the primers and a ligase seals the nick, preventing template-
independent ligation that might occur with LCR (Ayyadevara, Thaden and
Reis, 2000). Their use has also been extended to DNA micro-arrays where
capture of short additional sequences occurs by addressable probes
immobilized at unique addressable sites. Padlock probes also undergo
ligation and circularization once hybridization of ends to target occurs, and
can be used to detect localized sequences, alleles or SNPs (Nilsson et al.,
1994). Rolling circle amplification (RCA) can be used with these circular
probes and enables very sensitive detection of such single nucleotide
differences.
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4.3 Signal amplification
4.3.1 Branched DNA

Branched DNA (bDNA; Chiron) is used as a signal amplification strategy
to detect and quantitate DNA or RNA in cell lysates and clinical samples
(Urdea et al., 1991). Branched DNA or DNA dendrimers provide multiple
hybridization sites for detection probes. As few as 10"’ M target is
detectable (Whitcombe, Newton and Little, 1998). Detection of several
DNA and RNA viruses has been reported from clinical samples using bDNA
technology (Ross et al., 2002). Direct RNA detection can be performed
without the requirement for RNA purification. Specificity of the assay is
derived from target-specific oligonucleotides and signal is obtained using
oligonucleotide-linked alkaline phosphatase (Wagaman, Leong and Simmen,
2002). In the third generation, several modifications were introduced that
enhance signal amplification and reduce assay background, including the use
of non-natural synthetic nucleotides in some of the probes.

4.3.2 Invader technology

The Invader” assay (Third Wave Technologies, USA) is a homogeneous,
isothermal DNA probe-based system for use with either DNA or RNA
templates without the requirement for reverse transcription in the latter case
(De Arruda et al., 2002). High specificity is achieved through a combination
of sequence-specific oligonucleotide hybridization and structure-specific
enzymatic cleavage. An upstream invader and downstream probe bind to a
ssDNA target such that a one-base overlap occurs. The downstream probe
forms a 5" flap upon annealing, as this region is not complementary to the
target. The enzyme Cleavase cleaves immediately downstream of the
overlap. The invasive complex does not form if the single nucleotide overlap
is not present. The cleaved flaps are then released and form invader probes
on a synthetic hairpin oligonucleotide or cassette which is labelled with
fluorescent dye and quencher. This FRET cassette has a region that is
complementary to the flap and a self-complementary region that mimics
both a probe and a target. Cleavage of the cassette leads to fluorescence. The
FRET cassette is a generic component and can be employed for detection of
any other target. Each cleaved flap generates about 10° to 10* cleaved
cassettes per hour producing linear signal amplification. The invasive
complex for the second reaction only occurs after flaps have been generated
by the specific recognition of probes with target DNA. They are useful for
scanning not only polymorphisms such as SNPs, but also insertions and
deletions.
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433 Signal mediated amplification of RNA technology

Signal mediated amplification of RNA technology (SMART), is a
transcription-based amplification system using the T7 promoter sequence
incorporated in a primer (Wharam et al., 2001). Unlike other transcription-
mediated systems, signal and not target amplification occurs. Two
oligonucleotides are used that form a 3-way junction structure when they
anneal adjacently on the target as they share a short complementary
sequence. A DNA polymerase extends the shorter probe generating a
functional T7 polymerase promoter from where transcription of generic
probe sequence occurs in the presence of T7 polymerase. RNA is detected
by enzyme-linked oligosorbent assay (ELOSA) using biotinylated capture
probes and alkaline phosphatase-labelled detection probes.

5. REAL-TIME PCR ASSAYS
5.1 Real-time PCR

Real-time systems have the ability to detect the presence of amplification
products in real time using fluorescent-labelled probes. This process obviates
the need to manipulate product after amplification, thereby significantly
reducing time and the risk of carry-over contamination. In addition, real-time
PCR possesses high sensitivity, precision and low turn-around times. Further
developments include their combination with robotic devices that extract
nucleic acids and prepare test reagents, allowing for high throughput. Real-
time processing has also greatly facilitated multiplexing PCR assays where
different fluorophore-labelled probes can be used to detect various pathogens
simultaneously in a single tube. On-line monitoring of the reaction allows
for the determination of the exponential phase on the PCR reaction curve.
An important application is thus quantitative PCR, as used for establishing
viral load during the monitoring of therapy. Instead of using end-point
quantification, which is unreliable, real-time assays allow for the
determination of the cycle threshold (Ct) where the signal generated is
significantly higher than background fluorescence. Ct is directly proportional
to amount of input template. Several devices are commercially available, e.g.
ABI7700 (Applied Biosystems), MX4000 (Stratagene), Lightcycler (Roche),
iCycler (Bio-Rad), SmartCycler (Cepheid) and Robocycler (MJ research).
Tube-based or microtitre plate-based platforms are used in these devices,
with the exception of the LightCycler. It uses air for heating and cooling,
with durable glass capillaries as reaction vessels, allowing for considerably
reduced turn-around times because of the high surface-to-volume ratio of the
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capillaries with ultrarapid thermal cycling. They are also ideal for
fluorescence detection, because of the small capillary diameter and
concentration of emitted light at the tip of the capillary. The LightCycler also
has the ability to perform detailed melting curve analyses of PCR products
after amplification. The determination of the melting point of a DNA
fragment can depend on its length and guanine cytosine (GC) content, and
can therefore be used to characterize PCR products. The signal obtained
from one specific PCR product can readily be distinguished from another,
allowing for product verification.

5.2 Portable devices

The “Ruggedized Advanced Pathogen Identification Device”
(R.A.P1D.®, Idaho Technology, Salt Lake City, UT) is a more robust
version of the LightCycler, weighing only 22 kg. It is designed for use in
military field hospitals for field identification of dangerous pathogens in less
than 30 minutes. An even smaller version, termed the “RAZOR”, is
currently in development; reactions are performed in plastic pouches that are
preloaded with freeze-dried reagents. A prototype suitcase-sized analytical
thermal cycler instrument fabricated by Lawrence Livermore National
Laboratories (Livermore, CA) is capable of, amongst others, single-
nucleotide discrimination between orthopoxviruses (Ibrahim ez al., 1998). A
successive instrument, the advanced nucleic acid analyzer (ANAA) is able to
detect target in only 7 minutes (Belgrader ef al., 1999). The ANAA relies on
silicon and platinum “thermal-cycler” units to perform heating and cooling
steps at higher speed than conventional, moulded aluminium or brass blocks.
A commercial version, the SmartCycler, is also now available (Cepheid;
Sunnyvale, CA). More recently, a notebook-sized, real-time thermocycler
was designed using independently programmable thermocycler chambers
(Belgrader et al., 2001). The hand-held advanced nucleic acid analyzer
(HANAA) (Lawrence Livermore National Laboratory) is a battery-powered
portable real-time thermocycler in a handheld format suitable for field use
(Higgins et al., 2003). It weighs less than 1 kg and uses silicon and platinum-
based thermocycler units to conduct rapid heating and cooling of plastic
reaction tubes. It is designed to detect the presence of DNA sequences that
are signatures of specific pathogens and reports the results in less than 30
minutes. A micromachined silicon thermal cycler can run continuously for
1.5 hours on a fully charged 12 V battery pack. Fluorescent detection is
based on SYBR Green dye or Tagman primers and probes. It is being used to
detect biological threat agents, such as Bacillus anthracis, drug resistant
malaria strains and pathogens in environmental samples.
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6. PROBES

Probes play an important role in confirming target or amplified nucleic
acid products. Profluorescent probes utilizing the principles of fluorescence
resonance energy transfer (FRET) have been designed to allow for real-time
monitoring in homogenous assays. The subsequent development of singly
labelled fluorescent probes has made them more practical and less costly to
use (Demidov, 2003).

6.1 Hydrolysis probes, beacons, scorpions and smart
probes

Hydrolysis or TagMan probes (Applied Biosystems) consist of a
fluorophore which is quenched by a second molecule in close proximity on
the opposite end of the probe (Holland et al., 1991; Heid et al., 1996). The
probe emits a fluorescent signal after being digested by the 5’ nuclease
activity of Taq polymerase, after hybridizing to template during the
extension phase of PCR. Molecular beacons are probes containing a target
recognition loop flanked by a hairpin with a fluorophore and quencher
(Tyagi and Kramer, 1996). Fluorescence occurs once the probe has
hybridized with target, inducing separation of quencher and fluorophore.
They have the ability to discriminate SNPs effectively and are very suitable
for identifying polymorphisms. They have proven to be more specific than
linear probes and can also be used in isothermal assays such as SDA,
NASBA and RCA. Non-hybridized probes remain dark and probe hybrids
need not therefore be isolated. Their self-reporting capacity allows for the
detection of hybridization without the labelling of targets, making them more
user-friendly and robust for diagnostic applications (Tyagi and Kramer,
1996; Vet, van der Rijt and Blom, 2002). Scorpion probes are variants of
molecular beacons and simultaneously act as both primers and probes
(Whitcombe, Newton and Little, 1998; Schweitzer and Kingsmore, 2001;
Broude, 2002). A hairpin loop is linked to the 5' end via a linker and has a
sequence complementary to the flanking target sequence. A quencher and
fluorophore are present at the 5' and 3' ends of the loop respectively and are
separated during self-annealing, following extension and denaturation. Faster
kinetics and better stability of the probe-target complex are achieved in
comparison with bimolecular probes. Gold nanoparticles are also being used
as quenchers in such probes.

Smart probes are fluorescence-labelled oligonucleotides that report the
presence of complementary target sequences by a strong increase in
fluorescence intensity. They consist of a fluorescent oxazine dye attached at
the terminus of a hairpin oligonucleotide that is efficiently quenched by
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complementary guanosine residues. Smart probes fluoresce when they
undergo a conformational change that forces the fluorescent dye and the
guanosine residues apart. Fluorescence bursts from individual smart probes
passing through a focused laser beam can be detected using confocal
fluorescence microscopy (Knemeyer, Marme and Markus, 2000).

6.2 Binary hybridization probes

Binary hybridization probes consist of two probes labelled at the 3" and 5’
ends respectively and are used in LightCycler® (Roche Diagnostics Gmbh,
Germany) real-time reactions (Wittwer et al., 1997). The donor activates the
acceptor fluorophore by FRET when the probes are adjacent to each other
following hybridization. Light is emitted at a longer wavelength that can be
distinguished from background fluorescence. The probes are not degraded as
with Tagman probes and are thus recycled. Other variations include the use
of single labelled probes that binds near a quencher on the target amplicon or
alternatively opposite a guanidine, which can act as a quencher.

6.3 Padlock probes

Padlock probes are designed so that when the 5' and 3' ends base pair
next to each other on a template strand, they undergo enzymatic ligation,
which circularizes the probe and concatenates it to the template (Banér et al.,
1998). They are particularly specific and sensitive and remain localized to
the site. They are also useful for multiplex reactions. RCA can then be used
to amplify the signal. This process can only occur if the probe is bound to a
site close to the end of the template strand so as to allow the DNA
polymerase to function effectively, or if target is cleaved by nucleases.

6.4 RNA and chimeric probes

Chimeric RNA-DNA probes are used in cycling probe technology (CPT;
ID Biomedical Corporation) (Duck et al., 1990). The currently marketed
system utilizes fluorescence-labelling at the 5' end, while the 3' end carries a
quencher. Fluorescence occurs when the RNA part of the probe is cleaved by
RNase H after hybridization with its complimentary PCR product, allowing
for real-time monitoring. Assays have been described in conjunction with
PCR for detecting Myobacterium tuberculosis (Modrusan, Bekkaoui and
Duck, 1998) and Bacillus anthracis (Cycleave™ PCR, Takara Bio Inc.).

Hybrid Capture (Digene) uses RNA probes to hybridize with target DNA
molecules. The RNA-DNA hybrids are captured on a solid phase coated
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with specific antibodies (Wittwer et al., 1997). Detection is done using
antibodies conjugated with alkaline phosphatase and a chemiluminescent
substrate. The system has been approved by the FDA for the detection of
Neisseria gonorrhoeae, Chlamydia trachomatis and cytomegalovirus.

6.5 Catalytic probes

Catalytic molecular beacons are still in the developmental stage and have
potential for detecting nucleic acids without PCR amplification. Only in the
presence of target does the beacon module allow the module containing the
hammerhead-type deoxyribozymes to hybridize and cleave the
quencher/emitter probe. (Broude, 2002; Stojanovic, de Prada and Landry,
2001).

6.6 Probes using oligonucleotide analogues

Peptide nucleic acid (PNA) probes are synthetic DNA mimics that
possess an achiral, neutral polyamide backbone formed by repetitive units of
N-(2-aminoethyl) glycine that replaces the negatively charged sugar-
phosphate backbone of DNA (Egholm et al., 1993; Nielsen, Egholm and
Buchardt, 1994). Individual nucleotide bases are attached to each unit and
PNA is thus able to hybridize to complementary nucleic acid sequences. The
lack of electrostatic repulsion allows for a more rapid and stronger binding
to complementary targets (Egholm et al.,, 1993). They also hybridize
virtually independently of the salt concentration. Additionally, the lack of
negative charges affects the physico-chemical behaviour of PNA probes
relative to DNA, enabling the development of unique PNA hybridization and
PNA/target separation methods. The unnatural PNA backbone also means
that PNA is not degraded by ubiquitous enzymes, such as nucleases and
proteases (Demidov et al., 1994). High biostability provides better shelf life
and PNAs are also of value when used as therapeutic antisense reagents.
They are not recognized by polymerases and are hence not incorporated into
amplicons. PNA probes can also undergo triplex formation with dsDNA
helices as in PD-loop technology, where PNA openers are used to expose a
single-stranded region (P-loop complex) within the duplex DNA, that then
becomes accessible to DNA or PNA probes (Nielsen, 2001; Demidov,
2001). Molecular beacons can then bind to dsDNA under non-denaturing
conditions.

Locked nucleic acids (LNA) are sugar-modified ribonucleotide
derivatives with O2' to C4' methylene-links and have exceptional
hybridization affinity towards complementary DNA and RNA. They have
high capturing efficiencies and allow for unambiguous scoring of single
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nucleotide polymorphisms. The difference in melting temperature between a
perfect match and a single-nucleotide mismatch is larger with LNA than
with DNA oligomers (Petersen and Wengel, 2003).

6.6.1 Self-reporting PNA probes

Stemless PNA beacons, such as LightSpeed probes (Boston Probes,
Bedford, MA), lack complementary stems, but, due to the polyamine
backbone, the hydrophobic interaction between the fluorophore and
quencher keeps the structure in a closed form in the absence of target. No
target-unrelated sequences are present, improving specificity further,
allowing for strong mismatch/match discrimination and fast kinetics.
LightUp probes (LightUp Technologies, Géteborg, Sweden) are PNA probes
conjugated with thiazole orange, which is inherently non-fluorescent in the
unbound state, but becomes fluorescent after hybridization through
interactions between the label and the nucleic acid target. While DNA
beacons need to be designed with internal complementarity to keep the
fluorophore and quencher in close proximity, neither LightSpeed nor
LightUp probes have this constraint and are thus inherently self-reporting
probes not dependent on interactions other than the hybridization reaction
itself.

6.6.2 Q-PNA PCR

In Q-PNA PCR a generic quencher-labelled PNA is used to mask the
signal from a fluorescent dye-labelled DNA primer (Fiandaca et al., 2001).
A short generic tag sequence and a fluorescent label is included in one of the
primers, to which the Q-PNA can bind. This places the quencher near the
fluorescent dye label of the primer. During PCR, the Q-PNA is displaced by
incorporation of the primer into amplicons and the fluorescence of the dye
label is liberated from quenching. Q-PNA PCR is described as being a
simple means of converting an existing traditional PCR assay into one for
real-time use or end-point analysis.

6.6.3 Blocker probes

Blocker probes are unlabelled PNAs used to hybridize to abundant
sequences closely related to the target present in a sample. This prevents
unwanted hybridizations by labelled detector probes with these related
sequences, thereby increasing signal to noise ratio (Stender ez al., 2002).
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7. SIGNAL GENERATION, DETECTION AND
ANALYSIS

7.1 Intercalating dyes and fluorescent probes

The production and analysis of signals generated in a reaction can be
performed in either a heterogeneous or homogenous manner. The former
entails the manipulation of amplified product whilst with the latter, signal
generation and detection are performed in a closed tube. Heterogeneous
assays include the use of gel electrophoresis (including agarose gel
electrophoresis, Sanger sequencing reactions, single-strand conformation
polymorphism, denaturing gel electrophoresis and heteroduplex analysis);
hybridization studies (Southern blot, reverse line blots) including the use of
solid supports such as DNA chips, microtitre plates or magnetic beads; and
enzymatic analyses, as in pyrosequencing, restriction fragment length
polymorphism, cleavage fragment length polymorphism, minisequencing
and chromatographic and mass spectrophotometric analyses (O’Meara,
2001; Kristensen et al., 2001).

Homogenous assays utilize fluorescent dyes and labelled probes for
detection within the reaction tube, as used in real-time assays. SYBR Green I
(Molecular Probes, Eugene, OR) is a fluorescent intercalating dye that can
indicate increasing levels of amplicon, although fluorescence emissions from
non-specific amplification products can generate false-positive results.
Labelled probes can be used to increase specificity. In the hybridization
protection assay, probes labelled with a highly chemiluminescent acridinium
ester are used (Nelson ef al., 1996). The hybridization of probe with target
protects the ester from hydrolysis. Tessera Array Technology (TAT)
(Applied Gene Technologies; San Diego) is a non-amplification process
involving the labelling of unpurified nucleic acid samples with luminescent
compounds, followed by hybridization of such nucleic acids with probes in a
multi-array format (Yang et al., 2001).

7.2 Signal detection

Various methods are being employed to increase detection sensitivity
without dependence on target amplification. Examples include surface
enhanced resonance Raman scattering, which is used to detect chromophore-
labelled nucleic acid probes irradiated with laser light at the resonant
frequency of the chromophore (Whitcombe, Newton and Little, 1998;
Graham et al., 1997). Fluorescence correlation spectroscopy records spatio-
temporal correlations among fluctuating light signals, which are associated
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with the size and shape of the molecule (Whitcombe, Newton and Little,
1998; Eigen and Rigler, 1994). Single molecule electrophoresis measures the
time for fluorescent labelled molecules to travel a fixed distance between
two laser beams and is also capable of monitoring changes in base
composition (Castro and Shera, 1995).

7.3 Non-radioactive labelling systems

The advantages of non-radioactively labelled nucleic acid probes include
cost, safety, disposal and stability over radioactive methods. Methods used to
produce such include enzymatic processes such as nick translations and PCR
labelling for the inclusion of labels such as biotin, fluorescein and
digoxigenin-dUTP. Chemical means include psoralen alkylating agents and
ULS®(Kreatech) (Van Gijlswijk et al., 2001). Up-converting Phosphor
Technology uses submicron-sized phosphor particles attached to DNA that
emit visible light after exposure to infrared excitation light. There is a total
absence of background autofluorescence from other biological compounds
(Corstjens et al., 2003).

7.4 Microparticles, microspheres and nanoparticles

Microspheres with probes attached to their surfaces have also been used
for labelling purposes. They contain several fluorescent labels which can
then be analysed and serve as barcodes (Mullenix et al., 2001). The PCR-
Immunochromatography System uses gold particles coated with anti-DNP
antibodies that bind amplicon derived from dinitrophenyl (DNP)-labelled
primers (Mitani and Oka, 2001). These amplicons are hybridized to biotin-
labelled probes, which allows for their entrapment on a streptavidin line,
producing a red colour.

Metal and semiconductor nanoparticles coated with receptor molecules
are also proving to be useful alternatives to organic probes. Metal
nanoparticles have very high extinction coefficients for labelling in
colorimetric and surface plasmon resonance (SPR) assays. They also have
high scattering coefficients making them sensitive labels for use in
oligonucleotide arrays and dot blots. Metal particles are also being used for
thermal probing of specific biomolecular interactions. Gold nanoparticles
coated with DNA are being used with micro-array technologies (Taton,
2002). Paramagnetic particles are also finding application in magnetic
resonance contrast imaging or with magnetic sensors. Recent advances in
nanomaterials have produced a new class of fluorescent labels by
conjugating semiconductor quantum dots Qdot™ made of cadmium selenide
nanocrystals (Quantum Dot Corporation, USA) with biorecognition
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molecules (including antibodies and oligonucleotides). They are water-
soluble and biocompatible, and provide important advantages over organic
dyes and lanthanide probes. By simply changing the particle size and shape,
the wavelength emitted by quantum-dot nanocrystals can be continuously
tuned, whilst a single light source can be used for simultaneous excitation of
all different-sized dots. They are also highly stable against photobleaching
and have narrow, symmetric emission spectra. Quantum dots are therefore
regarded as being ideal fluorophores for ultrasensitive, multicolour, and
multiplexing applications in molecular biotechnology and bioengineering
(Taton, 2002; Sakar, Yoon and Sommer, 1992; Chan ef al., 2002)

8. GENOTYPING AND FINGERPRINTING

Molecular probes were initially utilized in the 1980s to characterize
various pathogens of importance. Various amplification technologies now
play a significant role in typing assays. These now make important
contributions to diagnostics, theranostics as well as epidemiology and
taxonomy. The characterization of bacterial strains has been done using
pulsed field gel electrophoresis (PFGE), chromosomal restriction fragment
length polymorphism (RFLP), randomly amplified polymorphic DNA
(RAPD), repetitive PCR (rep-PCR), ribotyping or bacterial restriction
endonuclease analysis (BRENDA) and post-amplification DNA sequencing
of polymorphic genes, which are also utilized for molecular epidemiological
analyses. Dideoxy fingerprinting is based on cycle sequencing of PCR-
derived amplicon, but with the inclusion of only a single dideoxynucleotide
reaction. (Sakar, Yoon and Sommer, 1992) The bands produced are then
compared between strains.

Apart from rRNA, the detection of transposable genetic elements
(Kamerbeek et al., 1997), polymorphisms in the repeat elements and
polymorphisms in spacer regions between direct repeats (spoligotyping)
have been described for typing mycobacterial strains, including those with
drug resistance (Kamerbeek et al., 1997; Groenen et al., 1993; Aranaz et al.,
1998).

Electrophoretic discrimination of genetic polymorphisms can be done
using single strand conformational polymorphisms (SSCP) and heteroduplex
analyses (Lareu, Swanson and Fox, 1997). The latter has been used to
genotype viral strains and is based on its ability to discriminate sequence
differences based on motility changes in non-denaturing polyacrylamide gel
electrophoresis (PAGE). This is determined by fragment length and
secondary conformation as determined by primary structure. It has been
especially successful when used with PCR. PFGE is also frequently used to
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analyse large genomic strands. Other electrophoretic approaches include
double strand conformation analysis (DSCA), constant denaturant gel
electrophoresis (CDGE), denaturing gradient gel electrophoresis (DGGE)
and temperature gradient gel electrophoresis (TGGE) that establish subtle
sequence differences between nucleic acid strands.

PCR is also used directly to detect presence or absence of microbial
resistance or virulence genes. Further improvements have been made using
FRET-probe hybridization studies and real-time detection. Other PCR-based
strategies include RAPD, rep-PCR, amplification fragment length
polymorphism (AFLP) and PCR-RFLP, sequencing of selected genes,
reverse hybridization using strain specific probes and PCR with type-specific
primers or probes. RAPD or arbitrarily primed PCR (AP-PCR) allows for
qualitative and quantitative differences in the genomes of compared systems
using arbitrary primers generating a fingerprint (Williams ef al., 1990). No
preliminary information is required about the sequence. AFLP is a restriction
fragment amplification technique that involves the ligation of adapters to
genomic restriction fragments from where primers are used to amplify these
fragments. The pattern of bands obtained after PAGE of the amplified
products can be highly informative. Polymorphism is due to mutations in the
restriction sites of different strains, sequence differences in regions adjacent
to the restriction sites that are complementary to the selective primer
extensions, and insertions or deletions within the amplified fragments. It
possesses a high degree of reproducibility and discriminatory ability and has
the advantage over RFLP in that only a small amount of purified genomic
DNA is needed. The use of fluorescence-labelled primers has made further
contributions and has allowed for its use in automated sequencers (Savelkoul
et al., 1999). Reverse hybridization with linear probe arrays is particularly
useful for discriminating between several related strains and species.

Methods used for viral genotyping include real-time PCR and FRET
probes, DNA sequencing, micro-arrays and reverse hybridization techniques.
Micro-arrays have particularly promising possibilities as fingerprinting tools
and can be expected to replace many other assays and electrophoretic
methods. When containing species-specific gene sequences, micro-arrays
can be used to establish phylogenetic relationships between isolates (Sakar,
Yoon and Sommer, 1992; Chan et al., 2002; Versalovic and Lupski, 2002;
Fox, Lareu and Swanson, 1995). DNA fingerprinting has been reliant on
conventional slab gel electrophoresis, capillary electrophoresis and more
recently microchip electrophoretic methods (Guttman et al, 2002). Gel
microchip electrophoresis combines slab gel and capillary gel
electrophoresis with detection achieved in real time. In addition, restriction
digestion is performed on small pore-size microfibrous membranes with
sample loading and electrophoresis in a multilane format.
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The combination of microfluidic-based amplicon fragment separation
and fluorescence detection with the compilation of electronic DNA profile
libraries (DiversiMap; Bacterial Barcodes, http://www.bacbarcodes.com) has
greatly facilitated the identification of bacterial strains. Such strategies will
enable sophisticated molecular epidemiological studies and possibly assist in
identification of bacterial pathogens.

The RNase A mismatch cleavage method uses RNase A digestion of
heteroduplexes to generate band patterns characteristic for each isolate with
a given probe (Cristina ef al., 1990, 1991, 1998). It has been used as a
preliminary screening method to distinguish RNA virus isolates. When a
probe is used that recognizes a region that is more variable, the pattern
generated consists of small protected bands, compared with the large
protected bands generated when using probe binding more conserved regions
amongst strains.

9. SEQUENCING AND ALTERNATIVES

9.1 Conventional approaches

The sequencing of the genomes of pathogens is increasingly playing an
important contributory role to molecular diagnostics and epidemiology.
Since the first sequencing techniques were described, a number of further
improvements have been made, notably adaptation to automation, which has
contributed significantly to increasing the throughput of samples sequenced
(Sterky and Lundeberg, 2000). Robotic devices for sample preparation,
optimized chemistry, engineered sequencing enzymes and dyes with higher
sensitivity have also made important contributions. On-line detection of
fluorescent-labelled fragments is now routinely performed, with a four-dye
system increasing throughput (Applied Biosystems) although one-dye
systems yield higher accuracy. Capillary array electrophoresis is now widely
used for DNA sequencing, allowing for high throughput and resolution, and
detection of smaller amounts of DNA. Commercial devices include those
from Applied Biosystems, Beckman Coulter, Molecular Dynamics and
SpectruMedix. As a result, the genome maps of many organisms have been
completed or are in progress. Further developments include improvements
with mechanisms of illumination and detection.

PCR has greatly improved the readiness with which sequencing can be
performed. Cycle sequencing utilizes Taq DNA polymerase, a single primer
and thermocycling conditions (Murray, 1989). Different means of producing
single stranded DNA suitable for sequencing have been devised, including
solid phase sequencing.
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9.2 Alternative approaches

DNA separation, including the products of restriction enzyme reactions,
can also be done in a microchip using polyacrylamide polymerized in a
capillary, with single-base resolution for sequencing. Woolley and Mathies
(1995) were the first to show that sequencing separations on a chip could
reach reasonable read lengths while being much faster than with
conventional capillaries. Microchip systems have proved to be capable of
producing high-quality separations in seconds in contrast to conventional
capillary electrophoresis with separation times of about 10 min.

Micro-addressable arrays or DNA chip arrays can allow for the deduction
of the DNA sequence of a sample nucleic acid according to the known
sequence of probes and the pattern of hybridization produced. Since
nucleotide polymorphisms in routine clinical specimen would be known,
there is no advantage in performing extended sequencing. Such arrays have
the advantage of speed, ability to analyse complex mixtures of nucleic acids,
ability to perform many tests simultaneously and are also more suited to total
automated analysis (Anthony, Brown and French, 2001).

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry can detect molecules in the subpicomole range (Leusher,
2002). This method has recently also found many applications in nucleic
acid analysis. Both dideoxy sequencing and chemical cleavage sequencing
have been successfully adapted for MALDI detection, where mass
differences between successive fragments indicate the last base present.
MALDI-TOF mass spectrometry can be used to measure the molecular
weights of different probes simultaneously and in a non-radioactive
multiplex manner using spot hybridization on a single spot, using probes
with different mass tags (Isola et al., 2001). It has the potential to drastically
increase the speed of micro-array hybridization analysis in the future
(Leusher, 2002; Isola et al., 2001).

Pyrosequencing™ technology (Pyrosequencing AB, Uppsala, Sweden) is
a non-electrophoretic, real-time determination of short sequences according
to changes in relative light intensity. Advantages include accuracy,
flexibility, parallel processing, and ease of automation. The technique also
does not require labelled primers, labelled nucleotides or gel-electrophoresis.
Sequencing is done by synthesis and relies on real-time quantification of
pyrophosphate (PPi) release during DNA synthesis. Biotinylated PCR
template is immobilized onto streptavidin-coated beads, followed by
generation of single-stranded template and annealing of a sequencing primer.
Nucleotides are added sequentially and, with the generation of PP1i, a cascade
of enzymatic reactions occur that produces visible light in proportion to the
number of nucleotides incorporated, followed by degradation of non-
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incorporated nucleotides by the action of apyrase. This allows new
nucleotides to be dispensed every 65th second. By designing a suitable order
for the addition of nucleotides, the user can either determine or confirm the
nucleotide sequence of the template. The normal read length is about 30
bases but successful reads of more than 100 have been reported. Uses
include identification and characterization of viral and bacterial pathogens,
including virulence determination, drug resistance mutations and strain
identification (Berg, Sanders and Alderborn, 2002).

Minisequencing is a method identifying only the first proximal base to a
hybridized probe by using a labelled ddNTP, thus allowing identification of
the extended product. The probe can be immobilized to a microtitre plate
(Kristensen et al., 2001; Nikifirov et al., 1994).

Single walled carbon nanotubes with diameters of 0.35-2.5 nm have been
use in atomic force microscopy (AFM) (Haffner et al., 2001). They offer
high resolution and can detect labelled probes (e.g. streptavidin) bound to
target DNA sequences. Multiple AFM tip arrays could allow for high
throughput sequencing. Further developments using smaller nanotubes could
even allow for direct reading of DNA sequences.

10. MICRO-ARRAYS AND DNA CHIPS

The positive identification and characterization of nucleic acids,
including PCR products, have, apart from the determination of size, included
real-time hybridization, Southern blotting and sequencing, and the use of
arrays such as dot blots or slot blot reverse hybridizations where probes are
immobilized onto a support membrane and the resulting hybridization
established visually. Checkerboard hybridization utilizes a series of probes
deposited onto a membrane using a slot blotter. The membrane is rotated 90°
and hybridized in the same slot blotter to a series of unknown nucleic acids.
In contrast to these, micro-arrays and DNA chips are higher density arrays
usually produced on glass or silicone (Stenger et al., 2002; Anthony, Brown
and French, 2001; Calla, Boruckia and Loged, 2003). They allow for the
simultaneous detection of thousands of genetic elements. High density
micro-arrays are produced by light-directed combinatorial synthesis of DNA
oligomers, with lengths of about 10-30 bases on sites with resolutions of
1 um®. Affymetrix has been a leader in this field. Spotted micro-arrays
consist of DNA oligonucleotides of 20—100 bases cross-linked to glass slides
in 40-200 um sized spots. Bead arrays consist of polymer beads of 1-5 pm
diameter containing up to four fluorophores, and are coated with a DNA
target. Flow cytometry or fibre optic technology is used to monitor binding
reactions. Micro-electronic chips utilize semiconductor and microfabrication
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technology and contain micro-electrodes Enhancer molecules attached to
hybridized DNA can allow for voltametric monitoring. DNA chips have
been used to identify pathogen species and drug-resistant strains. Detection
of cell expression profiles using fluorophore-labelled cDNA exposed to
chip-immobilized probes can also be used to indicate severity of exposure to
a pathogen or toxin. The chip then is scanned and points of fluorescence
detected. In most cases, complex array systems are not required for clinical
microbiology and the dependency on complex computer-assisted analysis is
minimized. In the future, extensive universal diagnostic microbiology arrays
will be manufactured so cheaply that they will be used even in assays where
much of the chip is redundant (Anthony, Brown and French, 2001).

DNA micro-arrays also offer a means to enhance the detection
capabilities of PCR (Stenger et al., 2002; Anthony, Brown and French,
2001). Micro-arrays in these cases can serve as a series of parallel dot-blots
either for rapid detection of sequence variation within a given locus, e.g. 16S
rDNA, or for the detection of multiple products resulting from multiplex
PCR. Since product length is not used for identification, PCR can be used to
generate only short products. Because non-specific products are not detected,
more primers can be used in multiplex reactions. Direct detection of nucleic
acids without PCR, or subtyping (fingerprint) bacterial isolates, or
generating new diagnostic markers for PCR can also be done. They have the
ability of not only directly detecting bacterial pathogens but also
characterizing them for antimicrobial resistance. Micro-arrays have also
been used as a broad spectrum screen for viruses (Calla, Boruckia and
Loged, 2003). A long oligonucleotide (70-mer) DNA micro-array capable of
simultaneously detecting hundreds of viruses has been described (Wang et
al., 2002). Related viral serotypes could be distinguished by the unique
pattern of hybridization generated by each virus. When micro-array elements
from highly conserved regions within viral families were used, individual
viruses not explicitly represented on the micro-array could still be detected,
raising the possibility that this approach could be used for virus discovery.
By using a random PCR amplification strategy in conjunction with the
micro-array, multiple viruses could be detected without using sequence-
specific or degenerate primers. Developments in microfluidics will allow for
integration of purification, amplification and detection steps in a single
disposable device.

11. BIOSENSORS

Biosensors consist of a biological recognition element in intimate contact
with a transducer. The latter may include amperometric and potentiometric
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electrodes, field-effect transistors, magnetoresistive sensors, piezo-electric
crystals, optical and optoelectronic devices, as well as miniature cantilevers.
Developments in DNA-based biosensors are one of the fastest growing areas
in nucleic acid analysis. Nucleic acid probes are used as the biological
recognition element although ion channels have also been proposed for
detecting base pair composition of DNA, with changes in electron current
monitored according to the degree of pore blockage by different bases as
ssDNA is pulled through (Kristensen et al, 2001; Meller et al., 2000;
Scheller et al., 2001).

Electrochemical methods include the voltametric detection of redox
intercalators and the mediated oxidation of guanine within the DNA. One
format utilizes signalling probes labelled with the redox agent ferrocene,
which bind to target immobilized to capture probe embedded in a self
assembling monolayer coating a gold electrode (Umek et al, 2001).
Alternatively, amplification of the hybridization event can be done using an
enzyme label followed by monitoring of impedance. The conductive
properties of a DNA duplex for electrons or holes can allow for monitoring
using a redox probe at one end and the electrode on the other. Charge
transfer is influenced by distortions with mismatches during hybridization.
In the future, ultraminiaturized electrochemical DNA sensors should allow
for online monitoring and analysis. Electrochemical methods in combination
with microfabrication techniques are likely to play important roles in
providing highly sensitive assays.

The Bead ARray Counter (BARC) uses DNA hybridization, magnetic
microbeads, and giant magnetoresistive (GMR) sensors to detect and
identify biological warfare agents. The current prototype is a table-top
instrument consisting of a microfabricated chip (solid substrate) with an
array of GMR sensors, a chip carrier board with electronics for lock-in
detection, a fluidics cell and cartridge, and an electromagnet. DNA probes
are patterned onto the solid substrate chip directly above the GMR sensors,
and sample analyte containing complementary DNA hybridizes with the
probes on the surface. Labelled, micron-sized magnetic beads are then
injected that specifically bind to the sample DNA. A magnetic field is
applied, removing any beads that are not specifically bound to the surface.
The beads remaining on the surface are detected by the GMR sensors, and
the intensity and location of the signal indicate the concentration and identity
of pathogens present in the sample. The current BARC chip contains a 64-
element sensor array. With recent advances in magnetoresistive technology,
however, chips with millions of these GMR sensors will soon be
commercially available, allowing simultaneous detection of thousands of
analytes (Edelstein ef al., 2000).
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Piezo-electrical sensors are quartz crystal acoustic sensors that detect
changes in mass on the crystal surface and would thus detect DNA-DNA
hybridizations. The thickness shear mode type acoustic model is now being
used especially for biomedical analysis (Pavey, 2002).

Surface plasmon resonance (SPR) allows for real time monitoring of
binding between nucleic acid target and probe on the surface of a gold
coated prism. SPR monitors accumulating changes in surface mass following
DNA-DNA hybridization and can be used to confirm specificity of a PCR
reaction (Bier, Kleinjung and Scheller, 1997; Caruso et al., 1997). ssDNA
obtained following asymmetric PCR has been used to hybridize with
biotinylated probe attached to the sensor surface (Bianchi et al., 1997).

Cantilevers coated with receptor layers act as force transducers and are
being used in microfabricated biosensor devices (Oak Ridge National
Laboratories; Graviton Inc; Protiveris Inc; Cantion A/S; IBM). Changes in
surface stress, temperature and magnetization can be monitored following
receptor-target binding, such as DNA hybridization. Monitoring is done
using optical lever, interferometry or beam-bounce techniques. In the case of
interdigitated cantilevers, a diffraction pattern is monitored that is
determined by cantilever deflection. Capacitor plates or piezo-electrical
cantilevers can be used to monitor changes in capacitance or conductivity in
response to surface stresses (Bianchi ef al., 1997). There is no need to attach
fluorescent tags, and parallel operation is possible, as is also real-time
monitoring.

Silicon nanowires (Nanosys, CA) and carbon nanotubes (Molecular
Nanosystems, CA) have been described that can monitor changes in
conductance during binding of biological molecules to the surface
(Alivasatos, 2001). DNA labelled with gold nanoparticles can be used as
probes on chips, which can then be monitored electrically. Carbon
nanotubes, molecular transistors and switches including allosteric and
ribozymal nucleic acids, have exciting contributions to make as components
of biosensors (Soukup and Breaker, 1999).

12. MICROFABRICATION, MICROFLUIDICS AND
INTEGRATED SYSTEMS

The integration of sample processing, amplification and detection
systems is an important goal in achieving suitable point-of-care and on-site
devices. Several partly integrated systems have been developed for the
detection of biowarfare agents. The Lawrence Livermore and UCL Davies
consortium have developed a self-contained system that continuously
monitors air samples and automatically reports the presence of specific
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biological agents. The LLNL Autonomous Pathogen Detection System is an
integrated aerosol collector, sample preparation and detection module that
detects and identifies pathogens and/or toxins by a combination of an
immunoassay and PCR. Nanofabrication and molecular electronics are being
used by Nanogen to develop various sample-to-answer devices.

Microfabricated devices are being used to perform PCR for faster cycling
using small chambers and integrated heaters. A variation of this approach
uses the well of a microchip as the PCR chamber, with the entire chip
undergoing thermal cycling. Electrophoretic separation at the level of the
wells of the microchips can be achieved by transferring samples in some
fashion between a PCR chamber and a well. PCR has also been integrated
with detection using fluorogenic DNA probes. Most integrated systems
combine the processing and detection phases using a microfluidic platform.
Microfluidic systems consist of microchannels and tiny volume reservoirs
and utilize electrokinetic or pneumatic mechanisms to transport fluids. The
flow rates are in the nanolitre per second range through flow channels with
cross-sectional dimensions in the tens of micrometres. Advantages include
improved speed of analysis, reproducibility, reduced reagent consumption
and the ability to perform multiple operations in an integrated fashion.
Further development of this technology is expected to yield higher levels of
functionality of sample throughput on a single microfluidic analysis chip.

Integrated systems using microfluidics are usually termed “lab-on-a-
chip” technologies. Although still in the developmental phase, they are likely
to make dramatic future contributions to molecular diagnostics, especially as
point-of-care devices, with important contributions from nanotechnology.

Cepheid has developed a device that consists of disposable cartridge
containing reagents and chambers for bacterial cell lysis and test sample
preparation for fluorescent-based nucleic acid detection in a device called
GeneXpert'™. Infectio Diagnostic developed a rapid sample preparation
method for both Gram +ve and -ve bacteria in different sample specimens.

Lin, Burke and Burns (2003) constructed a microfabricated device for
separating and extracting double-stranded DNA fragments using an array of
micro-electrodes and a cross-linked polyacrylamide gel matrix that is
amenable to integration with reaction chambers into a single device for
portable genetic-based analysis.

Microfluidic-based laboratory card devices have resulted in credit card-
sized card designs suited for processing whole blood for haematological
applications, and involves flows of sample reagents and control solutions in
microchannels using capillary flow, hydrostatic pressure and fluid adsorption
(Micronics Inc. WA) (Bousse et al., 2000; Cronin and Mansfield, 2001).
Optical microchips have also been devised whereby a micro-array of optical
scanning elements is integrated with microfluidic circuits (Ruano et al.,
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2003). These allow for fluorescence detection and have the potential of
providing for other optical biosensor platforms such as SPR, evanescent field
technology and interferometry

13. DISCUSSION

Nucleic acid based-technologies are making considerable contributions to
the field of diagnostics. PCR-based assays are already being utilized
routinely by many laboratories and on-going developments are refining as
well as expanding their capabilities. The use of real-time PCR and
automated sample processing devices have already made significant
contributions in reducing contamination whilst improving test consistency,
rapidity, sensitivity and throughput. Improving the sensitivity of detection
would also obviate the need to perform amplification reactions and its
requirement to have suitable primers to amplify the target sequence. Several
alternative target, probe and signal amplification systems have been
described (LCR, SDA, RCA, bDNA, invasive cleavase). In addition,
technologies to enhance separation and detection of nucleic acids have been
developed (capillary electrophoresis, mass spectrometry). Labelling and
detection methods other than radioactivity are also making important
contributions (enzymatic, fluorescence, chemiluminescence and nanoparticle
labelling) (Fortina, Surrey and Kricka, 2002). Nevertheless, conventional
microbiological assays should be maintained to validate and guide further
developments with the newer diagnostic approaches (van Belkum, 2003).
Commerecial kits for the molecular detection of the most important pathogens
are increasingly becoming available. There is also a need to standardize
nucleic acid assays through ring tests and the establishment of suitable
guidelines and quality control programmes. The availability of lyophilized
standards will assist in this process. The need for suitably trained staff to
perform and evaluate nucleic acid-based assays, as well as the costs
associated with many associated technological platforms is also an important
requirement and in some cases an obstacle for their wider application. There
is a need for centralized facilities to perform such tests, but developments in
integrated systems are likely to allow for future point-of- care testing
(Fortina, Surrey and Kricka, 2002). Rapid developments in biosensors are
producing more effective biological recognition molecules as well as
transducers. Many of these have the potential of generating signals
following the detection of single molecules. Micro-array technologies have
the potential for parallel testing for large numbers of pathogens
simultaneously, and this could make significant contributions to the
diagnostic capabilities of many laboratories. Developments in the integration
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of sample processing, amplification and analysis and the eventual production
of effective commercial testing devices would herald an important
achievement in allowing for point-of-care testing. Advances in
nanotechnology have potentially important contributions to make in this
process, with the likelihood that test results could be obtained within
minutes. Suitable wireless communication systems with centralized data
banks as well as access to decision-making tools will allow for speedy
therapeutic and prophylactic decision-making — a desirable achievement in
any effective diagnostics programme.
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REVERSE GENETICS WITH ANIMAL VIRUSES

NSV reverse genetics
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Abstract:

1.

New strategies to genetically manipulate the genomes of several important
animal pathogens have been established in recent years. This article focuses on
the reverse genetics techniques, which enables genetic manipulation of the
genomes of non-segmented negative-sense RNA viruses. Recovery of a
negative-sense RNA virus entirely from cDNA was first achieved for rabies
virus in 1994. Since then, reverse genetic systems have been established for
several pathogens of medical and veterinary importance. Based on the reverse
genetics technique, it is now possible to design safe and more effective live
attenuated vaccines against important viral agents. In addition, genetically
tagged recombinant viruses can be designed to facilitate serological
differentiation of vaccinated animals from infected animals. The approach of
delivering protective immunogens of different pathogens using a single vector
was made possible with the introduction of the reverse genetics system, and
these novel broad-spectrum vaccine vectors have potential applications in
improving animal health in developing countries.

INTRODUCTION

The term reverse genetics in virology refers to the use of recombinant
DNA technology to convert viral genomes into complementary DNA and
generate viruses from the cloned DNA. Since manipulating RNA genomes
still remains cumbersome, genetic manipulation of RNA viruses has
exclusively relied upon cDNA intermediates to generate biologically active
RNA molecules. The first reverse genetics system for an RNA virus was
established for polio virus, a positive-strand RNA virus (Racaniello and
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Baltimore, 1981). For this group of viruses, transfection of a full-length
RNA derived from the cDNA into eukaryotic cells results in viral protein
expression and replication of the recombinant virus. In contrast, for viruses
with a negative-sense RNA genome, the minimum infectious unit is not an
RNA molecule, but a core structure called a ribonucleoprotein (RNP). For
the formation of functional RNPs, the genome RNAs have to be
encapsidated with the nucleoprotein (N) and form a complex with the
polymerase (L) and phosphoprotein (P). Due to technical difficulties in
reconstituting biologically active RNPs, genetic manipulation of negative-
strand RNA viruses (NSVs) has lagged behind that of positive-strand RNA
viruses. The first breakthrough occurred when Schnell, Mebatsion and
Conzelmann (1994) reported the recovery of rabies virus, a neuropathogenic
non-segmented NSV belonging to the family of Rhabdoviridae, entirely
from cDNA. Reverse genetics of NSV progressed rapidly in the next decade,
as documented by generation not only of non-segmented NSV (Conzelmann,
1998; Roberts and Rose, 1999), but also of segmented NSVs, including
Bunyamwera virus (Bridgen and Elliott, 1996) and influenza viruses
(Hoffmann et al., 2000; Neumann et al., 1999; Fodor et al., 1999). The focus
of this article is on the contribution of reverse genetics of non-segmented
NSVs in designing improved vaccines to prevent and control economically
important diseases of animals. The reader is directed to excellent recent
reviews of different aspects of reverse genetics of NSVs, namely those of
Conzelmann (1998), Marriott and Easton (1999), Nagai and Kato (1999),
Neumann, Whitt and Kawaoka (2002), Palese et al. (1996) and Roberts and
Rose (1999).

2. NON-SEGMENTED NSVs OF VETERINARY
IMPORTANCE

Non-segmented NSVs are a large and diverse group of enveloped viruses
of both medical and veterinary importance. The single-stranded RNA of a
non-segmented NSV possesses individual protein-encoding genes that are
separated by regulatory regions comprising a gene-end signal, an intergenic
region and a gene-start signal. These signals serve as gene transcription-start
and -stop (polyadenylation) signals. The 3' and 5' ends of the RNA are
represented by short non-translated sequences that contain the viral
promoters for transcription and replication. Transcription of individual
mRNAs starts at the 3' end of the genome, giving rise to abundant
transcripts, and steadily decreases towards the 5' end, resulting in gradients
of transcripts. This modular nature of gene expression facilitates engineering
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of additional genes into non-segmented NSVs by inserting additional gene-
start and gene-end signals.

In veterinary medicine, the use of vaccines is the most effective and
inexpensive way of combating infectious disease. Although the great
majority of veterinary vaccines are still conventional, the availability of
recombinant DNA technology in general, and the recent introduction of
reverse genetics in particular, are facilitating a leap forward in designing
improved vaccines. Following the first successful recovery of rabies virus, in
1994 (Schnell, Mebatsion and Conzelmann, 1994), vesicular stomatitis virus
(VSV) and a number of viruses belonging to the family Paramyxoviridae,
including viruses causing important animal diseases, such as rinderpest virus
(RPV), canine distemper virus (CDV), bovine respiratory syncytial virus
(bRSV), bovine parainfluenza virus (bPIV), Newcastle disease virus (NDV),
and infectious haematopoietic necrosis virus (IHNV), have succumbed to
genetic manipulation (Table 1).

Table 1. Non-segmented NSVs of veterinary importance generated entirely from cDNA.

Family and Species Reference

Rhabdoviridae
Rabies virus (RV) Schnell, Mebatsion and Conzelmann, 1994.
Vesicular stomatitis virus (VSV) Lawson ef al., 1995; Whelan et al., 1995.
Infectious haematopoietic necrosis virus Biacchesi et al., 2000.
(IHNV)

Paramyxoviridae
Rinderpest virus (RPV) Baron and Barrett, 1997.
Bovine respiratory syncytial virus (bRSV)  Buchholz, Finke and Conzelmann, 1999.
Newcastle disease virus (NDV) Krishnamurthy, Huang and Samal, 2000;

Nakaya et al., 2001; Peeters et al., 1999;
Romer-Oberdorfer et al., 1999.

Bovine parainfluenza virus type-3 (bPIV3) Haller e al., 2000.

Canine distemper virus (CDV) Gassen et al., 2000.

3. GENERATION OF ATTENUATED LIVE VIRUS
VACCINE CANDIDATES

The ability to genetically manipulate non-segmented NSV opened a wide
range of possibilities for studying virus biology and virus-host interaction.
Identification and incorporation of attenuating mutations into recombinant
viruses has led to design and generation of improved vaccine candidates. For
example, introduction of one of the previously studied mutations into an
infectious rabies virus (RV) clone by replacing the arginine at position 333
of RV glycoprotein (G) by an aspartic acid or glutamine resulted in a
dramatic attenuation of RV in mice (Mebatsion, 2001; Morimoto et al.,
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2001). Combination of this mutation with a deletion that eliminates the
interaction between RV P-protein and the cytoplasmic dynein light chain
(LCS), which is presumably involved in retrograde transport of RV, further
attenuates the rabies virus by 30-fold after intramuscular inoculation
(Mebatsion, 2001). The resultant recombinant virus may be helpful in
developing a highly safe and effective live RV wvaccine for oral
immunizations of animals.

A new approach to generating live attenuated vaccines against NSVs was
demonstrated for VSV by rearranging the gene order. Moving the
nucleocapsid protein gene away from the 3' end eliminated the potential of
the virus to cause disease (Wertz, Perepelitsa and Ball, 1998). Combining
this change with moving the G to a promoter-proximal site yielded a vaccine
candidate that protected swine against challenge with wild-type VSV,
indicating that gene rearrangement provides a rational strategy for
developing attenuated non-segmented NSVs (Flanagan ef al., 2001).

Reverse genetics of NSV has also helped in providing important insights
into viral pathogenesis. The roles played by many accessory proteins,
including V, C and NS proteins of Paramyxoviridae and influenza viruses as
interferon antagonists, were studied in detail using infectious clones
(Goodbourn, Didcock and Randall, 2000). Since interferon antagonists are
important virulence determinants, their identification and modification by
knocking them out or reducing their expression should provide opportunities
to generate safe attenuated vaccine strains. Like other members of
Paramyxovirinae, NDV produces the accessory V protein from the P gene by
a process called RNA editing. The association of NDV-V protein with viral
pathogenicity and its ability to inhibit alpha IFN was recently demonstrated
(Huang et al., 2003; Mebatsion et al., 2001). Introduction of mutation into
the editing site was shown to significantly reduce V protein expression and,
as a result, the recombinant was highly attenuated in chicken embryos
(Mebatsion et al., 2001). Administration of the recombinant NDV with an
editing site mutation to 18-day-old chicken embryos did not affect
hatchability. Hatched chickens developed high levels of NDV-specific
antibodies and were fully protected against lethal challenge, demonstrating
the potential use of editing-defective recombinant NDV as a safe embryo
vaccine (Mebatsion et al., 2001).

In another example, characterization of recombinant bRSVs lacking
either or both of the non-structural (NS) genes, NS1 and NS2, provided
similar evidence that the NS genes counteract the antiviral effects of IFN-
alpha/beta (Schlender et al., 2000). The NS deletion mutants were shown to
replicate to wild-type rBRSV levels in cells lacking a functional IFN-
alpha/beta system, but were severely attenuated in IFN-competent cells and
in young calves. Immunization of calves with either NS1 or NS2 deletion
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mutants, however, induced serum antibodies and protected calves against
challenge with virulent bRSV (Valarcher et al., 2003). Reverse genetics was
also applied to generate recombinant bRSV lacking either or both of the
envelope glycoprotein G and SH genes (Karger, Schmidt and Buchholz,
2001). Mucosal immunization of calves with the recombinant bRSV lacking
the G led to infection but not to mucosal virus replication. However, it gave
protection against challenge with wild-type bRSV, suggesting G may be
dispensable in vaccinating calves against bRSV (Schmidt ez al., 2002).

4. GENERATION OF MARKER VACCINES

Recently, intensive vaccination with marker vaccines and stamping-out
strategies have been gaining popularity in veterinary medicine where
eradication of specific diseases is of national or international interest. A
marker vaccine is a vaccine that, in conjunction with a diagnostic test,
enables serological differentiation of vaccinated animals from infected
animals. A major drawback of all currently used whole-virus-based live and
inactivated animal vaccines is that vaccinated animals cannot be
distinguished from infected animals with standard serological tests.
Approaches to develop marker vaccines include deletion of one or more non-
essential but immunogenic proteins. This is mainly applicable for large DNA
viruses containing several dispensable genes (e.g. herpesviruses). An
alternative approach for the development of a marker vaccine is the use of
“subunit vaccines”. This approach has been implemented for many antigens
involved in inducing protective immunity. The disadvantage of most subunit
vaccines is that they are less effective than whole-virus-based live vaccines.
For RNA viruses, in which most of the genes are essential, a deleted
immunogenic gene may be complemented in frans or an additional marker
gene may be inserted. Currently, control of RPV, which causes serious
economic losses in parts of the developing world, is progressing at an
encouraging pace. Effective elimination of this disease may require a
genetically marked rinderpest vaccine that allows serological differentiation
between vaccinated and infected animals. Recombinant RPVs expressing
genetic markers, such as green fluorescent protein (GFP) or the influenza
virus HA were generated and were effective in stimulating protective
immunity against RPV and antibody responses to the marker protein in
vaccinated cattle (Walsh et al., 2000).

Another approach to generate live attenuated marker vaccines is
generation of chimeric RNA viruses by replacing a whole immunogenic gene
or part of a gene with a corresponding gene from another virus. A
recombinant virus that expressed the NDV F protein and a chimeric
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haemagglutinin protein whose immunogenic globular head was replaced
with that of avian paramyxovirus type 4 (APMV4) has been described
(Peeters et al., 2001). Neutralizing antibodies are developed against the NDV
F protein, while the antibodies developed against the APMV4 HN protein
allow a distinction from wild-type NDV isolates. Another approach to
generating a marked NDV was to localize a conserved B-cell
immunodominant epitope (IDE) on the nucleoprotein (NP) gene and then
successfully recover a recombinant NDV lacking the IDE (Mebatsion et al.,
2002). In addition, a B-cell epitope of the S2 glycoprotein of murine
hepatitis virus (MHV) was inserted in-frame to replace the IDE.
Recombinant viruses properly expressing the introduced MHV epitope were
successfully generated, demonstrating that the IDE is not only dispensable
for virus replication, but can also be replaced by foreign sequences.
Chickens immunized with the hybrid recombinants produced specific
antibodies against the S2 glycoprotein of MHV and completely lacked
antibodies directed against the IDE (Mebatsion et al., 2002). Such marked-
NDV recombinants in conjunction with a diagnostic test enable serological
differentiation of vaccinated animals from infected animals, and may be
useful tools in Newcastle disease eradication programmes.

S. NSV-BASED VECTOR VACCINES

Non-segmented NSVs are able to accommodate large foreign genes in
their envelopes and be able to induce broad-spectrum immune responses.
Other important features that make them promising vaccine vectors include
their ability to grow to high titre, express the foreign protein at high levels,
and absence of DNA intermediates in their replication cycle that makes
integration of their genomes into host cell genomes unlikely. The modular
nature of the genome of NSVs also facilitates engineering of additional
genes from several different pathogens in designing improved vaccines for
animals and humans. The approach of delivering protective antigens from
different pathogens in NSV vectors demonstrates the manifold possibilities
of reverse genetics in designing and developing novel vaccines. Although
there are numerous examples of published NSV vectored vaccine candidates
of medical importance, few have been investigated for veterinary use. Very
recently, the potential of NDV for use as a vaccine vector in expressing the
haemagglutinin (HA) gene from avian influenza virus (AIV) was described
(Swayne et al., 2003). The recombinant provided only partial protection
against lethal challenges of NDV and AIV, indicating the need for further
research to improve the immunogenicity of the construct. Since current
vaccines to prevent avian influenza rely upon labour-intensive parenteral
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injection, an NDV-based vaccine that could be administered by mass
immunization methods would be an advantage.

Surface glycoproteins of most NSVs are potent inducers of antiviral
immune response, which may alone be sufficient to protect the host against
challenge with a wild type virus. In an attempt to design multivalent
vaccines, recombinant viruses were generated in which the surface
glycoproteins were exchanged or added in addition. In this respect, a
recombinant RPV expressing the F and H proteins of Peste des petits
ruminants virus (PPRV), a morbillivirus causing rinderpest-like disease in
sheep and goats, was shown to protect goats against challenge (Das, Baron
and Barrett, 2000). Recombinant bRSV, whose G and F proteins were
replaced with the HN and fusion (F) proteins of bPIV3, was also recovered
(Stope et al., 2001). Reverse genetics has also been described for infectious
haematopoietic necrosis virus (IHNV), a non-segmented NSV replicating at
low temperatures of 14° to 20°C (Biacchesi et al., 2000). IHNV is the
causative agent of a devastating acute, lethal disease in wild and farmed
rainbow trout. Based on an IHNV infectious clone, the possibility of
exchanging IHNV glycoprotein G with that of viral hemorrhagic septicaemia
virus (VHSV), another salmonid rhabdovirus, was demonstrated by
recovering a chimeric IHNV that was able to replicate to the level of the
wild-type rTHNV in cell culture (Biacchesi ef al., 2002).

Reverse genetics has also opened the door to the design of live attenuated
human vaccines based on non-segmented NSVs of animal pathogens. A
construct of NDV expressing influenza virus haemagglutinin was shown to
provide complete protection against a lethal dose of influenza virus
challenge in mice (Nakaya et al, 2001). Likewise, recombinant VSVs
expressing influenza A virus HA or neuraminidase (NA) proteins protected
vaccinated mice from lethal challenge with influenza virus (Roberts et al.,
1998).

The potential of VSV to serve as vaccine vector was also demonstrated
by generating a recombinant virus expressing human RSV (hRSV) G and F
envelope glycoproteins (Kahn et al., 1999). Recombinant bRSV in which the
G and F genes are replaced with their hRSV counterparts were also
generated and characterized (Buchholz et al., 2000). A similar approach has
also explored the use of bPIV3 as live attenuated vaccines by introducing the
hPIV3 HN and F genes into a bPIV3 background. The chimeric was shown
to protect hamsters from challenge with hPIV3 (Haller er al., 2000).
Furthermore, a bivalent vaccine virus containing hPIV3 F and HN genes and
the RSV G or F gene in bPIV3 background was demonstrated to induce
protection against both hPIV3 and RSV (Schmidt ef al, 2001). Non-
segmented NSVs have also been harnessed to specifically target and
eliminate HIV infected cells, as demonstrated by generation of recombinant
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VSV or rabies virus possessing cellular proteins on their surfaces (Mebatsion
et al., 1997; Schnell et al., 1997). Recombinant VSV and RV expressing env
and/or gag genes of HIV-1 were also generated and characterized in
experimental animals to investigate their potential as live-viral vaccines
against AIDS (Rose et al., 2001; Schnell ez al., 2000).

6. CONCLUSION

To be successful, genetically engineered vaccines should have an
advantage over that of conventional vaccines in at least some aspects such
as: improved safety, increased efficacy, prolonged duration of immunity,
giving a manufacturing and delivery advantage, or the ability to differentiate
vaccinated from infected animals. In “transfer of gene-based technology” to
developing countries, the advantages brought by such technology over that
of conventional methods should be taken into consideration. In many
developing countries, improvement of management practices, effective
implementation of conventional vaccines and other disease control measures
and assigning of adequate funds and trained manpower to upgrade the
agricultural sector are still of paramount importance.
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Abstract:

1.

The continuous interactions between host and viruses during their co-evolution
have shaped not only the immune system but also the countermeasures used by
viruses. Studies in the last decade have described the diverse arrays of
pathways and molecular targets that are used by viruses to elude immune
detection or destruction, or both. These include targeting of pathways for
major histocompatibility complex class I and class II antigen presentation,
natural killer cell recognition, apoptosis, cytokine signalling, and complement
activation. This paper provides an overview of the viral immune-evasion
mechanisms described to date. It highlights the contribution of this field to our
understanding of the immune system, and the importance of understanding this
aspect of the biology of viral infection to develop efficacious and safe
vaccines.

INTRODUCTION

The continuous interactions between hosts and viruses during their co-
evolution have shaped not only the immune system but also the counter-
measures used by viruses. The evasion strategies that viruses have devised
are highly diverse, ranging from the passive to the active. Passive evasion
strategies comprise hiding inside the infected host cell in a dormant form or
creating a broad antigenetic diversity among the progeny virions during each
replication cycle (as exploited, for example, by retroviruses), thus evading or
staying one step ahead of the immune response. Active mechanisms include
interferences with pathways for major histocompatibility complex (MHC)
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class I and class II antigen presentation, natural killer (NK) cell recognition,
cytokine signalling, apoptosis of infected cells, and complement activation.
In this review, the authors provide an overview of the different active
mechanisms that viruses use to evade host immune responses. Due to space
constraints, those mechanisms will be presented concisely in pairs of
associated figures and tables. The basic concepts of the components of the
immune system targeted by the viruses are described in the figures, while
viral strategies are listed in the corresponding tables. To save space, viruses
are cited using the abbreviations of the International Committee for
Taxonomy of Viruses.

2. VIRAL INTERFERENCE WITH MHC CLASS 1
PATHWAY

CDS8-positive cells play an important role in immunity against viruses.
Just how important these cells are is demonstrated by the evolution of viral
strategies for blocking the genesis or the display of viral peptide-MHC class
I complexes on the surface of viral infected cells. To enhance the
understanding of this field, the manner in which viral proteins are processed
for recognition by virus-specific CD8+ T cells is briefly described
(Figure 1). In the infected cells, peptides are generated from by-products of
proteasomal degradation. Most of the substrates consist of defective
ribosomal products (DRiPs). Peptides are then transported into the
endoplasmic reticulum (ER) by the TAP protein. Here, MHC class I
molecules are folded through the actions of general purpose molecular
chaperones working with a dedicated chaperone (Tapasin) that tethers MHC
class 1 to TAP. After peptide binding, MHC class I molecules dissociate
from TAP, leave the ER and migrate to the plasma membrane through the
Golgi complex. As viral peptide-MHC class I complexes accumulate on the
cell surface, they have a greater chance of triggering activation by CD8+ T
cells with a cognate receptor. Viruses have been shown to interfere with
virtually every step of T cell antigen processing and presentation (Figure 1
and Table 1). The viral proteins involved in such mechanisms have been
called VIPRs (pronounced “viper”) for viral proteins interfering with antigen
presentation. They are listed in Table 1 together with their mechanism of
action. For an excellent review on this subject, see that of Yewdell and Hill
(2002).
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Figure 1. Viral interference with MHC class I pathway.

The classical MHC class I pathway is depicted with reference to viral interfering proteins
listed in Table 1. Peptides are derived from DRiPs through the action of proteasomes and
transported into the ER by the TAP protein. Nascent MHC class I molecules bind to TAP via
tapasin. Binding of peptide to MHC class I molecules releases them from the ER. Peptide-
MHC class I molecules then migrate to the cell surface. VIPRs have been shown to interfere
with virtually every step of T cell antigen processing and presentation, namely (1) prevention
of peptide degradation; (2) inhibition of peptide translocation in the ER, the inhibitory viral
protein being either on the cytosolic side (2a) or in the lumen of the ER (2b); (3) retention of
MHC class I molecules in the ER (3a) or in the transGolgi network (TGN) (3c), or by
targeting of ER MHC class I molecules for degradation by the proteoasomes (3b);
(4) reduction of peptide-MHC class I complexes exposed on the cell surface by inhibition of
their migration to the cell surface, by increasing their endocytosis from the cell surface and by
increasing their degradation into lysosomes; and (5) inhibition of T CD8+ cell recognition of
cell surface peptide-MHC class I complexes. The VIPRs acting at those steps are listed in
Table 1.
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Table 1. Viral interference with the MHC class I pathway.

Site  Virus® Viral gene Mechanism of action Source
or protein

1  HHV-+4 EBNA-1 Contains a sequence that renders it resistant to [1;2]
proteasome degradation and self inhibition of
synthesis

1 HHV-S5 ULS3 Inhibits generation of antigenic peptides from a [3]
72 kDa transcription factor by phosphorylation of the
latter

2a  HHV-1 1CP47 Prevents peptide translocation by interacting with both  [4; 5]

HHV-2 TAP 1 and TAP 2 on the cytosolic side of the ER

2a  BoHV-1 ICP47 Prevents peptide translocation by interacting with both  [6]
TAP 1 and TAP 2 on the cytosolic side of the ER

2b  HHV-5 UsSé6 Binds to TAP in the ER lumen and prevents peptide  [7; 8; 9]
transport

3a  Adeno- E19 Retains MHC-I in the ER by binding to the o1 and [10; 11;

virus a2 regions (could also inhibit peptide loading of the ~ 12; 13]

MHC-I)

3a  HHV-5 US3 Retains MHC-I in the ER [14; 15]

32 MuHV-1 m4 Forms extensive complexes with MHC-I in the ER [16]

3b HHV-5 US2, US3 Targets class 1 heavy chains for degradation by the [17]
proteasome

3b MuHV-4 K3 Targets class 1 heavy chains for degradation by the  [18; 19]
proteasome and subverts TAP/Tapasin associated
class I

3b HIV-1 Vpu Destabilizes newly synthesized class 1 molecules [20]

and targets for degradation
3b  HTLV-1 pl12(]) Targets class 1 heavy chains for degradation by the [21]

proteasome
3c  MuHV-1 ml52 Retains MHC-I within the ER-transGolgi [22]
intermediate compartment
4  MuHV-1 m06 Prevents the MHC-I from reaching the cell surface [23]
4  HIV,SIV nef Accelerates endocytosis of class 1 complexes [24; 25]
(specific targeting of HLA A and B locus)
4  EHV-1 ? Enhanced endocytosis of MHC-I from the surface [26]
4  HHV-8 K3, K5 Targets the MHC-I to lysosomes [27]
5 MuHVI m4 Inhibits T CD8+ cell recognition [28]

NoTtES: (1) Site of action. Numbers refer to paths identified in Figure 1. (2) International
Committee for Taxonomy of Viruses (ICTV) abbreviations.

SOURCES: [1] Levitskaya et al., 1995. [2] Yin, Maoury and Fahraeus, 2003. [3] Gilbert ef al.,
1993. [4] Galocha et al., 1997. [5] Ahn et al., 1996. [6] Hinkley, Hill and Srikumaran, 1998.
[7] Hengel et al., 1996, 1997. [8] Ahn et al., 1997. [9] Lehner ef al., 1997. [10] Cox, Bennink
and Yewdell, 1991. [11]Burgert and Kvist, 1987. [12]Jefferies and Burgert, 1990.
[13] Bennett et al., 1999. [14] Ahn et al., 1996. [15] Jones, et al., 1996. [16] Kavanagh,
Koszinowski and Hill, 2001. [17] Wiertz et al., 1996. [18] Boname and Stevenson, 2001.
[19] Lybarger et al., 2003. [20] Kerkau et al., 1997. [21] Johnson ef al., 2001. [22] Ziegler et
al., 1997. [23] Reusch et al., 1999. [24] Le Gall et al., 1998. [25] Cohen et al., 1999.
[26] Rappocciolo, Birch and Ellis, 2003. [27] Hewitt et al., 2002. [28] Kleijnen et al., 1997.
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Figure 2. Viral evasion of NK cells.

Viral mechanisms interfering with NK cell functions fall into five categories, namely
(1) expression of virally encoded MHC class I homologues that serve as NK cell decoys and
ligate inhibitory receptors to block NK cytotoxicity; (2) selective modulation of MHC class |
allele expression. Some viruses are able to down-regulate MHC class I molecules that are
efficient for presentation of viral peptides to CD8+ cytotoxic T cells (such as HLA-A and
HLA-B) without affecting or even increasing the expression of HLA-C and HLA-E, the
dominant ligands for NK cell inhibitory receptors; (3) through the various mechanisms listed
in Table 2, some viruses are capable of inhibiting the function of NK activatory receptor;
(4) other viruses interfere with the cytokine pathways relevant to NK cell activation by
producing virally encoded cytokine-binding proteins or cytokine antagonist; and (5) viruses
can also directly inhibit NK cells by infecting them or by using viral envelope proteins to
ligate NK cell inhibitory receptor.



262 L. Gillet and A. Vanderplasschen

3. VIRAL EVASION OF NATURAL KILLER CELLS

NK cells are lymphocytes that, in contrast to B and T cells, do not
undergo genetic recombination events to increase their affinity for particular
ligands, and are therefore considered as part of the innate immune system.
They are capable of mediating cytotoxic activity and producing cytokines
after ligation of a variety of germline-encoded receptors. Like CD8+ T cells,
NK cells mediate direct lysis of target cells by releasing cytotoxic granules
containing perforin and granzymes, or by binding to apoptosis-inducing
receptors on the target cells. Several receptors that can activate NK cells
have been identified, among which some recognize viral proteins (Orange et
al., 2002). Due to the possible consequences of NK cell activation, normal
host cells must inhibit NK activity. Various inhibitory receptors are
consistently expressed by a subset of NK cells. These receptors bind to host
MHC class I molecules and transmit inhibitory signals to the NK cells.

As noted above, many viruses have acquired effective means of avoiding
T cell antigen presentation, thus avoiding T cell adaptive immune response.
However, by eluding T cells, the viruses might have increased their
susceptibility to NK cell-mediated defences. Consequently, in addition to
the inhibition of T cell antigen presentation, some viruses have also acquired
mechanisms to evade the action of NK cells. These mechanisms fall into five
categories, presented in Figure 2; the viruses known to have acquired such
mechanisms are listed Table 2. For an excellent review of the viral evasion
of NK cells, see Orange et al. (2002).

Table 2. Viral evasion of natural killer cells.

Viral

Site V' Virus® Mechanism of action Source
gene
1 HHV-5 UL18 Homologue of MHC class I, binds to ILT-2 [1;2;3; 4]
1 MuHV-1 ml44 Homologue of MHC class I [5;6;7]
1 MuHV-1 ml57 Homologue of MHC class I, binds to Ly49-1 [8;9;10]
1 MuHV-2 rl44 Homologue of MHC class I [11]
1 MOCV MC80R Homologue of MHC class I [12]
2 HHV-5 US2, Cytosolic degradation of MHC class I, with [13; 14;
US11 exception of HLA-C and HLA-E 15; 16]
2 HHV-5 US2, Degradation or intracellular retention of MHC [17]
US3, class I but not IL-18
Use,
USI11
2 HHV-5 UL40 Enhances surface expression of HLA-E [18;19;
20]
2 MuHV-1 m04 Forms complexes with MHC class I molecules [21]
intracellularly and on the cell surface
2 HIV Nef Induces the endocytosis of MHC class I with [22; 23]

exception of HLA-C and HLA-E
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Viral

Site " Virus® Mechanism of action Source
gene

2 SIV Nef Induces the endocytosis of MHC class I with [22; 24]
exception of HLA-C and/or HLA-E

2 HHV-8 K5 Induces the endocytosis of HLA-A and HLA-B [19; 25]

3 HHV-5 ? Decreases surface expression of the CD2 ligand [26]
LFA-3

3 HHV-5 UL16 Blocks the interaction of NKG2D-DAP10 and [27; 28;
ULBP 29]

3 MuHV-1 ml52 Decreases surface expression of H60 (NKG2D [30]
ligand)

3 HHV-8 K5 Mediates ubiquitination and decreases surface [25;31;
expression of ICAM-1 and B7-2 32]

3 HIV, ? Mediates syalilation of cell surface receptors in [33]

HTLV infected cells

3 HIV Tat Inhibits LEA-1 mediated Ca®" influx through [34; 35]
binding of L-type Ca*" channel

4 MuHV-1 m131/129 Putative chemokine homologue [36; 37]

4 HHV-8 vMIP-1, Chemokine antagonists [38; 39]

vMIP-2

4 HHV-5 UL111a Viral IL-10 homologue [40]

4 HHV-4 BCRF1 Viral IL-10 homologue [41]

4 ECTV pl3 IL-18 binding protein [42]

4 MOCV MCS54L  IL-18 binding protein [43]

4 HPV E6,E7  IL-18 binding protein and antagonistic binding to [44; 45]
IL-18 Ro

4 MuHV-4 hvCKBP Chemokine binding protein [46]

4 VACV vCKBP  Chemokine binding protein [47]

5 HIV / Infects NK cells [48]

5 HHV-1 / Infects NK cells [49]

5 HCV E2 Binds to CDS]1 [50; 51]

Nortes: (1) Site of action. Numbers refer to paths identified in Figure 2. (2) International
Committee for Taxonomy of Viruses (ICTV) abbreviations.

SOURCES: [1] Beck and Barrell, 1988. [2] Reyburn et al., 1997. [3] Leong et al., 1998.
[4] Cosman et al., 1997. [5] Farrell et al., 1997. [6] Kubota ef al., 1999. [7] Cretney et al.,
1999. [8] Smith, Idris and Yokoyama, 2001. [9] Mandelboim et al., 2001. [10] Arase et al.,
2002. [11] Kloover et al., 2002. [12] Senkevich and Moss, 1998. [13] Schust et al., 1998.
[14] Gewurz et al., 2001. [15] Machold et al., 1997. [16] Lopez-Botet, Llano and Ortega,
2001. [17] Park ef al., 2002. [18] Tomasec et al., 2000. [19] Ishido ef al., 2000. [20] Wang et
al., 2002. [21] Kavanagh et al., 2001. [22] Le Gall et al., 1998. [23] Cohen et al., 1999.
[24] Swigut et al., 2000. [25] Coscoy, Sanchez and Ganem, 2001. [26] Fletcher, Prentice and
Grundy, 1998. [27] Sutherland, Chalupny and Cosman, 2001. [28] Kubin ef al., 2001.
[29] Cosman et al., 2001. [30] Krmpotic et al., 2002. [31] Ishido et al., 2000. [32] Coscoy and
Ganem, 2001. [33] Zheng and Zucker-Franklin, 1992. [34] Zocchi et al., 1998. [35] Poggi et
al., 2002. [36] Fleming et al., 1999. [37] Saederup et al., 2001. [38] Kledal ez al., 1997.
[39] Inngjerdingen, Damaj and Maghazachi, 2001. [40] Kotenko et al., 2000. [41] Moore et
al., 1990. [42] Born et al., 2000. [43] Xiang and Moss, 1999. [44] Lee et al., 2001. [45] Cho
et al., 2001. [46] Parry et al., 2000. [47] Alcami et al., 1998. [48] Chehimi et al, 1991.
[49] York and Johnson, 1993. [50] Tseng and Klimpel, 2002. [51] Crotta et al., 2002.
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Figure 3. Viral inhibition of MHC class II antigen presentation.

MHC class II a and B chains and the invariant chain (Li) are expressed constitutively or in
response to IFN-g stimulation. These molecules assemble in the ER to form the a-B-Li
complexes that are then transported from the ER through the Golgi apparatus to the TGN,
where the complexes are sorted to endosomes in response to signals present in the
cytoplasmic tail of Li. In early endosomes, Li is progressively degraded by low-pH proteases
so that fragments of it remain bound to the peptide-binding groove formed by the a-f chains.
The MHC class II complexes then traffic into more acidic late endosomes and prelysosomal
compartments known as MHC class Il loading compartment (MIIC). Viral antigens can reach
the endocytic pathway by phagocytosis, endocytosis or recycling of internal vesicules (site of
virus assembly). Antigens delivered into the endocytic pathway are degraded by acid-
dependent proteases to form peptides that are delivered to MIIC and loaded onto MHC class
II a-p dimers. Exchange of peptide antigens for Li fragments occurs in collaboration with
class II-like a-p dimers called DM. From the MIIC, peptide-loaded class II moves to the cell
surface for presentation to CD4+ T cells. Viral mechanisms interfering with MHC class 11
antigen presentation fall into 5 categories: (1) inhibition of the IFN-y transduction cascade
leading to the expression of MHC class II; (2) Inhibition of the association of the o and 3
chains with the Li chains; (3) redirecting the o and b chains and DM for degradation by the
proteasome; (4) preventing MHC class II from reaching the endocytic compartment; and
(5) interfering with MHC class II processing and acidification of the endosome.
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4. VIRAL INHIBITION OF MHC CLASS 11
ANTIGEN PRESENTATION

CD4-positive cells can recognize viral antigens expressed on virus-
infected cells expressing MHC class II molecules to act cytolytically, to
produce antiviral cytokines or to coordinate the antiviral immune response.
MHC class II molecules are expressed constitutively by thymic epithelial
cells, activated T cells and professional antigen-presenting cells, while in
other cells, such as fibroblasts, keratinocytes, endothelial, epithelial and glial
cells, their expression require IFN-y stimulation. The latter induces the
expression of MHC-II molecules through a complex cascade of factors
(reviewed in Hegde, Chevalier and Johnson, 2003).

From the recent literature, it appears that viral inhibition of MHC class II
antigen presentation is designed to prevent presentation of endogenous viral
antigens in virus-infected cells rather than presentation of exogenous
antigens in professional antigen-presenting cells.

Table 3. Viral inhibition of MHC class II antigen presentation.

Site ™ Virus@ \g/;ll Mechanism of action Source
1 Adeno- E1A Interferes with MHC class 11 upregulation (INF y [1]
virus signal transduction cascade)
1 HHV-5 ? Interferes with MHC class II upregulation (INF vy [2; 3]

signal transduction cascade)

2 HHV-5 US3 Bounds to o/} subunits of MHC class II complexes [4]
in the ER reducing their association with Li

3 HHV-5 US2 Targets the MHC class II oo and DM-o molecules for [5]
degradation by the proteasome

4 HHV-1 ? Redistributes MHC class Il molecules away from the [6]
endocytic pathway

4 HIV Env Redistributes MHC class II molecules away from the [7]
endocytic pathway

5 HIV Nef Interference with MHC class II processing [8]

5 SIvV Nef Interference with MHC class II processing [9]

5 HHV-1 e¢B Interference with molecular co-players of MHC [10]
class II (DR and DM) processing

5 HPV/BPV ES5 Interference with MHC class II processing, and [11;12]
acidification of the endosomes

5 BPV E6 Interacts with AP-1, the TGN-specific clathrin [11; 13]

adaptator complex

NoTtEs: (1) Site of action. Numbers refer to paths identified in Figure 3. (2) International
Committee for Taxonomy of Viruses (ICTV) abbreviations.

SOURCES: [1] Leonard and Sen, 1996. [2] Miller et al., 1999. [3] Miller et al., 1998. [4] Hegde
et al., 2002. [5] Tomazin et al., 1999. [6] Lewandowski, Lo and Bloom, 1993. [7] Rakoff-
Nahoum et al., 2001. [8] Stumptner-Cuvelette et al., 2001. [9] Schindler et al., 2003.
[10] Neumann, Eis-Hubinger and Koch, 2003. [11] Tortorella ez al., 2000. [12] Andresson et
al., 1995. [13] Tong et al., 1998.
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To enhance the understanding of this field, Figure 3 illustrates how viral
peptides are processed for presentation in association with MHC class II
molecules on the surface of an infected host cell. Some of the viral
mechanisms acquired by viruses to interfere with this process are listed in
Table 3. For an excellent review of this topic, see Hegde, Chevalier and
Johnson (2003).
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Figure 4. Viral interference with cytokines, chemokines and their receptors.

The strategies acquired by viruses to interfere with or to exploit host cytokines, chemokines
and their receptors can be classified into 5 categories: (1) some viruses encode membrane
anchored molecules able to bind host chemokine and eventually transduce a signal. Because
these viral molecules have sequence similarity with host cellular receptors, they have been
called chemokine receptors; (2) other viruses encode soluble proteins capable of binding to
chemokines and preventing their action on target cells. Because these viral proteins are not
homologues of host cellular proteins, they have been called chemokine binding protein rather
than chemokine receptor; similarly, (3) viral encoded membrane anchored cytokine receptors;
and (4) soluble cytokine receptors or soluble cytokine binding proteins have been described;
(5) viruses are known to encode homologues of cytokines or chemokines.
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S. VIRAL INTERFERENCE WITH CYTOKINES,
CHEMOKINES AND THEIR RECEPTORS

Viral infection induces the production of cytokines and chemokines
playing crucial roles in inducing the migration and activation of immune
cells to areas of infection; in immune regulation; in anti-viral defence; as
well as in the capacity of target cells to support virus replication. For
example, cytokines such as interferons (IFN) and tumour necrosis factor
(TNF) induce intracellular pathways that activate an anti-viral state or
apoptosis, and thereby contribute to limit viral replication. A very large
number of cytokines induce mechanisms that enhance immune recognition,
or immune responses that protect against viral infection. Finally, some anti-
viral cytokines mediate killing of infected cells by NK cells or cytotoxic T
lymphocytes.  Therefore, it is not surprising to find that cytokines,
chemokines and their receptors are targets of viral immune-evasion
strategies. The different strategies developed by viruses to interfere with or
to exploit host cytokines, chemokines or their receptors are illustrated in
Figure 4. Example of viruses known to have acquired such strategies are
listed in the accompanying Table 4. For an excellent review of this topic,
see the recent review by Alcami (2003).

Table 4. Viral interference with cytokines, chemokines and their receptors.

Site ™ Virus®  Viral gene Mechanism of action Source
1 HHV-8 ORF74 Viral chemokine receptor, induces cell [1]
proliferation in vitro and tumours in transgenic
mice
1 HHV-5 US28 Viral chemokine receptor [2]
1 HHV-5 uS27 Viral chemokine receptor [3]
1 SCMV E3-7 Cluster of five HCMV US28 homologues [4]
1 MuHV-1 m33 Viral chemokine receptor [5]
1 HHV-6 usl1 Viral chemokine receptor [6]
1 FWPV FPV 021,  Viral chemokine receptor [7]
027, 206
1 SWPV SPV146 CXCR1 homologue [3]
1 SPPV Q2/3L CC-chemokine receptor [3]
1 YLDV 7L, 145R  CCRS8 homologues [8]
1 LSDV LSDVO011  CC-chemokine receptor homologue [9]
2 EHV-1 G Secreted or membrane anchored C-, CC-, CXC- [10]
(vCKBP4) chemokine binding protein
2 EHV-3 eG Secreted or membrane anchored C-, CC-, CXC- [10]
(vCKBP4) chemokine binding protein
2 BoHV-1 gG Secreted or membrane anchored C-, CC-, CXC- [10]
(vCKBP4) chemokine binding protein
2 BoHV-5 gG Secreted or membrane anchored C-, CC-, CXC- [10]

(vCKBP4) chemokine binding protein
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Site ™V Virus®  Viral gene Mechanism of action Source
2 RanHV-1 gG Secreted or membrane anchored C-, CC-, CXC- [10]
(vCKBP4) chemokine binding protein
2 CapHV-1 gG Secreted or membrane anchored C-, CC-, CXC- [10]
(vCKBP4) chemokine binding protein
2 CerHV-1 ¢gG Secreted or membrane anchored C-, CC-, CXC- [10]
(vCKBP4) chemokine binding protein
3 MYXV vCKBP1 Secreted C-, CC-, CXC- chemokine binding [11]
protein
3 VACV vCKBP2 Secreted C-chemokine binding protein [12;13]
3 CPXV HS5R Secreted C-chemokine binding protein [12;13]
3 MYXV M-T1 Secreted C-chemokine binding protein [12;13]
3 MuHV-4 vCKBP3 Secreted C-, CC-, CXC-, CX;5C- chemokine [14]
binding protein
3 VACV A41L vCKBP2 homologue [15]
4  HHV-5 UL144 Membrane TNFR homologue [16]
5 CPXV CrmB Secreted TNF inhibitor [17]
5 MYXV MT-2 Secreted TNF inhibitor [18]
5 CPXV CrmC Secreted TNF inhibitor [19]
5 CPXV CrmD Secreted TNF inhibitor [20]
5 CPXV CrmE Secreted TNF inhibitor, also expressed at the cell [21]
5 VACV CrmE surface [22]
5 LCDV1 ORF167L Homology to domain of TNFR [23]
5 SFV T2 TNF-R homologue [24; 25]
5 ECTV E13 Secreted; blocks binding of CD30 to CD30L and [26]
induces reverse signalling in cells expressing CD30L
5  VACV vCD30 Secreted; blocks binding of CD30 to CD30L and [27]
induces reverse signalling in cells expressing CD30L
5 VACV B16R Secreted receptor for interleukin-1 3 [28]
5 MYXV MT-7 Secreted receptor for IFN-y [29]
5 VACV B8R Secreted receptor for [IFN-y [30]
5 VACV BI19R Secreted and cell surface binding protein for IFN- [31]
o/B
5 HHV-4 BARF1 Secreted binding protein for CSF1 [32]
5 ORFV GIF Secreted binding protein for GM-CSF/IL2 [33]
5 MOCV MC54 Secreted binding protein for IL18 [34]
5 ECTV E19 Secreted binding protein for IL18 [35]
5  MOCV MC51, Secreted binding proteins for IL18 [36]
MC53
6 VACV CIl1R Viral epidermal growth factor homologue [37]
6 ORFV A2R Viral vascular endothelial growth [38]
6 HHV-4 BCRF1 Viral IL-10 homologue [39]
6 HHV-5 ULI1la Viral IL-10 homologue [40]
6 ORFV vIL-10 Viral IL-10 homologue [41]
6 EHV-2 E7 Viral IL-10 homologue [42]
6 SaHV-2  ORF13 Viral IL-17 homologue [43]
6 HHV-8 K2 Viral IL-6 homologue [44]
6 VACV A39R Viral semaphorin, binds semaphorin receptor [45]

VESPR
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Site ™V Virus®  Viral gene Mechanism of action Source
6 FWPV FPV080 Viral TGF-§ homologue [71
6 FWPV FPV072, Viral B-NGF homologue [7]
FPV076
6  HHV-8 K6 Viral CR8 agonist [46]
6 HHV-8 K4 C-, CC-, CXC-, CX3C-chemokine antagonist [47]
6 HHV-8 K4.1 CCR4 agonist [48]
6 HHV-6 us83 CC-chemokine agonist [49]
6 MOCV MC148 CC-, CXC-chemokine antagonist, CCR8 specific ~ [50; 51]
antagonist
6 MuHV-1 ml131/129  CC-chemokine agonist [52 —54]
6 HHV-5 UL146 CXCR?2 agonist [55]
6 GaHV-2 MDV003  CXC chemokine [56]
6 HIV tat Partial chemokine similarity [57]
6  HRSV gG Partial chemokine similarity, CX;CL1 activity [58]

NoTES: (1) Site of action. Numbers refer to paths identified in Figure 4. (2) International
Committee for Taxonomy of Viruses (ICTV) abbreviations.

SOURCES:  [1] Arvanitakis et al., 1997. [2] Bodaghi et al., 1998. [3] Murphy, 2001.
[4] Alcami, 2003. [5] Davis-Poynter et al., 1997. [6] Milne et al., 2000. [7] Alfonso et al.,
1996. [8] Lee, Essani and Smith, 2001. [9] Tulman et al., 2001. [10] Bryant et al., 2003.
[11] Mossman et al., 1996. [12] Smith et al., 1997. [13] Graham et al., 1997. [14] Parry et al.,
2000. [15] Ng et al., 2001. [16] Benedict et al., 1999. [17] Hu, Smith and Pickup, 1994.
[18] Macen et al., 1996. [19] Smith et al., 1996. [20] Loparev et al., 1998. [21] Saraiva and
Alcami, 2001. [22] Reading, Khanna and Smith, 2002. [23] Tidona and Darai, 1997.
[24] Smith et al., 1990. [25] Smith ef al., 1991. [26] Saraiva et al., 2002. [27] Panus et al.,
2002. [28] Alcami and Smith, 1992. [29] Upton, Mossman and McFadden, 1992. [30] Alcami
and Smith, 1995. [31] Colamonici et al., 1995. [32] Strockbine et al., 1998. [33] Deane et al.,
2000. [34] Xiang and Moss, 1999a. [35] Smith, Bryant and Alcami, 2000. [36] Xiang and
Moss, 1999b. [37] Twardzik er al., 1985. [38] Meyer et al., 1999. [39] Hsu et al., 1990.
[40] Kotenko et al., 2000. [41] Fleming et al., 1997. [42] Rode et al., 1993. [43] Yao et al.,
1995. [44] Aoki et al., 1999. [45] Gardner et al., 2001. [46] Boshoff ez al., 1997. [47] Kledal
et al., 1997. [48] Stine et al., 2000. [49] Zou et al., 1999. [50] Krathwohl et al., 1997.
[51] Luttichau et al., 2000. [52] Fleming et al., 1999. [53] Saederup et al., 2001.
[54] Saederup et al., 1999. [55] Penfold et al., 1999. [56] Parcells et al., 2001. [57] Albini et
al., 1998. [58] Tripp et al., 2001.

6. VIRAL MANIPULATION OF THE CELL DEATH
PROGRAMME

Replication of viruses may stimulate suicide of the host cell directly or
via recognition by immune effector cells. These cells (cytolytic T cells and
NK cells) induce cell death by secretion of cytotoxic cytokines such as TNFs
and by processes requiring direct cell-cell contact, such as release of perforin
and granzyme. This form of programmed cell death is called apoptosis.
Apoptosis is an orchestrated biochemical process that leads ultimately to the
demise of the cell, initiated by both internal sensors (intrinsic pathway,
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mitochondria dependent) and external stimuli (extrinsic pathway, death
receptor mediated).
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Figure 5. Viral inhibition of apoptosis.

Apoptosis can be initiated by two main pathways. The extrinsic pathway is triggered by death
ligands binding to their cognate death receptors. These receptors then multimerize and their
death domains (DDs) interact with the DDs of adaptator proteins that bind to pro-caspase 8
and/or pro-caspase 10 to form the DISC. This ends with pro-caspase cleavage in their active
form. These caspases can then cleave Bid and activate the effector caspase cascade. On the
other end, internal sensors initiate the intrinsic pathway via a process that results in hetero-
oligomeric pores formation in the outer membrane of the mitochondria. Factors such as
cytochrom ¢, Smac and Omi are then released in the cytoplasm where cytochrom ¢ promotes
formation of the apoptosome, resulting in autocatalytic activation of caspase 9, which initiates
the effector caspase cascade. Caspases activation is negatively regulated by IAP, which are
counter-balanced by proapoptotic Smac and Omi. Viral mechanisms of apoptosis inhibition
fall into 4 main categories: (1) modulating of death receptors signalling; (2) regulation of
caspase; (3) mimicking Bcel-2; and (4) blinding the internal sensors.

In the case of replicating viruses, apoptosis can be viewed as an altruistic
defence mechanism by which the host infected cell commits suicide in order
to prevent virus spread in the infected host. Indeed, premature cell death
would enable viruses to maximally replicate or to establish latency.
Apoptosis is a complex and highly regulated process. Many viruses have
acquired mechanisms to inhibit this important biological process, by
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targeting different steps. These mechanisms of viral inhibition of apoptosis
can be classified into four main classes: modulation of death receptor
signalling; caspase regulation; Bcl-2 mimicking; and internal sensors
blinding. They are described in Figure 5. Viral proteins inhibiting apoptosis
are listed in Table 5, together with their mechanism of action. For an
excellent review of this subject, see Benedict, Norris and Ware (2002).

Table 5. Viral inhibition of apoptosis.

Viral

Site ' Virus® Mechanism of action Source
gene
1 adeno- E3-6.7  Complexes with 10.4 and 14.5 resulting in [1]
virus downmodulation of TRAIL receptor 1 and 2
1 adeno- E3-10.4 Inhibits TNF and FasL induced apoptosis [2; 3]
virus
1 adeno- E3-14.5 Inhibits TNF and FasL induced apoptosis [2; 3]
virus
1 adeno-  E3-14.7 Inhibits TNF induced apoptosis [4; 5]
virus
1 BoHV-4 ORF71 Inhibits TNF and FasL induced apoptosis (viral [6]
homologue of cFLIP)
1 EHV-2 ES8 Inhibits TNF and FasL induced apoptosis (viral [7]
homologue of cFLIP)
1 SaHV-2 ORF71 Inhibits TNF and FasL induced apoptosis (viral [8]
homologue of cFLIP)
1 HHV-8 K13 Inhibits TNF and FasL induced apoptosis (viral [9]
homologue of cFLIP)
1 MOCV  MC159 Inhibits TNF and FasL induced apoptosis (viral [7;10]
homologue of cFLIP)
1 HHV-5 UL36 Prevents caspase 8§ activation [11]
1 MYXV MT-2 TNF-R homologue [12; 13]
1 HHV-4 LMPI1 Interacts with TRFAFs and TRADD [14; 15]
1 SFV T2 TNF-R homologue [16; 17]
1 VACV CrmE TNF-receptor [18]
1 CPXV  CrmB TNF-receptor [19]
1 CPXV  CrmC TNF-receptor [20]
1 CPXV  CrmD TNF-receptor [21]
1 CPXV  CrmE Secreted TNF inhibitor, also expressed at the cell [22]
surface
1 LCDV1 ORF167L Homology to domain of TNFR [23]
1 HHV-5 UL144 Membrane TNFR homologue [24]
2 ASFV A2241.  [AP-related protein [25; 26]
2 Baculo- P35 Inhibits caspase 1, 3, 6, 8 and 10 [27 — 29]
virus
2 Baculo- IAP Inhibits caspase 3, 6 and 7 [27; 30]
virus
2 CPXV  CrmA Inhibits caspase 1, 4, 5 and 11 [31-33]
2 VACV  SPI-2 Inhibits caspase 1, 4, 5 and 11 [34]

2 ECTV SPI-2 Inhibits caspase 1, 4, 5 and 11 [35]
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Viral

Site " Virus® Mechanism of action Source
gene

3 Adeno- EIB- Bcl-2-related protein [36; 37]
virus 19K

3 HHV-4 BHRF1 Bcl-2-related protein [38; 39]

3 HHV-4 BALF1 Bcl-2-related protein [40]

3 HHV-8 HHV-8 Bcl-2-related protein [41]

vBcl-2

3 SaHV-2 ORF16 Bcl-2-related protein [42; 43]

3 MuHV- mll Bcl-2-related protein [44]
4

3 ASFV  Al179L  Bcl-2-related protein [45]
HHV-1 US3 Prevents virus induced apoptosis via a post- [46]

translational modification of Bad

3 HHV-1 USS Cooperates with US3 [46]

3 HHV-5 UL37 Appears to be functionally similar to Bcl-2 [47]

3  HHV-4 LMPI Up-regulates Bcl-2 and other cell survival proteins [14; 15]

3 HIV Nef Prevents apoptosis via phosphorylation of Bad [48]

3 HTLV-1 Tax Activates the Bcl-x; promoter while repressing [49]

transcription of Bax

4 Adeno- EIB- Binds to p53 and functionally inactivates it [50]
virus 55K

4 HPV Eo6 Targets p53 for degradation [51-53]

4 SV-40  Large T Binds to p53 and inactivates it [54; 55]

4 HBV pX Complexes p53 and inhibits p53-mediated [56]

transcriptional activation

NoTEs: (1) Site of action. Numbers refer to paths identified in Figure 5. (2) International
Committee for Taxonomy of Viruses (ICTV) abbreviations.

SOURCES: [1] Benedict et al., 2001. [2] Gooding et al., 1991. [3] Shisler er al., 1997.
[4] Gooding et al., 1988. [5] Li, Kang and Horowitz, 1998. [6] Wang et al., 1997. [7] Bertin et
al., 1997. [8] Glykofrydes et al., 2000. [9] Sturzl et al., 1999. [10] Shisler and Moss, 2001.
[11] Skaletskaya et al., 2001. [12] Macen et al., 1996. [13] Xu, Nash and McFadden, 2000.
[14] Kawanishi, 1997. [15] Henderson et al., 1991. [16] Smith et al., 1990. [17] Smith ef al.,
1991. [18] Reading, Khanna and Smith, 2002. [19] Hu, Smith and Pickup, 1994. [20] Smith et
al., 1996. [21] Loparev et al., 1998. [22] Saraiva and Alcami, 2001. [23] Tidona and Darai,
1997. [24] Benedict et al., 1999. [25] Chacon et al., 1995. [26] Nogal et al., 2001. [27] Clem,
2001. [28] Clem, Fechheimer and Miller, 1991. [29] Bertin et al., 1996. [30] Crook, Clem and
Miller, 1993. [31] Dbaibo and Hannun, 1998. [32] Tewari and Dixit, 1995. [33] Zhou et al.,
1997. [34] Dobbelstein and Shenk, 1996. [35] Turner et al., 2000. [36] Sundararajan and
White, 2001. [37] Henry et al., 2002. [38] Henderson et al., 1993. [39] Kawanishi, 1997.
[40] Marshall et al., 1999. [41] Sarid et al., 1997. [42] Nava et al., 1997. [43] Derfuss et al.,
1998. [44] Wang, Garvey and Cohen, 1999. [45] Afonso et al., 1996. [46] Jerome ef al., 1999.
[47] Goldmacher et al., 1999. [48] Wolf et al., 2001. [49] Tsukahara et al., 1999.
[50] Teodoro and Branton, 1997. [51] Thomas and Banks, 1998. [52] Thomas and Banks,
1999. [53] Pan and Griep, 1995. [54] Lane and Crawford, 1979. [55] Linzer and Levine,
1979. [56] Wang et al., 1995.
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7. VIRUS COMPLEMENT-EVASION STRATEGIES

Complement is part of the innate immune system and is activated in a
cascade manner through two main pathways, known as the classical and the
alternative, and illustrated in Figure 6.
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Figure 6. Virus complement evasion strategies.

Complement is part of the innate immune system and is activated in a cascade manner
through two main pathways, known as the classical and the alternative pathways. The
classical pathway is activated by the recognition proteins Clq or mannose-binding lectin,
which bind respectively to charge clusters or neutral sugars on targets. In contrast, activation
of the alternative pathway is a default process that proceeds unless down-regulated by specific
mechanisms. Complement activation results in cleavage and activation of C3 and deposition
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of opsonic C3 fragments on surfaces. Subsequent cleavage of C5 leads to assembly of the
membrane attack complex (C5b,6,7,8,9), which disrupts lipid bilayers. Viruses have
developed different strategies acting at different stages of the complement cascade in order to
evade complement-mediated destruction. These are listed in Table 6, and are referred to in
this figure. These strategies fall into three main categories: (1) some viruses interfere with the
classical pathway by avoiding complement binding to antibody-antigen complexes, either by
shedding or internalization of these complexes from the cell surface or by expressing virally-
encoded Fc receptor on the cell surface; (2) other viruses encode and express functional
homologue of cellular regulators of complement activation (RCA), protecting their lipid
envelope and the membrane of the infected cell; and (3) some viruses can incorporate host
complement RCA in their envelope and/or up-regulate expression of these proteins in infected
cells.

Complement activation on host cells is prevented by several membrane
regulators of complement activation (RCA), the activity of which is
predominantly restricted to complement of the same species, a phenomenon
called homologous restriction. These proteins down-regulate complement
activity at two steps in the classical and the alternative pathways:
complement receptor 1 (CD35) and decay-accelerating factor (CDS55) inhibit
the formation and accelerate the decay of the classical pathway and
alternative pathway C3-activating enzymes (C3 convertases); complement
receptor 1 and membrane cofactor protein (CD46) act as cofactors for Factor
I (a serum protease), which catabolizes C4b and C3b, thereby inhibiting
formation of the C3 convertases C4b2a and C3bBb; finally, at the end of the
complement cascade, CD59 and possibly also homologous restriction factor
(C8-binding protein) prevent the formation of the membrane attack complex.

In general, micro-organisms lack mammalian RCA and thus cannot
restrict complement deposition and amplification on their surfaces.
However, the toxicity of the complement system has selected viruses that
have acquired countermeasures. The viral strategies to evade complement-
mediated destruction are summarized in Table 6. For a recent review of this
topic, see that of Favoreel et al. (2003).

Table 6. Virus complement-evasion strategies.

Viral

Site Virus® Mechanism of action Source
gene
1 SuHV-1  gE-gl Shedding of viral protein-antibody complexes [1]
1 SuHV-1  gB-gD Internalization of viral protein-antibody complexes [2]
2 HHV-1 gE-gl Fc receptor activity [3]
2 HHV-3 gE-gl Fc receptor activity [4]
2 SuHV-1  gE-gl Fc receptor activity [1]
2 HHV-5 UL118- Fc receptor activity [5]
UL119
2 HHV-5 TRL11/ Fc receptor activity [6]
IRL11

2 MuHV-1  Ferl Fc receptor activity [7]
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Viral

site V' Virus? Mechanism of action Source
gene
2 S TGEV  Fc receptor activity [8]
2 S MHV Fc receptor activity [8]
2 S BCoV  Fc receptor activity [8]
3 CPXV IMP Downregulates chemotactic proteins C3a, C4a, C5a [9]
4 VACV VCP Cofactor for factor I [10]
4 VARV SPICE  Cofactor for factor | [11]
5 VACV VCP Binds to C4b [10]
5 VARV SPICE  Binds to C4b [11]
5 SaHV-2  ORF4 Inhibits formation and accelerates decay of [12]
classical and alternative C3 convertases
6 VACV VCP Cofactor for factor I [10]
6 VARV SPICE  Cofactor for factor I [11]
6 HHV-4 ? Cofactor for factor 1? [13]
7 HHV-1, gCl, Binds human C3b [14]
HHV-2 gC2
7 VACV VCP Binds to C3b [10]
7 VARV SPICE  Binds to C3b [11]
7 SaHV-2  ORF4 Inhibits formation and accelerates decay of [12]
classical and alternative C3 convertases
7 SuHV-1 gC Binds species-specific C3b [15]
7 BoHV-1 ¢gC Binds species-specific C3b [15]
7 EHV-1 gC Binds species-specific C3b [15]
7 EHV-2 gC Binds species-specific C3b [15]
8 HHV-1 gCl1 Inhibits Factor D binding [16]
9 HHV-1 gCl Inhibits C5 binding [16]
10 CPXV IMP Downregulates chemotactic proteins C3a, C4a, CS5a [9]
11 SaHV-2  ORF15 Homologue of CD59 [17]
12 HHV-5 ? Upregulation of CD55 and CD46 [18]
12 SuHV-2 ? Incorporation of cellular complement regulators [19]
12 VACV ? Incorporation of cellular complement regulators [20]
12 HIV ? Incorporation of cellular complement regulators [21]
12 HTLV ? Incorporation of cellular complement regulators [22]
12 SINV ? Incorporation of sialic acids [23]

NoTEs: (1) Site of action. Numbers refer to paths identified in Figure 6. (2) International
Committee for Taxonomy of Viruses (ICTV) abbreviations.

Sources: [1] Favoreel et al., 1997. [2] Favoreel et al., 1999. [3] Watkins, 1964. [4] Ogata
and Shigeta, 1979. [5] Lilley, Ploegh and Tirabassi, 2001. [6] Atalay et al., 2002. [7] Thale et
al., 1994. [8] Oleszak et al., 1993. [9] Howard ef al., 1998. [10] Kotwal et al, 1990.
[11] Rosengard et al., 2002. [12] Fodor et al., 1995. [13] Mold et al., 1988. [14] Friedman et
al., 1984. [15] Huemer et al., 1993. [16] Kostavasili et al., 1997. [17] Rother et al., 1994.
[18] Spiller et al., 1996. [19] Maeda et al, 2002. [20] Vanderplasschen et al., 1998.
[21] Saifuddin et al., 1995. [22] Spear et al., 1995. [23] Hirsch, Griffin and Winkelstein,
1981.
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8. CONCLUSION

During the millions of years they have been co-evolving with their host,
viruses have learned how to manipulate host immune control mechanisms.
The review of the immune evasion strategies acquired by viruses revealed
several fascinating aspects of this field. First, it is remarkable that individual
virus families have targeted many common immunological principles.
Second, the analysis of viral immunoregulatory proteins revealed that they
belong to two classes: those encoded by genes with and those encoded by
genes without sequence homology to cellular genes. While the former
indicates that viruses have ‘“stolen” genes from the host that were
subsequently modified for the benefit of the virus, the latter suggests
acquisitions through a mechanism of convergent evolution.

Viruses are obligate parasites that live “on the edge”. On the one hand,
they need to impair the immune response of their host to be able to replicate
and to avoid eradication; but, on the other hand, they need to respect the host
immune response in order to ensure their host’s (and hence their own)
survival. In other words, the perfect adaptation of a virus to its host would
represent a virus able to complete its biological cycle without inducing
clinical symptoms. Further studies are required to determine the roles of
viral immune-evasion mechanisms in this delicate equilibrium. Indeed, most
of the studies cited in this review have investigated the ability of viral genes
to interfere with the host immune response in vitro. However, only in vivo
experiments will be able to determine the real biological functions of these
viral immune-evasion mechanisms. A beautiful example supporting this
statement has been provided by the study of vaccinia virus IL-1 receptor.
Indeed, while this wviral product was thought to contribute to the
pathogenicity of the virus, it is interesting to observe that deletion of the
corresponding gene enhanced virus virulence and the onset of fever,
suggesting that the purpose of a least some of the immune-evasion
mechanisms is to reduce immunopathology caused by viral infection
(Alcami and Smith, 1996).

In conclusion, this review highlights the complexity and the importance
of viral immune-evasion strategies in the host-virus relationship.
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THE MOLECULAR BASIS OF LIVESTOCK
DISEASE AS ILLUSTRATED BY AFRICAN
TRYPANOSOMIASIS

John E. Donelson
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Abstract: African trypanosomes are protozoan parasites, most species of which are
transmitted by tsetse flies. They reside in the mammalian bloodstream and
evade the immune system by periodically switching the major protein on their
surface — a phenomenon called antigenic variation, mediated by gene
rearrangements in the trypanosome genome. The trypanosomes eventually
enter the central nervous system and cause a fatal disease, commonly called
ngana in domestic cattle and sleeping sickness in humans. Two sub-species of
Trypanosoma brucei infect humans (7. b. rhodesiense and T. b. gambiense)
and one sub-species does not survive in humans (7. b. brucei) because it is
lysed by the human-specific serum protein, apolipoprotein L-I. Wild animals
in Africa have other (less well understood) molecular mechanisms of
suppressing the number of African trypanosomes in the blood, and some
indigenous breeds of African cattle also display a partial “trypanotolerance”
whose genetic loci have recently been mapped.

1. INTRODUCTION

Viral, bacterial, protozoan and helminthic diseases of domestic livestock
continue to be serious impediments in the agricultural economies of most
developing countries. Many of these livestock pathogens have evolved
sophisticated molecular mechanisms for evading or circumventing the
mammalian immune system. They also frequently acquire resistance to
drugs that are initially effective against them. Among these livestock
pathogens are African trypanosomes, which are protozoan parasites that
cause the fatal diseases of ngana in cattle, surra in camels and horses, and
sleeping sickness in humans. They are the paradigm for a livestock
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pathogen in developing countries about which much is now known, yet little
has been achieved in controlling or eliminating the disease.

African trypanosomes were identified as the cause of trypanosomiasis
more than 100 years ago (Hide, 1999) and in many ways are ideal pathogens
to study in the laboratory. From the perspective of research on the parasites
themselves, excellent laboratory rodent models for their infection exist (Hide
1999). They can also be readily grown as free-living organisms in culture
(Baltz et al., 1985) and individual colonies can be obtained on agar plates
(Carruthers and Cross, 1992). Their main mechanisms of immune evasion
are known (Donelson, 2003). The DNA sequence of their genome is nearly
determined (El-Sayed ef al., 2003). They can be manipulated genetically in
the laboratory — genes can be mutated, and deleted from or inserted into their
genome (Bellofatto and Cross, 1989). They contain unique organelles and
metabolic pathways not found in mammals, which could potentially be
exploited for new drug development (Opperdoes and Michels, 1993;
Schmidt and Krauth-Siegel, 2002). They are pathogens of humans as well as
livestock (Hide, 1999), so they attract the interests and vast resources of the
medical research community. From the standpoint of experiments on their
animal hosts, advantages also exist. Breeds of domestic cattle that are either
“trypanotolerant” or trypanosome-sensitive are well known and animals of
each type have been cross-bred (Hanotte, 2003). The molecular basis of
trypanosome-tolerance in at least one indigenous wild animal species (the
Cape buffalo) has been elucidated (Wang et al., 2002). Finally, the reason
some African trypanosome subspecies are killed by human serum, but not by
livestock serum, is at least partially understood (Vanhamme ez al., 2003).

Despite these extensive molecular characterizations of African
trypanosomes and their interactions with their livestock hosts during the past
century, African trypanosomiasis remains ranked among the top 10 livestock
diseases with a significant negative impact on developing countries in
Africa, Asia and South America. In this review, several of the distinctive
molecular properties of African trypanosomes will be described. The
reasons why this information has not translated into vaccines or better drugs
against trypanosomes will be presented, and prospects for more successful
applications of gene-based approaches against livestock diseases of
developing countries in the future will be examined.

2. ANTIGENIC VARIATION OF AFRICAN
TRYPANOSOMES

The phenomenon for which African trypanosomes have become famous
amongst molecular biologists the world over is their remarkable ability to
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undergo antigenic variation during the onslaught of the immune responses
directed against them by their mammalian hosts. Antigenic variation, in the
case of African trypanosomes, refers to their ability to periodically switch
from the expression of about 10 million copies of a single variant surface
glycoprotein (VSG) on their surface to 10 million copies of another,
immunologically distinct, VSG on their surface. This switch occurs at a rate
of 107 to 107 switches per doubling time of 5-10 hours (Turner and Barry,
1989; Davies, Carruthers and Cross, 1997; Turner, 1997). The 10 million
VSG molecules completely encapsulate the organism’s surface and the
VSG’s only known function is to serve as a protective barrier against the
attack of the immune system on the other outer membrane constituents.
Thus, antigenic variation permits the trypanosome population as a whole to
keep one step ahead of the immune response. The three-dimensional
structures of the N-terminal two-thirds of two immunologically distinct VSG
molecules have been determined by X-ray crystallography (Blum et al.,
1993), and found to be very similar rod-like shapes, despite having quite
different amino acid sequences (Figure 1). These rod-like structures permit
the 10 million copies of a single VSG to pack very closely together as a
dense array on the surface, and suggest that all VSGs share a similar
backbone structure from which emerge distinct epitopes derived from the
different amino acid side chains. A number of other pathogens have now
been shown to display various forms of antigenic variation (Babour and
Restrepo, 2000), but the phenomenon is still best understood at the
molecular level in African trypanosomes.

The first indications that African trypanosomes could undergo antigenic
variation were published in the early 1900s, even though the investigators at
the time probably did not realize from their data that they were observing
this phenomenon. Figure 2A shows an example of these data, taken from a
publication in the medical literature of 1910 (Ross and Thompson, 1910).
The authors examined blood smears obtained from a human patient infected
with trypanosomes and plotted the number of trypanosomes in the blood
versus the probable number of weeks after the patient had been infected via
the bite of a tsetse fly. As Figure 2A shows, the infection was characterized
by successive waves of parasitaemia. One week a large number of
trypanosomes were in the blood, and a few days later a small number were
present, followed by a large number again. This cyclic pattern continued
during the ten weeks of sampling.

In their discussion of this observation, the authors suggested that the
trypanosomes were periodically “habituating” to the antibodies directed
against them (Ross and Thompson, 1910), a deduction remarkably close to
what we now understand to be antigenic variation.
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Figure 1. Ribbon diagrams depicting the three-dimensional shapes of the N-terminal two-
thirds of two different VSGs (taken from Blum, 1993). The N-termini of both proteins are
near the top of the diagram, and the C-termini are near the bottom. The top portions of both
proteins are the regions exposed on the outer surface of the trypanosome.

During the next sixty years, not much more was learned about the nature
of these waves of parasitaemia, until 1976, when the results were published
of a seminal experiment in the understanding of antigenic variation (Bridgen,
Cross and Bridgen, 1976). The authors of this work infected a single
experimental rabbit with a single trypanosome and then collected parasites
from four different peaks of parasitaemia. By the time this work was
undertaken, it had been shown that the surface of trypanosomes was covered
predominately by multiple copies of a single protein. The authors isolated
this surface protein from these four trypanosome populations and subjected
the four protein preparations to Edmund degradation to determine their N-
terminal amino acid sequences. The results are shown in Figure 2B. The
four proteins were found to have completely different N-terminal amino acid
sequences that were unrelated to each other by potential frame shift
mutations or other possible gene insertions or deletions. In addition to
suggesting that these four VSGs were derived from four different genes, or
segments of genes, in the trypanosome genome, this finding also provided a
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hypothesis for why a hallmark of an African trypanosome infection is the
successive waves of parasitaemia.

The hypothesis was that, in a given peak of parasitaemia, all or most of
the trypanosomes express the same VSG. An immune response is mounted
against this VSG, resulting in the elimination of most of the trypanosomes in
the population. But, before they are all eliminated, one or more of the
trypanosomes switch to the expression of a different VSG and give rise to
the next wave of parasitaemia. The immune system must then mount a new
response against the new VSG, and again eliminates most of the organisms
in this second population. Before they are all gone, however, one or more
parasites switches to the expression of a third VSG, giving rise to the third
population, and so on. Thus, the occasional switching from one VSG to
another VSG by individual trypanosomes and the subsequent multiplication
of the “switched” organisms can lead to antigenic variation of the
trypanosome population as a whole in the bloodstream. Subsequent
experiments during the past 27 years by a number of different laboratories
have provided very strong evidence for this hypothesis and have supplied
many additional details about the molecular events responsible for antigenic
variation. The diagram in Figure 3 summarizes some of these events.

Southern hybridization blots of genomic DNA from African
trypanosomes probed with different VSG ¢cDNAs under low hybridization
stringency indicate that the genome contains several hundred different VSG
genes (VSGs) and pseudo-VSGs (indicated by the black rectangles labelled
A, B and C in upper left corner of Figure 3). The reason VSGs cross-
hybridize under low hybridization stringency is that they possess some
sequence similarities in their C-terminal coding regions, which encode the
portion of the rod-shaped protein that lies closest to the membrane. In a
given trypanosome, all of these several hundred V'SGs are transcriptionally
silent — they are not expressed — except for one. This expressed VSG has
usually been duplicated and translocated into a region of the genome located
near the physical end of a chromosome, i.e. a telomere, that is called a VSG
expression site or ES (shown on the left-hand side of Figure 3). This
duplicated VSG lies downstream of a promoter (the triangular flag in the ES)
and several expression site-associated genes (ESAGs). When the VSG is in
this active ES, the VSG is transcribed and translated into the VSG protein,
called VSGg in the example shown on the left-hand side of Figure 3.

When a switch from the expression of one VSG to another occurs, the
most common thing to happen is that another VSG at an interior
chromosomal site is duplicated and translocated into the ES, displacing the
VSG already in that ES. The displaced VSG is simply degraded and lost
from the cell. The new VSG in the ES is then transcribed and translated into
the new antigenically distinct VSG protein. A third switch involves a third
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duplicative translocation and the expression of a third V'SG. Under normal
circumstances, one, and only one, VSG is expressed at a time in a given
trypanosome, although rare exceptions have been noted (Baltz et al., 1986;
Esser and Schoenbechler, 1985; Mufloz-Jordan, Davies and Cross, 1996).
The unexpressed, “donor” VSGs for the duplicative gene transposition are
scattered among different chromosomes and are never expressed from their
interior chromosomal locations.

Interestingly, sometimes the trypanosome apparently tries to duplicate
and express more than one V'SG simultaneously in the ES. The outcome, as
it has been detected experimentally (Thon, Baltz and Eisen, 1989), is the
formation of a mosaic, or composite, 'SG in the ES in which, for example,
the first one-third of the gene is derived from one duplicated “donor” VSG,
while the second one-third comes from another duplicated “donor” VSG, and
the last one-third from still another. Thus, the trypanosome possesses the
potential to create new mosaic V'SGs in the ES that are not from a single
“donor” VSG template stored in the genome.

A.

trypanosomes 1.0
per ml of blood

(x 10% 0.5

21 25 30

weeks after infection

VSsG1. TNNHGLKLQKAEATICKNCEKE.

VSsG2. AKEALEYKTWTNHCGLAATLRKVATGVLT K.
VSsG3. TDKGAIKFETWEPLQLLTQDFGNLYNZKAK.
VSsG4. AEAKSDTASGSVNSPQTEATYAQLAKTTLN.

Figure 2. (A) A graph redrawn from the reference by Ross and Thompson (1910) showing the
number of trypanosomes per millilitre of blood in a human patient at different times after the
probable time of infection. (B) The N-terminal amino acid sequences of VSGs from four
different trypanosome populations derived from an experimental rabbit infected with a single

trypanosome (taken from Bridgen, Cross and Bridgen, 1976)
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Figure 3. Summary of the events at the DNA and RNA level that are responsible for antigenic
variation in African trypanosomes.

Furthermore, examples of “unfaithful” duplications of donor VSGs have
been detected (Lu et al., 1993). In these cases, the duplicated VSG is from a
single donor VSG template, but single-base replacements are scattered
throughout the newly duplicated V'SG that preserve the open reading frame,
but cause amino acid changes. If these amino acid changes occur in the
region of the VSG protein exposed to the outer surface of the VSG coat, they
can potentially alter the antigenicity of the surface. If the changes alter the
structure of the VSG too much, then the VSG may not pack tightly on the
membrane and the trypanosome succumbs to the immune system. But that is
the price individual organisms pay to accommodate the ability of the
trypanosome population as a whole to generate great diversity in its
antigenicity. Thus, since the trypanosomes can create both new mosaic
VSGs and new mutated V'SGs in the ES, it is likely that the trypanosome
population has the potential to generate sequentially a nearly infinite number
of VSGs on its surface.

Another layer of complexity in VSG expression comes from the fact that
multiple telomere-linked ESs exist in the genome. African trypanosomes are
diploid and their genome of 35 megabase pairs has eleven pairs of
chromosomes, ranging in size from 1 megabase to 6 megabases (Melville et
al., 1998). Southern hybridization blots indicated that many of these
telomeres have VSGs near them and estimates are that as many as 20
telomere-linked expression sites exist (Borst and Ulbert, 2001; Pays and
Nolan, 1998; Cross, Wirtz and Navarro, 1998), each of which has a
complement of ESAGs between the promoter and the V'SG (indicated in the
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upper right of Figure 3). The sequences of several telomere-linked ESs of
35-50 kb have now been reported (LaCount et al., 2001; Berriman et al.,
2002). Each of these ESs has five to ten ESAGs between the promoter and
the VSG, and a comparison of these ESAG sequences reveals that each ES
has its own group of ESAG isogenes. For example, each ES has its own two
isogenes for the two-subunit transferrin receptor. Transferrin is a serum
protein that complexes with iron in the blood and is the source of iron for the
trypanosome. The transferrin receptors encoded in the different
trypanosome ESs are similar, but non-identical, in their amino acid
sequences. Binding studies indicate that these different transferrin receptors
have differing affinities for transferrins of different mammalian species
(Bitter et al., 1998; Gerrits et al., 2002). This observation raises the
interesting possibility that multiple ESs provide different assortments of
ESAG proteins suitable for maximal growth in different environments, i.e.
the bloodstreams of different mammals (Bitter et al., 1998; Gerrits et al.,
2002). This host adaptation model predicts that different ESs would be
favoured by the trypanosomes residing in different mammalian hosts. In
addition to the differing transferrin receptor binding affinities, some
additional data exist consistent with the model. Bloodstream trypanosomes
appear to switch away from expression of ESs encoding a low-affinity
receptor for transferrin of the animal serum in which they are cultured in
vitro (Gerrits et al., 2002). Thus, the 20 ESs potentially provide 20 unique
transferrin receptors for the trypanosome to use in its search for the most
efficient uptake of iron in a given mammalian bloodstream. The protein
products of the other ESAGs in a specific ES might also help the
trypanosome adapt to a given bloodstream environment (Pays et al., 2001).

3. WHY DOES T. BRUCEI RHODESIENSE INFECT
HUMANS AND 7. BRUCEI BRUCEI DOES NOT?

Three subspecies of Trypanosoma brucei have been identified:
T. b. rhodesiense, T. b. gambiense and T. b. brucei. The first two subspecies
infect humans and cause human sleeping sickness, a fatal infection unless
treated with highly toxic drugs. In contrast, the third subspecies,
T. b. brucei, is lysed by human serum and does not cause sleeping sickness.
Indeed, the only known difference between T. b. rhodesiense and
T. b. brucei is their susceptibility to lysis by human serum and there is strong
evidence that the two subspecies can intra-convert (Rifkin ef al., 1994). All
three subspecies can infect a wide range of mammals other than humans,
including cattle, rabbits, rats and mice. Much effort has been expended over
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the years in trying to identify the molecular basis of this difference in
susceptibility to lysis by human serum.

Among the first hints about the molecular basis for this difference were
the observations in 1978 that a component of the heavy density lipoprotein
(HDL) fraction of human serum is responsible for the lysis of 7. b. brucei,
but fails to cause lysis of 7. b. rhodesiense (Rifkin, 1978). This component
was subsequently found to bind to the flagellar pocket of 7. b. brucei, where
nutrients typically enter the cell, after which it is internalized and localized
to large lysosome-like vesicles within the trypanosome cell (Hager and
Hajduk, 1997). T. b. brucei lyses only after the binding, internalization and
lysosomal targeting of this component has occurred. In contrast, the
resistant 7. b. rhodesiense also binds the component via receptors in the
flagellar pocket, but it is not detected in the lysosomes. The component was
initially identified as a haptoglobin-related protein by one group of
investigators (Hager and Hajduk, 1997) and later reported by another group
to be apolipoprotein L-I (apoL-I) (Vanhamme et al., 2003), a difference yet
to be resolved. Both groups agree, however, that the component originally
resides in human HDLs and reaches the trypanosome lysosomes prior to cell
lysis.

A different experimental strategy for identifying the molecular basis of
the human serum resistance has been to search for a gene or genes in the
trypanosome genome itself that might correlate with resistance or
susceptibility to lysis by human serum. This tactic has also been fruitful. A
gene has been found to be expressed in 7. b. rhodesiense, but not in
T. b. brucei, that encodes a truncated form of the VSG called the serum
resistance associated protein (SRA) (De Greef and Hamers, 1994; Xong et
al., 1998). This SRA gene is one of the ESAGs situated in at least one, but
not all, ESs of T. b. rhodesiense. 1If the T. b. rhodesiense activates the ES
bearing the SRA, the cells are resistant to lysis by human serum; if it
activates an ES lacking the SRA, then the cells are susceptible to lysis. This
differential expression of SRA is consistent with the earlier observation that
T. b. rhodesiense ~ (resistant) and  T. b. brucei  (susceptible) are
intraconvertible (Rifkin ef al., 1994). If during antigenic variation the cells
switch from the expression of the SRA4-bearing ES to expression of an SRA-
lacking ES, then the cells lose their resistance to human serum. Likewise, it
has been shown that when a plasmid bearing the SRA gene is transfected into
several different 7. b. brucei isolates, the 7. b. brucei isolates become human
serum resistant (Xong et al, 1998; Wang, Bohme and Cross, 2003),
indicating that the SRA protein is the only trypanosome-encoded factor
required for the serum resistance.  Thus, antigenic variation-linked
expression of SRA underlies the resistance of T. b. rhodesiense to lysis by
human serum.
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The SRA of 410 amino acids is smaller by about 80 amino acids than a
typical VSG of about 490 amino acids. Nascent VSGs have a C-terminal
hydrophobic region that is replaced with a glycosylphosphatidylinositol
(GPI) moiety, which anchors the mature VSG to the outer membrane of the
trypanosome.  Nascent SRA also possesses a canonical C-terminal
hydrophobic GPI signal sequence, but the mature SRA does not appear to be
GPI-anchored on the cell surface (Wang, Bohme and Cross, 2003). Instead,
immunofluorescence assays with anti-SRA antibodies indicate that the SRA
accumulates in the lysosomes (Vanhamme et al., 2003). Consistent with this
SRA location is the fact that nascent SRA does not have an N-terminal
signal peptide-like sequence, as do all nascent VSGs. Thus, the SRA has
neither an N-terminal signal sequence to aid its movement across a
membrane nor a GPI moiety to anchor it to the outer membrane. In the
absence of these signals and post-translational modifications, SRA’s default
location appears to be the lysosome.

Recent evidence indicates that when both the trypanosome-encoded SRA
and the human serum-derived apolL-I are in the lysosomes of
T. b. rhodesiense, they bind to each other (Vanhamme et al., 2003). The
binding affinity between the two is strong enough that when recombinant
SRA is covalently attached to Sepharose, it can be used to affinity-purify
apoL-I from human serum. Deletion analyses of recombinant versions of
both SRA and apoL-I suggest that an amphipathic a-helix near the N-
terminus of SRA associates with another amphipathic a-helix near the C-
terminus of apoL-I through a coiled-coil protein-protein interaction
(Vanhamme et al., 2003). Thus, resistance of 7. b. rhodesiense to human
serum lysis is probably due to an SRA-mediated inhibition of the apoL-I
lytic effect within the lysosome. Left unexplained by this model is the
question of how apoL-I causes lysis of the cell in the absence of SRA. One
possibility is that free apoL-I in the trypanosome lysosome destabilizes the
lysosomal membrane, releasing the lysosomal contents into the cytoplasm
and causing lysis of the cell. However, if SRA is also in the lysosome, it
associates with apoL-I and neutralizes its membrane destabilizing effect.
Clearly many details of this SRA-mediated resistance mechanism remain to
be elucidated, but if the overall model is correct, it may suggest new ways to
approach the prevention and cure of African trypanosome infections in both
humans and domestic livestock.
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4. WHY ARE MOST WILD ANIMALS MORE
RESISTANT TO AFRICAN TRYPANOSOMES
THAN MOST DOMESTIC ANIMALS?

As mentioned above, African trypanosomiasis is typically fatal to
domestic animals and humans unless treated with toxic drugs. However, not
all mammals succumb to African trypanosomes. Many wild animal species
in sub-Saharan Africa live healthy lives in areas inhabited by both
trypanosomes and the tsetse flies that transmit them. Indeed, some of the
major national wildlife parks in Africa, including the Serengeti in Tanzania
and Masai Mara in Kenya, exist today because the early colonial settlers
found they could not raise domestic livestock in these regions due to African
trypanosomiasis. Analyses of the ingested blood in trapped tsetse flies from
these regions reveal that they feed on a number of wildlife species. One of
these species is the Cape buffalo and considerable effort has been expended
in an effort to determine why these animals display few if any signs of the
disease (Wang et al., 2002).

Blood samples collected from wild Cape buffaloes in tsetse fly-endemic
regions of Africa often contain antibodies against trypanosomes,
demonstrating they have been exposed to the parasites. Furthermore, Cape
buffaloes bred and raised in captivity in the absence of tsetse flies are as
resistant to trypanosome infection as are wild Cape buffaloes, suggesting
that the resistance is not acquired but has a genetic basis (Wang et al., 2002).
Experimental infections of Cape buffaloes have shown that trypanosomes
can initially grow and multiply in the buffalo, but the initial wave of
parasitaemia does not reach as high a level as in a highly inbred domestic
cattle breed, such as the Holstein breed. In addition, the subsequent waves
of parasitaemia in the Cape buffalo diminish until only a few parasites
remain (Figure 4A). These experimentally infected Cape buffaloes do not
appear to undergo faster, or higher titre, antibody responses against the VSG
than do similarly infected cattle (Reduth ez al., 1994), so it is unlikely that
the B cell immune response of the Cape buffalo is responsible for its ability
to control the infection.

These observations led to an effort to identify the factors in Cape buffalo
serum that suppress the initial trypanosome waves of parasitaemia.
Fractionation of the serum and subsequent biochemical analyses resulted in
the detection of the enzymes xanthine oxidase and catalase as two of these
factors (Muranjan et al., 1997). The xanthine oxidase activity in uninfected
Cape buffalo serum is about 7-fold higher than in uninfected Holstein serum
(Wang et al., 2002). Likewise, the level of catalase activity is much higher
in uninfected Cape buffalo serum than in uninfected Holstein serum.
However, soon after a Cape buffalo is infected with trypanosomes, its serum
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catalase activity drops precipitously, whereas the lower level of Holstein
catalase activity is unaffected by a trypanosome infection (Figure 4B). The
initial level of xanthine oxidase in both uninfected animals remains
unchanged by the trypanosome infection.

The reactions catalysed by xanthine oxidase and catalase are summarized
in Figure 4C. Xanthine oxidase (XO) catalyses the terminal reactions in the
catabolism of excess purines to uric acid. The enzyme’s substrates are the
nitrogen-containing purine bases hypoxanthine (derived from AMP) and
xanthine (derived from either hypoxanthine or GMP). The enzyme utilizes
molecular oxygen (O,) and water to generate uric acid, which is excreted
through the kidneys, and hydrogen peroxide (H,O,), which is a highly
reactive oxygen species. When these xanthine oxidase-catalysed reactions
occur in the blood, the serum catalase removes the H,O, by converting it
back to O, and water. Thus, H,O, as a reactive oxygen species does not
have a chance to build up in the blood during the production of uric acid.
Furthermore, the high level of catalase in uninfected Cape buffalo serum
balances the high amount of xanthine oxidase, and likewise, the low level of
catalase in uninfected Holstein serum accompanies the correspondingly low
level of xanthine oxidase (Figure 4B).

The decrease in catalase activity in the serum of a trypanosome-infected
Cape buffalo dramatically alters the balance in the activities of xanthine
oxidase and catalase. This new combination of a high amount of xanthine
oxidase and a low level of catalase results in the accumulation of H,O, to a
much higher steady state level in the serum than prior to the infection
(Figure 4D). It turns out that African trypanosomes are highly sensitive to
killing by H,O,. They appear to themselves lack catalase activity and can be
killed by as little as 1uM H,0, (Wang et al., 2002). This trypanocidal
activity of infected Cape buffalo serum can be inhibited by the addition of
catalase (Muranjan ef al., 1997). Thus, it seems likely that the trypanocidal
activity in infected Cape buffalo serum is due at least in part, if not entirely,
to the increased level of H,O,. Left unresolved by these observations is why
African trypanosomes in the blood of a Cape buffalo cause the decrease in
its serum catalase activity. A similar decrease in serum catalase activity of
Holstein animals does not occur when they are infected with trypanosomes.
Likewise, a similar decrease in catalase activity and concomitant increase in
H,0, is not seen in the serum of other wild animals (that have been
investigated) when they are infected with African trypanosomes. Thus, it
appears that this H,O,-mechanism of trypanocidal activity has not been
exploited by other wildlife species to deal with trypanosome infections —
they seem to have arrived at other, still unknown, molecular mechanisms of
coping with the infection.
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Another major curiosity about this Cape buffalo approach for controlling
an African trypanosome infection is that it is relatively short-lived and does
not result in complete clearance of the infection (Wang et al., 2002). Within
a few weeks of the initial infection, the concentration of the catalase in the
blood returns to the pre-infection level and H,O, no longer accumulates to its
high trypanocidal level (Figure 4D). The number of trypanosomes in the
blood, however, remains suppressed for reasons that are unknown. Perhaps
an acquired immune response involving antibodies directed against one or
more trypanosome receptors for growth factors may control the organisms at
this latent stage of infection (Wang et al., 2002; Black et al., 2001). Clearly,
much more remains to be learned about the latent infection stage in the Cape
buffalo, and other suppression mechanisms await discovery in other wild
animal species that co-exist with trypanosomes and tsetse flies.

S. WHY ARE A FEW CATTLE BREEDS
“TRYPANOTOLERANT” WHILE MOST
CATTLE BREEDS ARE NOT?

Trypanotolerance has been defined as the relative capacity of an animal
to control the development of African trypanosomes and to limit their
pathological effects, the most prominent of which in cattle is anaemia
(d’Ieteren et al., 1998). By these criteria, a few indigenous cattle breeds in
Africa are more trypanotolerant than others. When these trypanotolerant
animals undergo trypanosome challenge, they are better able than
susceptible animals to control parasite proliferation, maintain their packed
red blood cell volume, mount an immune response and maintain body
weight (Hanotte, 2003). For example, N’Dama (Bos faurus) cattle of West
African origin are a relatively small-sized, “hump-less” breed that is more
tolerant of trypanosomiasis than are Boran (Bos indicus) cattle of East
Africa, which is a breed of larger, humped animals favoured for their growth
and productivity by farmers in areas with little threat of trypanosomiasis.
Comparison of the immune responses of these two breeds during
trypanosome infection shows some small differences in antibody response,
complement level and cytokine expression, but these differences do not seem
sufficient to account for the dramatic difference in trypanotolerance
(Naessens, Teale and Sileghem, 2002).
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Figure 4. (A) Diagram of the difference in the waves of parasitaemia in a typical Holstein
animal and a typical Cape buffalo infected with African trypanosomes. (B) A plot of the
relative enzymatic activities of xanthine oxidase (solid line) and catalase (dashed line) in the
sera of a Holstein animal and a Cape buffalo infected with African trypanosomes over time
(this author’s interpretation of data described in Wang et al., 2002). (C) Diagram of the
reactions catalysed by xanthine oxidase (XO) and catalase. (D) A plot of the relative serum
levels of xanthine oxidase, catalase and H,O, in a Cape buffalo infected with African
trypanosomes (this author’s interpretation of data described in Wang et al., 2002).

About twenty years ago, in 1983, a research institute in Kenya [now
called the International Livestock Research Institute (ILRI)] began an
experimental crossbreeding programme between N’Dama and Boran cattle,
with the eventual goal of identifying the factors that contribute to the
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difference in trypanotolerance between the two breeds (Jordt ez al., 1986). A
total of 177 F, offspring and their parents and grandparents have recently
been both (i) genotyped at 477 molecular marker loci (mainly microsatellite
sequences) distributed among the 29 cattle autosomal chromosomes; and (ii)
phenotyped for 16 possible trypanotolerance traits, involving primarily
anaemia, body weight and parasitaemia (Hanotte, 2003). The results of this
study strongly support a model of multiloci involvement in the inheritance of
trypanotolerance. At least one locus correlating with trypanotolerance was
found on 17 of the 29 bovine chromosomes and two loci were mapped to
still other chromosomes, indicating that at least 19 distinct loci are involved.
It will be a major challenge to identify the specific genes corresponding to
these 19 loci, but two developments raise hope that this goal can eventually
be achieved. First, the sequence of most of the bovine genome will probably
be determined in the next few years, which will aid in gene discovery at
these loci, and, second, trypanotolerant loci have also been mapped in the
mouse genome (Iraqi er al., 2000), whose sequence is nearly completely
determined. Thus, some of the mouse trypanotolerant genes, which may be
identified before the bovine ones, will probably have a corresponding
homologue in cattle that can then be investigated.

Most of the cattle alleles for resistance to trypanosomiasis were found to
originate from the trypanotolerant N’Dama parent, as expected, but five of
the resistance alleles appeared to come from the trypanosusceptible Boran
parent. This surprising result, as the authors of the study point out (Hanotte,
2003), could be due to the fact that the present-day Boran cattle are probably
descended from ancestral cattle that inhabited tsetse fly regions and therefore
may possess some residual loci associated with trypanotolerance.
Interestingly, these residual Boran trypanotolerant loci are different from the
trypanotolerant loci found in the N’Dama genome. Independent of the
question about why Boran cattle have trypanotolerant loci, this finding raises
the possibility that selection within an F; cross between the two breeds might
produce a new “synthetic” breed that would exceed either parental breed in
its level of trypanotolerance. Indeed, some of the 177 F, animals
investigated possessed higher levels of trypanotolerance than did any of the
N’Dama controls (Hanotte, 2003).

6. CONCLUSIONS

African trypanosomes have evolved a sophisticated and molecularly
complex mechanism called antigenic variation for evading the immune
response of their mammalian hosts. Built into this duplicative gene
transposition mechanism, which occurs at the trypanosome’s DNA level, are
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opportunities for the trypanosomes to create new genes for the variant
surface glycoproteins (VSGs) whose sequential expression serves as the
foundation of the antigenic variation. Likewise, some mammalian hosts for
African trypanosomes have evolved equally distinctive mechanisms for co-
existing with, or eliminating, the trypanosome infection. Humans have a
protein component in their serum that lyses some, but not all, trypanosome
species and subspecies. Cape buffaloes suppress, but do not eliminate, a
trypanosome infection by increasing the concentration of H,O, in their
blood. Some cattle breeds are more tolerant of trypanosomes than others
through a combination of the gene products of as many as 19 different
genetic loci in their genome. These studies of African trypanosome
infections over the past 100 years indicate that a vaccine against African
trypanosomiasis is not feasible. However, better drug therapies based on our
improved knowledge of the metabolic pathways and genomic DNA
sequence of African trypanosomes is highly likely. The challenge for the
future is to translate this improved knowledge about both the parasite and its
hosts’ defence mechanisms into the design and implementation of these
better drug therapies for the livestock owners in tsetse fly-endemic regions
of sub-Saharan Africa.

REFERENCES

Babour, A.G. & Restrepo, B.I. 2000. Antigenic variation in vector-borne pathogens.
Emerging Infectious Diseases, 6: 449—457.

Baltz, T., Baltz, D., Giroud, C. & Crockett, J. 1985. Cultivation in a semi-defined medium
of animal infective forms of Trypanosoma brucei, T. equiperdum, T. evansi,
T. rhodesiense and T. gambiense. EMBO Journal, 4: 1273-1277.

Baltz, T., Giroud, C., Baltz, D., Roth, C., Raibaud, A. & Eisen, H. 1986. Stable
expression of two variable surface glycoproteins by cloned Trypanosoma equiperdum.
Nature, 319: 602—-604.

Bellofatto, V. & Cross, G.A. 1989. Expression of a bacterial gene in a trypanosomatid
protozoan. Science, 244: 1167-1169.

Berriman, M., Hall, N., Sheader, K., Bringaud, F., Tiwari, B., Isobe, T., Bowman, S.,
Corton, C., Clark, L., Cross, G.A., Hoek, M., Zanders, T., Berberof, M., Borst, P. &
Rudenko, G. 2002. The architecture of variant surface glycoprotein gene expression sites
in Trypanosoma brucei. Molecular and Biochemical Parasitology, 122: 131-140.

Bitter, W., Gerrits, H., Kieft, R. & Borst, P. 1998. The role of transferrin-receptor
variation in the host range of Trypanosoma brucei. Nature, 391: 499-502.

Black, S.J., Sicard, E.L., Murphy, N. & Nolan, D. 2001. Innate and acquired control of
trypanosome parasitaemia in Cape buffalo. [International Journal of Parasitology,
31: 561-564.

Blum, M.L., Down, J.A., Gurnett, A.M., Carrington, M., Turner, M.J. & Wiley, D.C.
1993. A structural motif in the variant surface glycoproteins of Trypanosoma brucei.
Nature, 362: 603—-609.



The molecular basis of livestock disease — African trypanosomiasis 309

Borst, P. & Ulbert, S. 2001. Control of VSG gene expression sites. Molecular and
Biochemical Parasitology, 114: 17-27.

Bridgen, P.J., Cross, G.A. & Bridgen, J. 1976. N-terminal amino acid sequences of
variant-specific surface antigens from Trypanosoma brucei. Nature, 263: 613—614.

Carruthers, V.B. & Cross, G.A. 1992. High-efficiency clonal growth of bloodstream- and
insect-form Trypanosoma brucei on agarose plates. Proceedings of the National Academy
of Sciences, USA, 89: 8818-8821.

Cross, G.A.M., Wirtz, L.E. & Navarro, M. 1998. Regulation of vsg expression site
transcription and switching in Trypanosoma brucei. Molecular and Biochemical
Parasitology, 91: 77-91.

d’Ieteren, G.D., Authie, E., Wissocq, N. & Murray, M. 1998. Trypanotolerance, an option
for sustainable livestock production in areas at risk from trypanosomosis. Revue
scientifique et technique de L’ Office International des Epizooties, 17: 154—175.

Davies, K.P., Carruthers, V.B. & Cross, G.A. 1997. Manipulation of the vsg co-
transposed region increases expression-site switching in Trypanosoma brucei. Molecular
and Biochemical Parasitology, 86: 163—177.

De Greef, C. & Hamers, R. 1994. The serum-resistance associated (SRA) gene of
Trypanosoma brucei rhodesiense encodes a VSG-like protein. Molecular and Biochemical
Parasitology, 68: 277-284.

Donelson, J.E. 2003. Antigenic variation and the African trypanosome genome. Acta
Tropica, 85: 391-404.

El-Sayed, N.M., Ghedin, E., Song, J., MacLeod, A., Bringaud, F., Larkin, C., Wanless,
D., Peterson, J., Hou, L., Taylor, S., Tweedie, A., Biteau, N., Khalak, H.G., Lin, X.,
Mason, T., Hannick, L., Caler, E., Blandin, G., Bartholomeu, D., Simpson, A.J., Kaul,
S., Zhao, H., Pai, G., Van Aken, S., Utterback, T., Haas, B., Koo, H.L., Umayam, L.,
Suh, B., Gerrard, C., Leech, V., Qi, R., Zhou, S., Schwartz, D., Feldblyum, T.,
Salzberg, S., Tait, A., Turner, C.M., Ullu, E., White, O., Melville, S., Adams, M.D.,
Fraser, C.M. & Donelson, J.E. 2003. The sequence and analysis of Trypanosoma brucei
chromosome II. Nucleic Acids Research, 31: 4856-4863.

Esser, K.M. & Schoenbechler, M.J. 1985. Expression of two variant surface glycoproteins
on individual African trypanosomes during antigen switching. Science, 229: 190-193.

Gerrits, H., MuBBmann, R., Bitter, W., Kieft, R. & Borst, P. 2002. The physiological
significance of transferrin receptor variations in Trypanosoma brucei. Molecular and
Biochemical Parasitology, 119: 237-247.

Hager, K.M. & Hajduk, S.L. 1997. Mechanism of resistance of African trypanosomes to
cytotoxic human HDL. Nature, 385: 823-826.

Hanotte, O., Ronin, Y., Agaba, M., Nilsson, P., Gelhaus, A., Horstmann, R., Sugimoto,
Y., Kemp, S., Gibson, J., Korol, A., Soller, M. & Teal, A. 2003. Mapping of
quantitative trait loci controlling trypanotolerance in a cross of tolerant West African
N'Dama and susceptible East African Boran cattle. Proceedings of the National Academy
of Sciences, USA, 100: 7443-7448.

Hide, G. 1999. History of sleeping sickness in East Africa. Clinical Microbiology Reviews,
2: 112-125.

Iraqi, F., Clapcott, S.J., Kumari, P., Haley, C.S., Kemp, S.J. & Teale, A. 2000. Fine
mapping of trypanosomiasis resistance loci in murine advanced intercross lines.
Mammalian Genome, 11: 645-648.

Jordt, T., Mahon, G.D., Touray, B.N., Ngulo, W.K., Morrison, W.I., Rawle, J. &
Murray, M. 1986. Successful transfer of frozen N'Dama embryos from the Gambia to
Kenya. Tropical Animal Health and Production, 18: 65-75.



310 J.E. Donelson

LaCount, D.J., El-Sayed, N.M., Kaul, S., Wanless, D., Turner, C.M.R. & Donelson, J.E.
2001. Analysis of a donor gene region for a variant surface glycoprotein and its
expression site in African trypanosomes. Nucleic Acids Research, 29:2012-2019.

Lu, Y., Hall, T., Gay, L.S. & Donelson, J.E. 1993. Point mutations are associated with a
gene duplication leading to the bloodstream re-expression of a trypanosome metacyclic
VSG. Cell, 72: 397-406.

Melville, S.E., Leech, V., Gerrard, C.S., Tait, A. & Blackwell, J.M. 1998. The molecular
karyotype of the megabase chromosomes of Trypanosoma brucei and the assignment of
chromosome markers. Molecular and Biochemical Parasitology, 94: 155-173.

Muiioz-Jordan, J.L., Davies, K.P. & Cross, G.A.M. 1996. Stable expression of mosaic
coats of variant surface glycoproteins in Trypanosoma brucei. Science, 272: 1791-1794.

Muranjan, M., Wang, Q., Li, Y.L., Hamilton, E., Otieno-Omondi, F.P., Wang, J., Van
Praagh, A., Grootenhuis, J.G. & Black, S.J. 1997. The trypanocidal Cape buffalo
serum protein is xanthine oxidase. Infection and Immunity, 65: 3806-3814.

Naessens, J., Teale, A.J. & Sileghem, M. 2002. Identification of mechanisms of natural
resistance to African trypanosomiasis in cattle. Veterinary Immunology and
Immunopathology, 87: 187-194.

Opperdoes, F.R. & Michels, P.A. 1993. The glycosomes of the Kinetoplastida. Biochimie,
75: 231-234.

Pays, E. & Nolan, D.P. 1998. Expression and function of surface proteins in Trypanosoma
brucei. Molecular and Biochemical Parasitology, 91: 3-36.

Pays, E., Lips, S., Nolan, D., Vanhamme, L. & Perez-Morga, D. 2001. The VSG
expression sites of Trypanosoma brucei: multipurpose tools for the adaptation of the
parasite to mammalian hosts. Molecular and Biochemical Parasitology, 114: 1-16.

Reduth, D., Grootenhuis, J.G., Olubayo, R.O., Muranjan, M., Otieno-Omondi, F.P.,
Morgan, G.A., Brun, R., Williams D.J.L. & Black, S.J. 1994. African buffalo serum
contains novel trypanocidal protein. Journal of Eukaryotic Microbiology, 41: 95-103.

Rifkin, M.R. 1978. Identification of the trypanocidal factor in normal human serum: high
density lipoprotein. Proceedings of the National Academy of Sciences, USA,
75: 3450-3454.

Rifkin, M.R., De Greef, C., Jiwa, A., Landsberger, F.R. & Shapiro, S.Z. 1994. Human
serum-sensitive Trypanosoma brucei rhodesiense: a comparison with serologically
identical human serum-resistant clones. Molecular and Biochemical Parasitology,
66: 211-220.

Ross, R. & Thompson, D. 1910. A case of sleeping sickness studied by precise enumerative
methods: regular periodic increase of the parasites observed. Proceedings of the Royal
Society of London, Series B, 82: 411-415.

Schmidt, A. & Krauth-Siegel, R.L. 2002. Enzymes of the trypanothione metabolism as
targets for antitrypanosomal drug development. Current Topics in Medical Chemistry,
2: 1239-1259.

Thon, G., Baltz, T. & Eisen, H. 1989. Antigenic diversity by the recombination of
pseudogenes. Genes Development, 3: 1247-1254.

Turner, C.M. 1997. The rate of antigenic variation in fly-transmitted and syringe-passaged
infections of Trypanosoma brucei. FEMS Microbiology Letters, 153: 227-231.

Turner, C.M. & Barry, J.D. 1989. High frequency of antigenic variation in Trypanosoma
brucei rhodesiense infections. Parasitology, 99: 67-75.

Vanhamme, L., Paturiaux-Hanocq, F., Poelvoorde, P., Nolan, D.P., Lins, L., Van Den
Abbeele, J., Pays, A., Tebabi, P., Van Xong, H., Jacquet, A., Moguilevsky, N., Dieu,



The molecular basis of livestock disease — African trypanosomiasis 311

M., Kane, J.P., De Baetselier, P., Brasseur, R. & Pays, E. 2003. Apolipoprotein L-I is
the trypanosome lytic factor of human serum. Nature, 422: 83-87.

Wang, J., Bohme, U. & Cross, G.A. 2003. Structural features affecting variant surface
glycoprotein expression in Trypanosoma brucei. Molecular and Biochemical
Parasitology, 128: 135-145.

Wang, J., Van Praagh, A., Hamilton, E., Wang, Q., Zou, B., Muranjan, M., Murphy,
N.B. & Black, S.J. 2002. Serum xanthine oxidase: origin, regulation, and contribution to
control of trypanosome parasitemia. Antioxidants Redox Signaling, 4: 161-178.

Xong, H.V., Vanhamme, L., Chamekh, M., Chimfwembe, C.E., Van Den Abbeele, J.,
Pays, A., Van Meirvenne, N., Hamers, R., De Baetselier, P. & Pays, E. 1998. A VSG
expression site-associated gene confers resistance to human serum in Trypanosoma
rhodesiense. Cell, 95: 839-846.



VACCINATION AGAINST TICKS AND THE
CONTROL OF TICKS AND TICK-BORNE
DISEASE

Peter Willadsen
CSIRO Livestock Industries, Queensland Bioscience Precinct, 306 Carmody Rd., St. Lucia,
Queensland 4067, Australia.

Abstract: Economic losses due to ticks and tick-borne disease of livestock fall
disproportionately on developing countries. Currently, tick control relies
mostly on pesticides and parasite-resistant cattle. Release of a commercial
recombinant vaccine against Boophilus microplus in Australia in 1994 showed
that anti-tick vaccines are a feasible alternative. For vaccines, it is important
to understand the efficacy needed for a beneficial outcome. In this, it is
relevant that some tick antigens affect multiple tick species; that existing
vaccines could be improved by the inclusion of additional tick antigens; and
that vaccination against ticks can have an impact on tick-borne disease.
Practically, although recombinant vaccine manufacture involves relatively few
steps, issues of intellectual property rights (IPR) and requirements for
registration of a product may affect economic viability of manufacture. Hence
practical vaccines for the developing world will require both successful
science and a creative “business solution” for delivery in a cost-effective way.

1. INTRODUCTION

Ticks and tick-borne disease can seriously diminish the well-being of
human kind, domestic animals and wild animal populations from the
subarctic to the tropics. There is no doubt, however, that the impact,
particularly on livestock, is felt most strongly in the tropical and subtropical
parts of the world. Hence, the enormous economic losses (de Castro, 1997;
Perry et al., 2002) fall disproportionately on the developing countries of the
world.
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The case for anti-tick vaccines and for vaccines against tick-borne
disease has been made repeatedly. Globally, the single, most economically
important tick is Boophilus microplus, the one-host parasite of cattle. This is
an endemic parasite of cattle in the major beef producing countries of the
world, and problems with pesticide resistance in the tick population, as well
as concerns about chemical residues in meat, are two of the factors that
drove development of vaccines against this tick species. In many developing
countries, the situation is more complex. Domestic animals are likely to be
exposed to a number of tick species and these tick species are likely to be
multi-host. While the evidence to date is that pesticide resistance is far less
problematic in these species than in the one-host B. microplus, the
simultaneous presence of multiple species is a challenge for a vaccine.
Nevertheless, anti-tick vaccines may still be highly desirable in such
circumstances because they exhibit a number of other potential advantages,
several of which are particularly appropriate to the developing-country
situation. Vaccines are applicable to all genotypes. Vaccines are small and
transportable; recombinant vaccines have the potential to be highly stable;
they have the potential to be cheap technology; and they are non-
contaminating for both animal products and the environment. Although the
correct application of a vaccine has its own issues, vaccination can in many
circumstances be less problematic than the appropriate use of pesticides.
There is much evidence that the application of pesticide for tick control is
frequently implemented inappropriately or ineffectively.

2. FEASIBILITY OF VACCINATION

The feasibility of developing, commercializing and distributing a vaccine
against ticks was first demonstrated by the commercial release of the
TickGARD recombinant vaccine against B. microplus in 1994 in Australia,
and the parallel release of the Gavac vaccine against the same tick in Cuba at
about the same time. The development of the original vaccine has been
described (Willadsen, 1995). A few follow-up studies of the use of the
vaccine in Australia have been published (Jonsson et al., 2000; Willadsen, in
press), as has some information on its use in Brazil (Hungerford et al.,
1995). Considerably more has appeared on the application of the Cuban
vaccine, both in that country and in other parts of South America (de la
Fuente et al., 1999; Rodriguez et al., 1995a; Rodriguez et al., 1995b).

One may ask why, if such vaccines are successful, this remains the only
such vaccine nine years after first commercial release. This is an issue this
paper seeks to address. Before looking at specific issues in vaccine
development, however, it should be remembered that the development of the
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vaccine against B. microplus was almost certainly the only time that a
sustained and adequately funded effort was made to develop a vaccine
against any tick species, and that the effort was still small, by comparison
with the resources poured into pesticide development. Lack of sustained
support may well be the single most important factor in the relative lack of
progress in this area of research and development.

Issues in the future development of tick vaccines will be discussed under
three headings: performance criteria and measures of efficacy; scientific
feasibility; and vaccine manufacture and registration. Finally, some
comments will be made on the role of tick vaccines in the control of tick-
borne disease.

3. PERFORMANCE CRITERIA AND MEASURES
OF EFFICACY

In seeking to develop a vaccine, as for any other form of parasite control,
it is both scientifically desirable and commercially important to define the
level of efficacy necessary for a beneficial outcome. Consider two
examples. Boophilus microplus has its impact on cattle production through
the transmission of tick-borne disease organisms such as Babesia bovis,
Babesia bigemina and Anaplasma marginale, as well as through a direct
effect on animal productivity through blood loss and tick worry. If tick-
borne diseases are controlled, then the aim of tick control is to reduce the
direct impact on cattle. This impact is typically considered to be directly
proportional to the number of ticks engorging (Sutherst et al., 1979). The
performance criterion for a vaccine is then relatively straightforward. It
must reduce tick numbers to the level where impact on productivity is
minimized and the vaccination itself is cost effective. A very different
situation arises with a tick whose major impact is on the transmission of a
tick-borne disease that causes very high levels of mortality: Rhipicephalus
appendiculatus and the transmission of Theileria parva may be an example.
In such circumstances, the performance criterion for an anti-tick vaccine is
that it reduces the transmission of tick-borne disease to a tolerable level — a
very different and probably vastly more difficult target to achieve.

Unless vaccination against ticks is totally effective, which is unlikely,
this question of efficacy needed to have a beneficial effect is both complex
and vital. A survey of the literature will show that many of the tick antigens
that have been studied induce immunity in a host that results in a 30-70%
reduction in tick survival, engorgement or reproduction. The case for taking
these observations the next step towards commercial development must
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depend on demonstrating that such levels of protection are worthwhile for
the particular tick—host system of commercial interest.

4. SCIENTIFIC FEASIBILITY

Scientifically, the identification of increasing numbers of antigens from a
variety of tick species has proceeded apace, particularly over the last few
years. Feasibility is demonstrated by historical studies of the application of
the existing vaccines in the field; by the existence of characterized,
recombinant antigens that could be incorporated into alternative vaccine
formulations; by the demonstrated ability of some antigens to affect multiple
tick species; and by the evidence that vaccination against ticks has an impact
on tick-borne disease. Current evidence in each of these areas is summarized
below.

Two commercial vaccines against B. microplus have been developed,
both single antigen recombinant vaccines delivered in an adjuvant. These
vaccines are based on essentially the same protein antigen, Bm86 (de la
Fuente et al., 1999; Rodriguez et al., 1995b; Willadsen ef al., 1989; Rand et
al., 1989; Cobon et al., 1996). They have been shown to be efficacious,
though with some level of variation, in Argentina, Australia, Cuba, Brazil
and Mexico. There are claims that the original Cuban vaccine is ineffective
against two strains of B. microplus in Argentina (Garcia-Garcia et al., 1999).
This lack of efficacy is overcome using a minor sequence variant of the
original Bm86 (Garcia-Garcia et al., 2000), though the evidence for this is
still somewhat confusing (Willadsen, in press). The same antigen was
reported to be highly efficacious in Egypt (Khalaf, 1999), while a synthetic
peptide vaccine based on the Bm86 sequence is efficacious in Colombia
(Patarroyo et al., 2002).

In limited trials, the original Bm86 vaccine has shown to be highly
efficacious against Boophilus annulatus (Fragoso et al., 1998; Pipano et al.,
2003), as well as Hyalomma anatolicum and Hyalomma dromedarii (de Vos
et al., 2001). It has a lower level of efficacy against Boophilus decoloratus,
and little efficacy against R. appendiculatus or Amblyomma variegatum (de
Vos et al.,, 2001). The 64TRP antigen from R. appendiculatus (Trimnell,
Hails and Nuttall, 2002) is also efficacious against Ixodes ricinus in mice
(Labuda et al., 2002). That is, there is now good evidence that cross-species
protection by a single antigen may occur, though in an unpredictable fashion.

If one sought to increase the efficacy of the existing vaccines or to
protect against other tick species, then availability of alternative tick antigens
would be essential. A survey of the literature shows that in addition to
Bm86, another five tick proteins have been tested as recombinant antigens
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and shown to be efficacious, while the results of trials with recombinants are
inconclusive for a further four. A further four have been evaluated with
positive results as native proteins, and so presumably would be candidates
for recombinant expression and testing (Willadsen, 2001, in press).

Anti-tick vaccines would be at their most useful if they also had an
impact on the transmission of tick-borne diseases. Tentative evidence to
date suggests this may be found in particular cases, as summarized in
Section 6, below.

S. VACCINE MANUFACTURE AND
REGISTRATION

Suppose that a prototype anti-tick vaccine of sufficient efficacy has been
developed in the laboratory and validated in small-scale trials with a
livestock animal of importance. This is the most that can be achieved with
the resources typically available to academic research institutions. How can
this prototype be converted into a vaccine deliverable to farmers?

It is commonly assumed that commercial development requires the
resources and the input of one of the decreasing number of global veterinary
product or vaccine manufacturers. Certainly, should such a manufacturer
become committed to the development of an anti-tick vaccine, that can be an
ideal outcome. It is likely, however, that there will be an immediate
incompatibility of interests. Although an anti-tick vaccine may be of great
value to the farmers of a developing country, it is very likely that the vaccine
will represent a small and unreliable market for the manufacturer — far too
small to be commercially attractive. This fact alone may account for much
of the lack of development of vaccines over the last decade. The issue, as it
relates to the commercial development of human vaccines, has been well
described (Batson, 2002). For veterinary vaccines, the situation will be
easier in that a broader range of adjuvants may be acceptable and registration
requirements may be less demanding, though the markets will be of
correspondingly lower value. It is therefore worth considering alternative
routes to manufacture. It is important to remember that, in recognition of the
importance of market failure in the delivery of vaccines to agriculture, many
of the most successful have been manufactured by state or government
enterprises. Two current examples include the manufacture of vaccines
against babesiosis and anaplasmosis in Australia (Callow, Dalgleish and de
Vos, 1997) and against tropical theileriosis caused by Theileria annulata in
China (Gu et al., 1997; Shirong, 1997). How feasible is this for a
recombinant vaccine?
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At its simplest, manufacture of a recombinant vaccine involves relatively
few steps: production of a recombinant antigen in one of a small number of
commercially viable expression systems, most typically in bacteria or yeast,
followed by downstream purification and processing of the product to an
acceptable level of purity and efficacy, then formulation, typically in an
adjuvant, and packaging for distribution. Each step of this relatively simple
process relies on usually well-documented methods and each is typically
available as a contracted service from local service suppliers. Under the best
circumstances, antigen yields of up to 10,000 doses per litre of low cost
medium can be achieved, making vaccine manufacture for a local market,
even national markets, a small-scale process. Is it then unrealistic to imagine
that the process of vaccine manufacture for a developing country market
could proceed outside the framework of the major international animal
health companies?

The limitations on the feasibility of such an approach are likely to be
two-fold: the requirements for registration of a product; and intellectual
property rights (IP) restricting freedom to operate. Consider first the
requirements for registration. Recombinant veterinary vaccines against
parasites are novel products; only one has been fully commercialized to date.
They are likely to operate through mechanisms that differ from current,
usually chemical, control technologies, and to produce different results. The
result is that, lacking guidelines by which the acceptability of such a new
product may be judged, regulatory requirements may be excessive, or
uncertain.  Registration of the TickGARD wvaccine against Boophilus
microplus was preceded by vaccination of approximately 18,000 cattle in a
variety of trials (Willadsen, 1995). This is not only a serious deterrent to the
development of such products but also a deterrent to their improvement,
since improvements are likely to require re-registration.

The issue of IPR now impinges on multiple aspects of biotechnology.
Anyone wishing to manufacture a recombinant vaccine for a developing
country is likely to find antigen, expression system and adjuvant subject to
IPR conditions. This may or may not be a serious deterrent, but the issue
must be considered.

6. TICK-BORNE DISEASE

One of the most common approaches to the control of tick-borne disease
is the control of ticks (Kocan, 1995). A tick vaccine is likely to modulate the
normal processes of tick-host interaction. The destruction of the gut of
B. microplus by vaccinating with the Bm86 antigen is a simple example.
Since tick-borne pathogens rely on and exploit this tick-host interaction in
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various and often complex ways in their life cycles, vaccination has the
potential to have a direct impact on tick-borne disease. There is tentative
experimental evidence for this in three areas. First, field data from Cuba has
shown a substantial, though variable, reduction in the incidence of babesiosis
and anaplasmosis following vaccination against B. microplus (de la Fuente et
al., 1998). Second, there is evidence that vaccination of cattle with the
Australian TickGARD vaccine prevents transmission of Babesia bigemina
by Boophilus annulatus and reduces the severity of Babesia bovis infection
(Pipano et al., 2003). Finally, it has recently been reported that vaccination
of mice with recombinant forms of the 64 TRP protein from
R. appendiculatus increased the survival of mice challenged with tick-borne
encephalitis virus-infected /. Ricinus and partially blocked transmission of
virus to uninfected ticks (Labuda et al., 2002).

7. CONCLUSION

Development and application of successful vaccines against ticks and the
control of tick-borne disease will demand collaboration between the research
community and those responsible for the delivery of such technologies to
farmers of the developing world. The research task is to more accurately
define the problem and hence the criteria that must be met for a solution to
emerge, and, in parallel, to develop the appropriate vaccines and vaccination
strategies. This is still only part of the problem. Without the “business
solution” that will manufacture and deliver such vaccines in a cost-effective
way, the finest research will fail to achieve a real impact on livestock
production. That “business solution” will require a creative approach to
product manufacture and registration. Although this represents a challenge,
the potential benefits of success are enormous.
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Abstract: Rinderpest is an economically devastating disease of cattle (cattle plague), but
a live-attenuated vaccine has been very successfully used in a global rinderpest
eradication campaign. As a consequence, the endemic focus of the virus has
been reduced to an area in eastern Africa known as the Kenya-Somali
ecosystem. Although the vaccine is highly effective, it has a drawback in that
vaccinated animals are serologically indistinguishable from those that have
recovered from natural infection. In the final stages of the eradication
campaign, when vaccination to control the spread of disease will only be used
in emergencies to contain an outbreak, a marker vaccine would be a very
useful tool to monitor possible wild virus spread outside the vaccination area.
Marker vaccines for rinderpest, and other viruses with negative-sense RNA
genomes, can now be produced using reverse genetics, and the development of
such marker vaccines for rinderpest virus is described.

1. INTRODUCTION

Rinderpest or “cattle plague” is an economically devastating disease that
is still endemic in areas of eastern Africa, the aetiological agent being a
morbillivirus (RPV) closely related to human measles virus (Barrett and
Rossiter, 1999). These are viruses with non-segmented negative-sense RNA
genomes that are not infectious as naked RNA. Vaccination is a very
effective means of controlling rinderpest since there is only one serotype and
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a safe attenuated vaccine is available (Plowright and Ferris, 1962), which has
been used in a concerted global eradication campaign conducted over the
past two decades. The virus now remains only in an ill-defined focus in the
Kenya—Somalia ecosystem in eastern Africa. This eradication campaign,
known as the Global Rinderpest Eradication Programme (GREP), has as its
goal the eradication of the disease by the year 2010. While it is clear that the
existing vaccine is highly effective in protecting animals from rinderpest
infection, it has a drawback in that vaccinated animals are serologically
indistinguishable from those that have recovered from natural infection, and
in the final stages of the eradication campaign, when mass vaccination must
be discontinued, it would be desirable to use a vaccine that enables this
distinction to be made, a so-called “marker vaccine”. The ability to
unequivocally identify vaccinated animals would allow serological detection
of the disease despite vaccination whose history and extent are uncertain.

Marker vaccines for rinderpest, and other viruses with negative-sense
RNA genomes, can now be produced using reverse genetics, the process
whereby the genomes of RNA viruses can be genetically manipulated
through a DNA copy and live virus rescued from the altered DNA. Marker
vaccines are increasingly being used for disease eradication programmes,
such as for the elimination of Aujeszky’s disease and classical swine fever in
pigs in Europe (Oirschot et al., 1990; Dewulf et al., 2003). In the final
stages of the rinderpest eradication campaign, when vaccination to control
the spread of disease will mainly be used in emergency outbreak response, a
marker vaccine would be a very useful tool to allow monitoring to check for
the spread of wild virus outside the vaccination area.

2. REVERSE GENETICS

Advances in biotechnology over the past 20 years have revolutionized
our approach to new vaccine design, and, in the past decade, reverse genetics
has been developed for non-segmented negative-sense RNA viruses, thus
allowing the genomes of viruses like those of rinderpest to be genetically
modified (Baron and Barrett, 1997; Conzelman et al., 1994; Nagai, 1999).
This process allows “site-specific” mutagenesis of virus genomes and makes
it possible to add marker genes to the vaccines or to make chimeric vaccines
with genes derived from different morbilliviruses, resulting in recombinant
viruses that have new immunogenic characteristics.
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3. EXISTING RINDERPEST MARKER VACCINES

The first approach to the production of marker rinderpest vaccines was to
incorporate an extra “marker” gene into the Plowright vaccine strain
genome. When foreign genes are inserted in the genomes of non-segmented
negative strand RNA virus genomes, the positioning of the insertion site
determines the level of the gene’s expression: the closer the new gene is to
the single promoter at the 3' end of the genome, the more mRNA will be
produced and, consequently, the more protein (Flanagan et al., 2001). The
gradient in mRNA transcription from the first (N) to the last (L) gene results
from the possibility that the polymerase will detach from the template at the
stop-start signals between each gene. If the polymerase becomes detached, it
must return to the 3' promoter and start again, so that the more genes the
polymerase has to transcribe the higher the probability of it detaching. This
results in abundant transcripts from the 3' proximal genes but low numbers
of transcripts from the promoter distal genes.

Since the virus proteins produced from genes closest to the promoter —
the nucleocapsid (N) and phospho (P) proteins — are required in large
amounts for replication, disrupting these might adversely affect virus growth
and so it was decided to insert the marker gene between the P gene and the
matrix (M) protein gene, the next in the genome sequence (Walsh et al.,
2000a). The authors have now produced versions of the Plowright vaccine
that express various forms of the green fluorescent protein (GFP) from
modified GFP genes inserted into the cDNA between the P and M genes.
Two of these vaccines, rRPV-InsGFP and rRPV-SigGFP, which expressed
either intracellular or secreted forms of GFP, were highly effective in
protecting animals from virulent rinderpest challenge, although the antibody
response to the GFP protein elicited in the vaccinated animals depended on
its site of expression. For example, intracellular expression of GFP failed to
induce anti-GFP antibody in any of the vaccinated cattle, while secretion of
GFP gave rise to a significant anti-GFP antibody response, but only in two
of four vaccinated cattle (Walsh et al., 2000a). This indicated that
extracellular expression of the marker protein improved the antibody
response, but simple secretion of the protein itself was insufficient to enable
the generation of a strong and uniform anti-marker humoral antibody
response in all vaccinated animals. Since a strong antigenic response to the
marker protein is an essential prerequisite for any marker vaccine, a more
effective antigen presentation strategy was needed to produce a marker
antibody response in all vaccinated cattle. A recombinant RPV vaccine
expressing the GFP in a form that was anchored on the outer membrane of
infected cells was produced, and this vaccine (rRPV-AncGFP) elicited a
humoral antibody response to the marker protein in all vaccinated animals
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and, at the same time, provided complete immunity to rinderpest virus
challenge (Walsh et al., 2000b). Another potential marker protein, the
influenza A haemagglutinin (FIuHA) protein, was also incorporated as a
marker into the RPV vaccine genome and a vaccine, rRPV-InsHA, was
produced. A strong antibody response was generated to the FluHA marker
protein in all animals vaccinated with the RPV-FIuHA recombinant (Walsh
et al., 2000b).

An important consideration when developing genetically modified virus
vaccines is safety. The possibility that the marker proteins could be
incorporated into the virus envelope and thus alter the tropism, and possibly
the pathogenicity, of the vaccine produced must be considered, and so, as a
safety feature, this vaccine construct expressed a receptor site mutant version
of the influenza HA protein in which the receptor binding domain of the HA
was mutated to severely reduce its binding efficiency. This precaution was
taken in case the HA protein was incorporated into the virus envelope, which
could then potentially alter the virus tissue tropism and perhaps the
pathogenic potential of the recombinant virus. In general, viruses have
mechanisms to exclude the incorporation of foreign proteins into their
envelopes, and immunoprecipitation studies using antibodies to the marker
proteins failed to precipitate the recombinant vaccine viruses, indicating that
the marker is excluded from the virus envelopes.  Subsequently,
immunoelectron microscopic studies confirmed that budded virus envelopes
were free of the marker FluHA protein (Walsh et al., 2000b).

The different vaccines described in this section are all “positively”
marked RPV wvaccines. They are ideal vaccines for assessing the
effectiveness of a vaccination programme and the level of vaccine cover
achieved in vaccinated herds. However, they do not allow the identification
of vaccinated animals that have subsequently become infected by wild-type
virus.

4. NEW RINDERPEST MARKER VACCINES

An alternative approach is to make “negatively” marked vaccines. These
are required if we wish to use serological methods to look for the presence of
wild-type virus circulation in the face of a level of vaccination cover that is
insufficient to eliminate it. The missing component of the vaccine will only
be detected in a vaccinated animal if it subsequently becomes infected.
Negative marker DNA vaccines have been used for some time and the
marker vaccine for Aujeszky’s disease (Oirshot et al., 1990) has a non-
essential glycoprotein gene deleted. Vaccinated animals lack a response to
the missing protein and so can be distinguished from naturally infected
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animals. However, the tight constraints imposed by an RNA genome means
that no such “luxury” immunogenic gene is available for deletion in these
viruses. A way to overcome this problem is to make chimeric vaccines with
genes derived from related viruses. For example, to produce a marker
vaccine for peste des petit ruminants (PPR), the two surface glycoprotein
genes (H and F) of the RPV vaccine were substituted with those from the
related PPR virus vaccine and it was shown that the resulting vaccine
protects goats from virulent PPR challenge (Das et al., 2000). This is a
“negatively” marked PPR vaccine since it lacks many of the normal PPR
antigens; in particular, it will have a different response to the highly
antigenic N protein of PPR, which in this vaccine is derived from RPV.
Two different competitive ELISAs (Anderson and McKay, 1994; Libeau et
al., 1995) are available, based on the use of specific monoclonal antibodies
directed against either the virus N or H proteins, that can serologically
distinguish RPV and Peste des petit ruminants virus (PPRV) infections, and
these can be used to identify animals vaccinated with this chimeric vaccine
and distinguish them from animals that have been infected with either of the
parent viruses.

A similar chimeric RPV vaccine, in which the N protein gene was
replaced by that derived from the PPR vaccine, was produced and tested in
cattle (rRPV-PPRN) (Parida, Kumar, Baron and Barrett, unpublished). The
vaccinated animals can also be distinguished from naturally infected ones
using two currently available ELISAs that detect antibodies specific to either
the N or haemagglutinin (H) proteins of these two viruses. Vaccinated
animals become positive in the PPRV-specific anti-N antibody test and
remain negative in the equivalent RPV-specific test. The opposite is true in
the case of H protein-specific antibodies.  Vaccinated animals that
subsequently become infected with wild type virus would become double
positive for the N protein antibodies of both viruses (see Table 1).

Table 1. Expected reactivity in diagnostic tests for RP-PPR-N vaccinated animals.

Specific Monoclonal Antibody cELISA

Exposure PPR-N RPV-N PPR-H RPV-H
Vaccinated + - - +
Infected - + - +

Vaccinated and infected + + - +
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S. POSITIVE-NEGATIVE RINDERPEST MARKER
VACCINE

In a further development, the authors have introduced a positive marker
gene, again the anchored form of GFP, into the rRPV-PPRN genome, a
vaccine named (rRPV-PPRN-AncGFP), in an attempt to make a positive-
negative marker vaccine. The organization of the different vaccine genomes
produced for virus rescue is outlined in Figure 1.

5.1 Construction

Virus was rescued from this cDNA, which, as expected, expressed GFP
on the surface of infected Vero cells. GFP expression was demonstrated by
autofluorescence of the GFP and using an anti-GFP antibody for
immunofluorescence staining of the cells (see Figure 2). Unfortunately, this
“positive-negative” marker vaccine, unlike the other marker vaccines
produced thus far, did not grow to high titre in Vero cells, reaching a titre of
approximately 10° TCIDs,/ml instead of the usual titre of over 10°.

I v Penvf@im FlH] ¢ f

RPV- flu HA

I v P @M F ] o |

RPV-GFP

I v v FTHT
RPV-PPRN

I v vV F ] L |
RPV-PPRN-GFP
Figure 1. Organization of the different RPV genomes. The gene order of each of the RPV
recombinant viruses produced is shown. The normal order of the RPV genome is 3' N, P, M,
F, H, L 5" and the Flu HA and Anc GPF genes were inserted between the P and M genes in
order to minimize the effect on virus growth and replication. The N gene of PPR is shaded
grey in the rRPV-PPRN and rRPV-PPRN-AncGFP chimeras.
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5.2 Vaccination

In spite of its poor growth, this virus was used to vaccinate three cattle
using a dose of 10*7 TCIDs, of the virus stock, the standard field vaccine
dose being 10> TCIDs,. The vaccinated animals developed neutralizing
antibodies to rinderpest, but at a reduced rate compared to the rRPV-PPR-N
chimera. Four weeks after vaccination the cattle were challenged with
virulent rinderpest virus (Saudi/81 strain) and were completely protected
from clinical disease. They showed an anamnestic response in neutralizing
antibody titre, indicating that replication of the challenge virus had occurred
(Figure 3). The low titre of neutralizing antibody was reflected in a low
response in the cELISA in detection of specific anti-RPV H antibodies
following vaccination, compared with that seen with the normal vaccine
(Anderson and McKay, 1994). While vaccination with the normal vaccine
resulted in the production of high levels of anti-RPV H protein antibody by
4 weeks, the rRPV-PPRN-AncGFP vaccine did not. Again, a strong
anamnestic response was seen following challenge, confirming that
replication of the challenge virus had occurred in the absence of clinical
disease (Figure 4). No antibody response was detected to the GFP protein.

6. DISCUSSION

New RPV vaccines that allow identification of each vaccinated animal
have been developed based on alterations to the genome of the Plowright
vaccine (Plowright and Ferris, 1962). This vaccine strain has been used very
successfully for vaccination of cattle and other ruminant species for the past
40 years without any adverse effects and has resulted in the near complete
eradication of rinderpest from the globe (Rweyemamu and Cheneau, 1995).
Positive marker genes (GFP or FluHA) introduced into the genome will
allow detection of vaccinated animals in a population, while that with a
negative marker (RPV-PPRN chimera) will, in addition, allow wild virus
circulation to be detected in the vaccinated population. The next phase will
be to test the more promising new RPV marker vaccines — rRPV-Flu HA,
rRPV-AncGFP and rRPV-PPRN - in a larger number of cattle. In particular,
the antibody responses will need to be studied in African breeds of cattle in
order to determine the average level of antibody response to the marker
antigens. In addition, the companion diagnostic tests will need to be
validated and the minimum vaccine dose that will give solid protection along
with an acceptable marker antibody response needs to be established.

However, the rRPV-PPRN-AncGFP vaccine is not suitable for field
testing. Its slow growth in tissue culture was reflected in poor growth in vivo
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and both the anti-virus and the anti-GFP antibody responses were too weak
to allow accurate detection using ELISA. The availability of a double-
marker vaccine (positive and negative markers), although not essential to the
success of the eradication campaign, would be desirable since it would allow
easier confirmation of an animal’s status with respect to vaccination or
infection, or both.

Figure 2. Expression of GFP from rRPV-PPRN-GFP. Panel a: Nuclear staining with DAPIL.
Panel b: GFP autofluorescence. Panel c: Staining with anti-GFP antibody. Panel d: Merged
panels a to c.
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Figure 3. Virus neutralizing antibody responses following vaccination with rRPV-PPRN-
GFP. The virus neutralizing antibody responses after vaccination of 3 cattle (animals UQ94,
UQ95, UQY6) were determined in a micro-neutralization assay as described in Barrett et al.,
1989. The cattle were challenged at 4 weeks post-vaccination with 10* TCIDs, of virulent
Saudi/81 strain of rinderpest virus.
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Figure 4. H-specific antibody responses following vaccination with rRPV-PPRN-GFP. The
development of specific-anti-H protein antibodies was determined using a cELISA (Anderson
and McKay, 1994). The antibody responses after vaccination of 3 cattle (animals UQ94,
UQ95, UQY6) were compared with the response following vaccination with the currently used
RBOK rinderpest vaccine (animal UM13). The cattle were challenged at 4 weeks post-
vaccination with 10* TCIDs, of virulent Saudi/81 strain of rinderpest virus.
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The authors are currently investigating other ways to make positive-
negative marker vaccines using chimeric H and N protein genes to replace
their normal homologues in the vaccine strain.  This very powerful new
technology for manipulating morbillivirus genomes, in addition to its
practical usefulness in allowing the development of marker vaccines, also
enables us to investigate, on a rational scientific basis, the molecular
determinants of virulence and attenuation in this virus group. This will be an
important consideration when assessing the safety of both existing and new
vaccines for general use.
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