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SUMMARY AND RECOMMENDATIONS

The InterCouncil Genome Advisory Committee (see Note 1) recommends the immediate 

creation o f a Genome Program in Canada.

The Program would address what we do not know - but must know - about the way genomes 

are constructed; and how that explains organisms such as a bacterium, a yeast culture, a crop, or a 

human being. It would allow us to understand the significance of variation (mutation) in genomes 

of individuals within a species and between species. The gathering of data on genomic (DNA) 

sequences and on the physical relationship between them on chromosomes (gene maps) is a form of 

exploration (and taxonomy) familiar to the biological sciences and human enquiry. The approach is 

the program. Genomics is not "big science" except in concept and scope; it is a "cottage industry" 

involving many individuals, teams and institution. At the same time, it is an international enterprise. 

It would not be expensive by comparison with similar programs in other countries or with other 

programs in science.

Canadian society can afford a genome program because it will deliver a product necessary for 

the future of biological (and medical) science, it will generate human resources to participate in that 

science, and it is likely to spawn new technologies and industries related to research on genes and 

the development and applications of the corresponding knowledge. A social invention, (acceptance 

of genetics in society), is a necessary component of a genome program in Canada.

The Committee offers the following recommendations:

1) Objectives. The Canadian Genome Program should comprise a coherent, collaborative activity 

in mapping and sequencing of genomes, both human and non-human; the collection and distribution 

of data; the training of human resources; the development and transfer of associated technologies; 

and the evaluation of associated ethical, legal and social issues.

2) Guiding Principles. Projects, whether directed by a single investigator or by a large team, should
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contribute to the specific objectives of the Program (to produce genetic and physical maps, and 

nucleotide sequences, of portion of genome of a targeted organism). The projects should be peer- 

reviewed.

3) Scope. The program should complement existing international programs and thus have its major 

focus on the human genome. Genomes of other organisms should be included in the Canadian 

Program when they contribute to existing international programs or can make a unique contribution 

to genomics.

4) Elements. The Program should provide funding for: i) investigator-initiated projects; ii) training; 

iii) equipment; iv) scientific exchange (workshops and travel); v) resources for data management and 

distribution; vi) repositories of essential biological materials; vii) and an integrated mechanism to 

examine and evaluate the social issues in genomics. Together they are the elements of resources and 

a directed program of research.

5) Management Responsibility for the Program should rest with the funding partners (MRC, 

NSERC, SSHRC, and any other contributing agency). Their representatives would constitute a 

program management committee. There should be an Advisory Board, the membership of which 

should reflect the elements and scope of the program; it would constitute a directed program 

committee. Program business and coordination would rest with a Secretariat

6) Funds. A  budget of $42M over 5 years is below but within range of international "norms". Funds 

should not be taken from the existing budgets for biological research in Canada.
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L ORIGIN AND MANDATE OF THE ADVISORY COMMITTEE 

In December, 1989, The Honorable William Winegard (Minister, ISTC) received a document 

titled "Mapping and sequencing the human genome: a program for Canada" prepared by Doolittle 

F, Friesen J, Smith M, and Worton R  (Oct 11th, 1989) and attached here as Appendix 1. The 

material reflected a consensus, among Canadian biological scientists (named in Appendix I) on the 

importance of "genomics" (defined below) in biology today and on the relevance of a genome 

program in Canada. The document emphasised the genome of humans in its title but its perspective 

embraced genomes both human and non human.

Given the potential size of a genome program and its impact on the community, the three 

Research Councils (MRC, NSERC and SSHRC) established an InterCouncil Human Genome 

Advisory Committee to review the issues and to report back to the Councils as soon as possible.

The business of the Advisory Committee was carried out according to the schedule and 

consultations indicated in Appendix II. The Committee adopted the document of O ct 11th, 1989 

(Appendix I) as a source of factual information (covering several of the terms of reference) and a 

starting point for its discussion.

II. GENOME, GENOMICS

A  Genome; A Program.

A genome is the total of the genetic material (DNA) found in the chromosomes of germ cells. 

It is the inherited information passed from parent to progeny. In most cases, the information in a 

gene is expressed as a protein such as an enzyme, or a structural protein, or a hormone, or a cell 

surface receptor or an intracellular regulatory protein. A simple organism such as a small virus may 

contain as few as five to ten genes, a bacterial cell contains a few thousand genes and a human germ 

cell contains 50,000 - 100,000 genes. Together, the genes of an organism specify all those
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characteristics of the organism that are handed on from generation to generation by inheritance. The 

information in a gene is encoded in DNA and it is passed on in the form of messenger RNA 

(mRNA) to the cellular machinery that makes proteins.

Mapping and sequencing of genomes is the ultimate descriptive biology. The data are the raw 

material which permits analysis of the structure and function of chromosomes (packaged DNA). 

Chromosomal DNA, in all organisms, comprises genes and their controlling elements. It also contains 

other regions, including many repetitive sequences which have a variety of roles, including 

determination of the three-dimensional architecture of chromosomes (2) and the capacity to replicate. 

There are some differences (beyond those which define species and individual characteristics) 

between genomes in lower organisms, such as bacteria, and higher organisms. Thus, bacteria only 

have one copy of the genome per cell (they are haploid organisms), whereas higher organisms have 

two copies of the genome per cell (diploid organisms) except in sperm and egg cells where they are 

haploid. The majority of genomic DNA in bacteria and in yeast encodes genes. However the DNA 

of higher organisms consists of non-coding sequences (introns) that are interspersed within genes, and 

vast stretches of DNA outside the genes; the latter (non-coding DNA) is the major fraction in the 

human genome, for example.

Genomics is the activity of mapping and sequencing genomes, of identifying genes and gene 

products, and of determining the function of DNA structural elements. Genomics has become a 

meeting ground for molecular biologists, biochemists, immunologists, geneticists (including viral, 

bacterial, fungal, plant, tree, animal and human geneticists), somatic cell geneticists, cytogeneticists, 

genetic epidemiologists, medical geneticists, population and evolutionary biologists, biophysicists, 

theoretical biologists, computational scientists and ethicists; all interested in the genetics and biology 

of complex genomes (3).

A genome program is research focused on the mapping and sequencing of genomes
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(genomics). How the work is done is a major feature of a genome program. The approach is the 

program. The goal is to collect data on maps - the relative positions of genes and DNA regions - and 

on DNA sequences; and thereby, on the molecular structure of genomes.

Genomics has been called a "paradigm shift" (4); a shift away from the "top-down" approach 

to learn about the biology of an organism through the study of its characteristics (phenotype), and 

a shift toward the "bottom-up" approach to learn about an organism through features encoded in its 

DNA. The new approach is foreign to a great many biologists (and granting agencies) because it 

involves the wholesale collection of large amounts of data prior to being able to decipher its meaning 

or use it for experiments. The challenge of genomics in the short term is to develop the tools to 

gather, store and handle the huge amount of data in an efficient and cost-effective manner. In the 

long term, the goal is to develop the tools and strategies to decipher the encoded information and 

to understand its ultimate relationship to the biology of the organism. Because it is a totally new 

approach to biology (and medicine), its financing does not lend itself to the usual funding 

mechanisms. Accordingly, in many countries special mechanisms have emerged to fund genome 

research outside the usual channels. In those countries, "new" money has been allocated for the 

endeavor, so as not to impinge on the level of traditional scientific investigation in the biomedical 

sciences.

The name of our committee emphasises the human genome and indicates that mapping and 

sequencing this genome is an important goal; however, a genome project encompasses more. Simple 

organisms such as bacteria and yeast, with genomes several orders of magnitude smaller than the 

human genome, provide model systems to develop technologies for mapping and sequencing 

technologies and strategies. Complex organisms with large genomes (e.g. plants, mouse and Homo 

sapiens) contribute information that is complementary and provides an evolutionary perspective. 

Canada, by virtue of its diverse biology and the importance to its economic and environmental well-
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being for agriculture, forestry and its people requires an aggressive program of genomics applied to 

evolutionary biology and to agriculture, silviculture and medicine.

Thus, genomics is different from biological research in the past. It is unusual because it is 

unconventional; it does not test hypotheses. In fact, it is molecular exploration. As a natural science 

in a new form, it is analogous to earlier explorations of earth by naturalists and geographers, and of 

the cosmos by astronomers. But it is not new at all if we recognize that it will provide the ultimate 

taxonomy of biology; something that no biologist can do without

Genomics is economical of effort and money when the data are collected in a coordinated 

fashion - as in any exploratory program. The principal challenge now for genomics concerns the 

speed with which mapping will progress, the resolution of the maps, and the dates of their 

completion. Sequencing of the human genome is less controversial than it was, even 2 years ago. 

The scientific community has come to realize that sequencing of a whole genome is not a priority for 

the immediate future; and may never become a priority unless the costs are reduced considerably. 

Most sequencers will focus their initial efforts on development of technology to achieve significant 

cost reductions. Sequencing activity with current technology will focus on the interesting areas of 

genomes, such as expressed sequences, the conserved sequences informative about the evolution of 

the organisms, and on variation* between individuals within and across species.

Genome research has rapidly become an international enterprise (see Appendix III). No 

single research group is able, by itself, to map and sequence the whole of any large complex genome, 

such as that of a mouse or human. Even "small" genomes, such as those of bacteria or of yeast, are 

a formidable target at the present stage of mapping and sequencing technology. "The task of

* Variation is the essence of genetics and an important focus of genomics is the variation between 
genomes and individuals; (see Siniscalco TIG 3:182-184,1987; and Cavalli-Sforza. Am J Hum Genet 
46:649-651, 1990).
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sequencing a complete genome is vast, the effort will have to be international, with various teams 

assigned specific parts of the genome" (5). This comment echoes the driving force behind the 

international genome effort; it invites Canadian participation. Canadians are participating in the 

international genome programs concerned with plants (e.g. Arabidopsis and barley) and yeast (6); 

bacteria, chloroplasts, mitochondria, nematode, and mouse (7); and humans (8). However, these 

collaborations are not yet of sufficient scope and coordination to establish us as true partners in the 

international projects.

Were Canada to ignore genomics as a major area of biological research at this time, it would 

threaten our investments in biological science that have brought our investigators and their research 

to the present level of prominence on the international scene (9). That prominence was achieved 

by investing in recombinant DNA technology, molecular biology and genetics and by recognizing its 

importance for the Canadian biological sciences (10). It is logical to maintain and build on the 

investment

There could be drastic consequences were Canada not to participate in the international 

genome programs through a program of its own. First, our scientists would no longer have privileged 

access to essential core data (biological systematics). Second, we would be sending a message to 

talented young people that there is no primary career in biological research of substance for them 

in Canada.

III. A  CANADIAN GENOME PROGRAM

Here we propose objectives, guiding principles, scope, basic elements, management and 

funding of a genome program in Canada.

1. Objectives. To establish a coherent, collaborative program in genome mapping, sequencing and 

functional analysis, on a broad front of research, that will both contribute to and provide access to



its international counterparts, and will itself be recognizable on an international level.

Comment: The program will capitalize on our national investment in molecular genetics, and its 

human capital. It will ensure that there is a continuing opportunity for competitive, inter-dependent 

and satisfying research in the biological sciences in Canada. The particular goals of the program 

should encompass the mapping and sequencing of genomes, both human and non-human, with special 

attention paid to conserved sequences (comparative genomics), to differences in specific sequences 

between individuals within and between species; and to the collection and distribution of data, the 

training of human resources, the development and transfer of the associated technologies. A 

thorough consideration of the attendant legal, ethical and social issues is important

2. Guiding Principles. The Canadian genome program should (i) build on existing strengths; (ii) be 

large in overall scale; (iii) be broad in scope; (iv) be coordinated nationally; (v) include recognizable 

pieces of the international project; (vi) generate investigator initiated proposals; (vii) operated 

through peer review; (viii) include support for national and international networking; (ix) support 

research on a variety of genomes; (x) accommodate both small and large projects; (xi) be flexible; and 

(xii) include, as an integral part, support of research on legal, ethical and social issues. A further 

guiding principle which needs some explanation is that the program should avoid being dogmatic or 

prescriptive about the scale of individual projects.

The large size o f a genome project has been a focus of criticism with the implication that 

megafacilities, very large teams of explorers, and support staff, will be required to accomplish the task; 

with no room for the conventional "cottage" science of single investigators (explorers) and small 

teams. The exciting history - partly Canadian - of mapping, cloning and sequencing the cystic fibrosis 

gene conveys a different message. As few as two investigators were able to provide a detailed 

physical map of the cystic fibrosis gene (11) after it had been identified, cloned and mapped to a

6
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region of human chromosome 7 by a team of 26 investigators (12). Accordingly, a Canadian genome 

program need not be the equivalent of a megafacility. It will be "big" only in the sense that it will 

be a large collective project. The key to the program will be the shared vision and the increased level 

of coordinated activity. Again, the approach is the program.

The essential guiding principle is flexibility. The Canadian genome program should have 

flexibility to respond to changes in technology, breakthroughs in biological and medical sciences, or 

new insights in the fields of ethics or social sciences. Thus, while early priorities are likely to target 

the construction of physical maps and the sequencing of carefully selected regions of the genome 

which encode important cellular proteins, this focus could shift radically if, for example, other regions 

of DNA are found to play a major role in regulation of gene expression, or have unforeseen social 

implications.

3. Scope o f the Program

The primary focus of the Canadian Genome Program should be the human genome. This 

would be consistent with the international effort Moreover, research on the genome of Homo 

sapiens has a certain appeal and humans can lay reasonable claim to their genomes as the preferred 

"model organism" (13). There should be a significant component of the program devoted to the 

ethical, legal, and social issues that will arise out of human genome research (see Appendix IV).

Research on other (selected) genomes should be supported when it contributes to an already 

identified international program or when the research contributes uniquely to the understanding of 

genome structure or genome evolution*. The international community has already identified mouse 

(Mus musculus), nematode (C. elegans), yeast (S. cerivisae) and plant (Arabidopsis) as model

Knowledge about human genes can arrive from the study of non-human genomes as, for example, 
in the discovery of a gene controlling metastasis of cancer cells (14).



8

organisms with special attributes for genome research. Participation in these ongoing international 

activities should be given priority in the Canadian program. Canada’s economic reliance on plants, 

including trees, suggests that coordinated programs geared to the development of genetic maps of 

one or two economically important plants should receive support

In keeping with current international practise, sequencing activity should emphasize 

technology development. Sequencing with current technology should be confined to model organisms 

with a genome equal to or smaller than that of yeast, or to regions of the human or mouse genome 

that are highly selected for their biological interest.

For large genomes, including human, the initial years should be devoted to the development 

of genetic maps at a minimum resolution of 5 cM and to physical maps based on overlapping cloned 

fully or partially characterized cDNA clones should also receive special attention.

A genome program will complement but not replace two ongoing areas of research in Canada. 

First, the genome program would not embrace conventional, hypothesis-driven genetic research such 

as investigations of regulation and expression of genes; the genome program would be a provider of 

data and information for such research. Second, the program would not suppplant or duplicate, for 

example, the Canadian Genetic Diseases Network (in the Networks of Centers of Excellence). The 

latter is concerned primarily with the expression of human genes causing diseases; its primary interest 

is not genomics.

4. Elements o f the Canadian Program:

The genome program will use the mechanism of operating grants. It will have a training 

program to generate human resources in biological research and the social sciences. It should avoid 

megafacilities which, in this rapidly evolving field, could soon become obsolete. It will be prepared 

to deal with ethical, social and legal issues. Proposals and applicants are to be reviewed, judged by 

peers in the context of a program for mapping, sequencing and functional analysis of genomes, and
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for development of enabling technology for the Geld of research. In essence, the program will have

a network of resources and a directed program of research.

The elements are:

i. Operating funds. Grants for projects proposed and initiated by principal investigators, and 

by groups of investigators.

ii. Training funds. Fellowships for pre- and postdoctoral trainees, in the biological sciences and 

relevant areas of the social sciences.

iii.  Funds for Equipment Technical, as well as human resources, are necessary. The technical 

resources are likely to evolve rapidly and unpredictably.

iv. Funds for Workshops and Travel. Canadians must be able to participate in for example, the 

international Human Gene Mapping Workshops (see Note 8), the Human Genome 

Organization (HUGO) and the corresponding meetings for plant, yeast, nematode and mouse 

genomics.

v. Facilities for Data Managements. Storage and distribution of data are fundamental to 

genomics (and the new systematics). The resources involve computers, work stations, nodes, 

networks, software and human resources.

vi. Support for Repositories. Repositories of biological materials have become an important 

resource for biological research. They include "libraries" of DNA segments and "banks" of 

frozen mutant cell strains, somatic cell hybrid panels, transformed lymphoblasts and type 

culture collections.

vii. Evaluation of Ethical. Legal and Social Issues. "It would be short-sighted and illogical to say 

that the responsibility for — having all citizens share in the benefits lies with those who 

generate [the] new information" (15). A genome program is likely to provide information 

about human and non-human genes more rapidly than we can imagine. Information is
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ethically neutral but its use is no t Accordingly, there are problems to anticipate, and to 

avoid, so that benefits from the project outweigh its hazards. Because the issues are 

important there should be a mechanism, integrated into the genome program, to evaluate 

them (see Appendix IV).

5. Management and Design

Genomics in Canada should be an Intercouncil Program. By making the genome program 

a creature of the three granting Councils, the "Partners" - (MRC, NSERC and SSHRC), and other 

funding Partners such as the National Cancer Institute and industry, will give it a collective identity 

it would not have were it attached to a single partner.

Management of the genome program should be the responsibility of a Board of Directors (or 

program management committee). An Advisory Board would report to i t  The latter would reflect 

and represent the elements and objectives of the program and be the equivalent of a directed 

program committee. A Program Manager-Director might be appropriate. The business of the 

program, its coordination, the receipt of applications and so on will require a Secretariat. 

Appointment of the Committess and implementation of the secretariat, and independent review 

panels would be the responsibility of the Partners.

The complexity and pertinence of the associated social issues invites continuing surveillance 

and evaluation. A standing committee on Ethics, Legal and Social Issues (ELSI) is recommended. 

It could share some of its membership with the Advisory Board.

Management would have various interests in the program: social issues of genomics are 

relevant to SSHRC; non-human genomes and the management of genome data are an interest of 

NSERC; human genomics is an obvious interest of MRC and NCI. But because each component is 

necessary and none alone is sufficient for the Program, the whole will be more than the sum of its 

parts.
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6. Cost of the Program

The money allocated should be sufficient to guarantee that the Program has international 

recognition and that Canada can remain at the forefront of genetic research. The Program should 

have "new" money so that funds are not drained from established branches of biological research. 

Finally, the amount should be in keeping with funding levels of other industrialized countries on a 

population basis.

Following these principles, the committee proposes a very modest 5-year budget of $42 

million: $4 M, $8 M, $10 M in years one, two and three respectively; $10 M each in years 4 and 5. 

The proportional allocation of funds to the six elements should be decided by management and its 

Advisors. A defined share (e.g. 7.5%) for the ELSI committee is recommended to protect this 

component of the program. The program would be evaluated at the end of the 3rd year.

The US Human Genome Project estimates to spend $200 M per year after F Y 1991; this level 

of funding is considered necessary to achieve a critical mass of research projects and human resources 

and to move the program forward at an optimal rate (16). Great Britain will spend 11 M (pounds 

sterling) on its program in the first stage (3 years). By comparison, and for our population size, the 

Canadian program would be funded rather modestly but perhaps of appropriate magnitude when 

coupled with the existing investments.
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G EN ETIC S, DNA AND HUMAN DISEASE

The human burden of genetically caused disease is high by any financial or social measure used. 
Cystic fibrosis, muscular dystrophy, polycystic kidney disease and hemophilia have devastating 
effects, not only on the affected individuals but on their families. Over 4,000 such single-gene- 
caused diseases have now been identified in humans.

O f even greater impact on human health are those conditions which are multi-factorial -  due to 
an interaction between the particular genetic makeup of an individual and his or her 
environment. These conditions include such things as premature heart disease, emphysema, 
diabetes mellitus, hypertension, multiple sclerosis and cancer. If these partly genetic diseases 
are also taken into consideration, then the total human burden of genetic disease is large indeed. 
One recent extensive study shows that, by age 25, more than 5% of the Canadian population 
will have been identified by a health care facility as having a genetic disease.

Intimate knowledge of the structures of genes opens the door to diagnosis, understanding and 
treatment of human genetic disease. A collaborative project to obtain such knowledge for all 
human genes -  by determining and analysing the sequence of the DNA in all 23 different 
human chromosomes -- has recently been undertaken by the world community of molecular 
biologists and geneticists. This document addresses potential Canadian involvement with that 
p ro jec t It was prepared as a working paper after an informal meeting o f several dozen 
interested scientists and research administrators held in Toronto on April 14, 1989 (Appendix 
A), and has been seen and endorsed in principle by many more Canadian geneticists, biologists, 
clinicians, biomathematicians and computer scientists (Appendix B).

W HY SEQUENCE GENOMES?

S cien tific  background

The total DNA sequence of any species -  including the human species -- is now in principle 
knowable. If we knew the sequence of the human genome (the sequence o f all o f the DNA 
molecules in a human cell) we would have all the specific information we could ever hope to 
have about the basic building blocks of human bodies. The information would be of immense 
value, both to science and to medicine. In this section, we briefly review scientific 
developments which have led the world's molecular biologists and geneticists to conclude, after 
three years of intense study and debate, that this huge resource is now within reach.

DNA is the blueprint which directs the building of cells, and from cells, organisms. Along a 
DNA molecule are individual genes that comprise the information for the synthesis of specific 
individual protein molecules, the latter carrying out the various functions required by the cell. 
The DNA blueprint is in code: hereditary information is encrypted as the linear sequence of the 
four DNA 'bases’ -- adenine, thymine, guanine, and cytosine, abbreviated A,T,G and C. The 
sequence of these four bases in a gene ( -  ATGGTGCTGTCTCCTGCCGAC for instance) 
s p e c i f icies its biological meaning just as the order of 26 letters in a word or sentence specifies its 
meaning. A typical bacterial cell carries a DNA blueprint of three thousand genes, encoded in 
one long string of four million bases. Typical mammals have nearly a thousand times as much 
DNA. In humans, this DNA is parcelled out among 23 different strings (chromosomes) 
totalling 3 billion bases. If the complete sequence were known and presented in type like that 
you are reading now, it would make up a book some 600,000 pages long.

Two remarkable technological developments will allow us to determine that sequence, and thus 
to read that enormous book. The first is 'molecular cloning' -  the insertion of a stretch of DNA
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of interest into another DNA molecule that can reproduce itself independently in a special strain 
of laboratory bacteria. This allows us to produce purified DNA molecules in amounts we could 
not hope to obtain from their original sources. The second is 'DNA sequencing', the ability to 
determine the order of the bases- to read the A's, T 's, C 's and G's of the genetic code -  for 
any stretch of DNA we have cloned. Both techniques were developed in the mid- to late- 
1970s, and have been improved to the point where a competent researcher can single-handedly 
clone and determine the sequence of perhaps ten- to twenty-thousand bases per year.

A third valuable approach, the mapping of genes on chromosomes, involves techniques that 
have also undergone recent radical improvement. Mapping tells us how many bases lie between 
two known sites (two genes, for instance), without telling us the sequence of the intervening 
stretch. Coarse maps of the human genome and fine-scale maps of the genomes of bacteria and 
fruit flies have already been produced. Such maps are of great use in the prediction o f genetic 
disease in humans and in the breeding of plants and animals for agricultural purposes.

The extraction of maximum information from the genome involves both the mapping of DNA 
segments (genes) on the chromosome and the sequencing of the isolated (cloned) DNA 
segments. Further radically new techniques for mapping and ever more sophisticated machines 
for automating various steps in the sequencing procedure are under development Simple 
regimentation of existing processes is also promising, converting what used to be a pioneering 
research tool into routine daily work requiring little formal training. During the next 5-10 yean 
we can anticipate continuing rapid improvements in mapping, together with a 10- to 100-fold 
increase in the rate -  and a 10-fold decrease in the price -  of sequencing (currently one to two 
dollars per base). Determining the order of billions of bases will then be feasible, if entered into 
as a cooperative world-wide effort. The limitation will be in the speed and accuracy with which 
sequences can be entered into data banks, such as the genetic data repositories in Los Alamos, 
New Haven, Bethesda, and Heidelberg, and in the availability of sophisticated computer 
programs to analyse the new information.

T he hum an genome project w orldw ide

The notion that molecular geneticists throughout the world might propose a collective mapping 
and sequencing project as large as that represented by the human genome was first publicly 
discussed in 1985 or 1986. It has since been vigorously debated and endorsed by scientists and 
research agencies in the U.S., the U.K., Europe, the U.S.S.R. and Japan.

In the U.S., early institutional interest was shown by the Department of Energy (DOE). The 
National Institutes of Health (NIH), which has greater credibility with American molecular 
biologists and geneticists, was slower to get involved -- fearing that the project was not only 
premature but likely, because it is "Big Science", to divert funds from other areas of biology. 
The American scientific community has since discussed these issues extensively, and resolved 
them. The publication, in January, 1988, of the conclusions of the year-long deliberations of a 
blue-ribbon committee ("the Alberts committee") o f the U.S. National Research Council and, 
four months later, of a similar report on the Human Genome Project prepared by the Office of 
Technology Assessment, coincided with a change of heart at NIH. In September, 1988, the 
NIH set up an Office of Human Genome Research, and chose James Watson to lead i t . This 
office has more recently become a "National Center", with independent authority to distribute 
funds. Congress allocated $28 million for 1989, $100 million has been proposed for 1990 and 
a steady-state budget of $200 million per annum is anticipated when the project is in full swing. 
Additional funding is also now in place for DOE and NSF efforts in genome studies, which will 
complement those of NI H. Substantial private support, for instance from the Howard Hughes 
Medical Institute, is also available. It is important to note that the genome project was seen by
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the U.S. Congress to be so important that new funds, outside of existing funding programs and 
in excess of initial requests, were specially provided for i t

In the U.K., a major center for the development of automated sequencing equipment has been 
established at the University of M anchester Institute of Science and Technology. The 
University of Cambridge, where approaches to large scale mapping were explored for the first 
time, is the home of a major new British effort. In Paris, the Centre d’Etude du Polymorphisme 
Humain serves as a library for DNA samples from the members of many large families -- such 
samples from people of known genetic relationship are a vital tool in the mapping of human 
chromosomes and the localization of genes involved in human disease.

At least two substantial multinational projects in mapping and sequencing have been inititated in 
Europe. The European Commission of the European Economic Community (EEC) is preparing 
a 3-year $20 million 'human genopme analysis' program to increase interactions and encourage 
technology development in mapping and sequencing. If approved, it should play a catalytic role 
in what will probably be larger investments by research establishments in member countries. 
EEC laboratories have also linked themselves together in an effort to sequence several of the 
chromosomes of baker’s yeast. The yeast genome is 15 million bases, only 0 .5%  the size of 
the human genome. It will likely prove a good model, both for the understanding of gene 
structure and function and for the development of hardware and software that will be of general 
use. Because of its small size, much preliminary work on baker’s yeast has been done and 
sequencing has already started.

Japanese laboratories have recently begun to sequence, by existing methods, the 4.7 million 
base genome of Escherichia coli, the bacterium which has long been a favorite for genetic 
studies. Japan has also declared its intention to speed up sequencing, through various sorts of 
automation and parallel processing, so that a factory-like installation could determine the 
sequence o f 100,000 bases per day.

In the U.S.S.R., the Molecular Biology Laboratories of the National Academy of Science 
earlier this year defined a seven point program for mapping and sequencing o f the human 
genome, including studies of genome rearrangements in cancer cells.

Clearly, there is a need to coordinate efforts among nations, and avoid duplication. A truly 
multi-national entity, the Human Genome Organization (HUGO) was formed in 1988, to help 
to phase together various national or cooperative projects, and to serve as a clearing house for 
information and technical developments. Hugo expects to receive its operating funds 
(approximately U.S. $1.5 million) from governments with an interest in genome projects. It 
will establish secretariat offices in the Far East, in Europe and in the U.S. A fourth office in the 
U.S.S.R. was proposed at a recent HUGO meeting in Moscow. HUGO'S Founding Council 
consists o f 43 scientists from 12 countries, two of whom are from Canada. The general 
membership is expected to number about 250, with 8-10 from Canada.

T he n a tu re  of the project

The project involves more than determining the order of all three billion bases o f  the human 
blueprint by the repetition of simple procedures costing $1-2 per base. The endeavour will be 
both more difficult and more interesting, and will have much wider payoffs. Current thinking is 
to devote the first few years to the construction o f a complete fine-scale map, which will serve 
to organize the sequencing effort. (Both the map and the sequence will probably comprise 
composite information taken from many human DNA sources -- no single human will be 
chosen).This period of mapping will provide breathing space to allow for development of 
faster, cheaper sequencing strategies and equipment. Software development is also essential -
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we as yet lack efficient methods for retrieving biologically and medically relevant information
from such an enormous mass of raw data.

The project will also be larger in scope than just human DNA, for three very important reasons:
(i) Genome size. Many o f the basic features of genome organization and function are 
universal, and therefore most economically examined in organisms such as bacteria, yeast 
or roundworms, whose genomes are only 0.1%, 0.5% and 3.0 % the size (and thus the 
cost) of a mammalian genome, respectively.
(ii) Evolutionary considerations. All organisms are related, and in most cases, a gene from 
one organism can be identified as a relative of genes in other, even distant, organisms. In 
comparing the structure of genes from different species we learn not only how they have 
evolved but what functions they have evolved to perform. This has been biology’s basic 
approach for centuries; what is new here is our ability to apply this comparative approach 
to molecules, to learn about molecular function in general and apply that knowledge in 
specific instances. We would not for instance understand the structure and function of the 
ribosome -- the cellular factory in which all proteins are made -- without a large 
comparative database on ribosomes from many species. Similarly, may features of the 
function of hemoglobin, which carries oxygen to all our cells, would have remained 
mysterious without profound insights derived through comparisons with hemoglobins in 
other animals.
(Hi) Accessibility to experimental approaches. With bacteria or yeast or roundworms or 
mice, we can test conjectures about the function of some region o f the genome we have 
sequenced by assessing the effects of alterations we make on that region. For instance, we 
can now remove any gene we wish from the yeast genome, see how the new artificially 
mutated yeast strain grows, and from that deduce gene function. A gene of similar 
sequence in humans, with whom we would not perform such an experiment, will likely 
have that same or similar function. For these and other reasons, the world-wide project to 
determine the sequence o f the entire human genome includes elements that focus on a 
variety of other genomes.

T h e  value of large-scale m app ing  an d  sequencing of genomes

The human genome effort, and large scale mapping and sequencing more generally, will 
radically transform biology and medicine. The changes will be both conceptual and 
methodological. Instead of asking specific small questions and selectively searching out data 
through laboratory experimentation (and often now sequencing a gene or two), we will first 
gather large masses of data from which we can observe both general patterns and specific 
sequence features, more often "experimenting" by designing new programs to analyse, by 
computer, data already banked. The organizational structure of our science will also be 
permanently altered, as much of what we do will require the extensive collaboration of many 
investigators in many nations. Biology and biomedical research will now include many mega
projects, like those in high-energy physics or space exploration. These will in turn open up 
new problems for the individual scientist to explore.

1. Medicine. Medicine will of course be the major beneficiary. Of the more than four thousand 
known inherited disorders, less than ten percent are understood at the genetic level. A fine-scale 
human map will allow us to localize many of these disease genes, and their sequences will 
provide clues to, and often definitive proof of, the function of those genes. This has already 
happened for muscular dystrophy and for retinoblastoma (a rare childhood eye tumor), and will 
soon come about for neurofibromatosis and many other common serious genetic diseases. The 
recent cloning and sequencing of the gene affected in patients with cystic fibrosis is especially 
noteworthy here. Cystic fibrosis is the most prevalent serious single-gene disease in Caucasian 
populations. Not only did the molecular characterization of the cystic fibrosis gene depend
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heavily on the state-of-the-art application of many of the techniques on which success of the 
human genome project will depend, but most of the credit for this signal achievement goes to 
Canadian laboratories.

A sufficient body of data will also allow us to begin to understand the hereditary basis of 
disorders involving not just single genes but interactions of genes, both with each other and 
with the environment Such conditions as hypertension, diabetes, schizophrenia, some forms 
o f mental retardation and many forms of cancer fit into this category. Even where there is no 
known genetic disorder , knowledge of gene location, structure and function is essential for a 
complete understanding of disease, since it is the protein products of genes (enzymes and 
structural components of cells) which are affected by, and help to combat diseases caused by, 
microorganisms and environmental stresses. Genetics, biochemistry, physiology and 
developmental biology have supported and cross-fertilized each other in the study of 
experimental organisms and will continue to do so as attention is focussed more directly on 
humans. Understanding of such complex processes as cell growth (which when deregulated 
becomes cancer), organ development, morphogenesis and aging can only come from such a 
multidisciplinary approach.

2. Diagnostics and pharmaceuticals. One of the uses of knowledge of gene sequence lies in the 
design of diagnostic agents. DNA "probes", made with specific information on gene sequence, 
can be used to diagnose genetic disorders, just as other probes can identify precise bacterial 
strains causing clinical infection. In some cases, "anti-sense" nucleic acids, chemically 
synthesized so as to block the action of genes involved in cancer or other disease processes, are 
finding uses -- their design requires knowledge of sequence. In forensic medicine, DNA 
probes are now used extensively to identify the source o f minute samples of blood or other 
human tissue. There is immense potential for the pharmaceutical industry here, and a very short 
lag in the application of basic information to commercial application.

3. Industrial biotechnology. Many industrial processes are now carried out by purified 
enzymes or microorganisms (bacteria or yeasts and other fungi). These processes are 
constantly under improvement through the genetic alteration o f microrganisms and/or directed 
alterations o f genes which produce useful enzymes. The sequence of the yeast genome will 
allow us more rationally to construct strains with altered fermentative properties and, in addition 
to its importance for understanding genome structure and function generally, will more than pay 
for its cost in biotechnological spinoffs. Large scale sequencing projects, especially where they 
involve several species, will provide us with a wealth o f comparative information on enzyme 
structure and function on which to base future genetic engineering strategies. This area of 
industrial exploitation of what has come to be called "protein engineering" is considered the 
future direction of applied biochemistry, and has barely been tapped.

4 . Agriculture. The production of domestic organisms adapted to human needs is as old as 
animal husbandry and agriculture. Biotechnology now uses recombinant DNA methods — 
cloning and specific ways to introduce novel genes -- to accomplish similar goals. In most 
cases the limitation is in our knowledge of the natural genetic structure of the species with which 
we work. In agriculture, similar knowledge will become essential in crop improvement. 
Genetic engineering techniques have already proven important in tailoring plants for new 
environments. Our ability to apply them further will depend on basic knowledge of plant 
genomes -- work has already begun on the genomes o f some representative species. Canada, 
with its traditional involvement in agriculture and forestry, must remain abreast of developments 
in this area.

5. Computer science. There should also be substantial benefits outside of biology, medicine 
and agriculture. To produce and analyse sequence data at the required rate, new machines and 
new ways o f linking machines are needed. The required advances in analytical chemistry,
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artificial intelligence, robotics, computer imaging, database management, information retrieval 
and algorithm development will be applicable in areas of research and development far removed 
from genetics. In the United States, for instance, Amoco has invested heavily in a project to 
sequence a number of bacterial genomes, simply because it feels that the software developed for 
the management and analysis of raw data will be commercially valuable. Genome mapping and 
sequencing should prove to be like the space program -- a source of high-technology 
processes and products o f much more general utility.

W HY MUST CANADA BE INVOLVED?

No Canadian agency has yet made a specific committment to the development or implementation 
o f methods for large-scale mapping and sequencing. Although individual Canadian researchers 
can and have become involved in such projects, they have done so through existing contacts as 
individuals with American, European and Japanese colleagues. Canadian science and Canadian 
scientists need direct Canadian institutional involvement and support, for three reasons.

1. Technology development. Much of biology and biomedical research will be dramatically 
altered by the introduction of these new strategies and by the resultant changes in how we 
interact as scientists. The rate of knowledge accumulation will increase dramatically and there 
will be a qualitative change in the kind of data we consider important, in many fields In most 
cases, the knowledge and the data will be freely published, so we could "import" them. 
However, the conceptual and strategic approaches and attitudes can be learned best by 
participation and experience. There is also a very considerable lag to publication, and those "at 
the table" will have more direct and timely access. Some of the benefit will accrue to the 
molecular biological community, but the new databases and approaches have already begun to 
influence computer science, clinical medicine, and biotechnology. One can see now 
applications in environmental studies and behavioral sciences. In the 1970's, Canada was slow 
to appreciate the importance o f cloning. Canadian biotechnology is weak now, as a result If 
we are slow to appreciate the importance of large-scale mapping and sequencing, it is clear that 
we will suffer in the 1990s. If we fail to participate in the international effort, our bright and 
successful scientists, as well as our most promising graduate students and postdoctoral 
researchers, will be tempted to leave the country to work on the genome project elsewhere. If 
we do not actively participate, we will be left behind.

2. Credibility. The analysis o f genomes, and particularly the sequencing of the human 
genome, is an enormous undertaking that can succeed only with co-operation. Canadian 
scientists currently involved in collaborations with mapping and sequencing efforts outside of 
Canada need, for credibility, some Canadian recognition o f the significance of such work. True 
collaborations involve equal partners. As extra funding and facilities become available to 
American, European and Japanese investigators, Canadians involvement will become peripheral 
and dependent upon the courtesy of foreign colleagues, if  we cannot contribute our share to the 
enterprise.

3. Expertise. We have something very valuable to contribute. Canadian molecular biology and 
genetics shows unique areas of strength in which we could make a disproportionate contribution 
to the global effort We should concentrate on these, rather than mount a campaign similar in 
structure to the American one, but one tenth the size. These areas o f strength, and how they 
might best be developed, are the topics of the remainder of this report
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CANADA'S STRENGTHS

The old adage "build on your strength" applies no less to science than to many other human 
endeavours. Canadians make up a small fraction of the world scientific community, but we 
have areas of particular competence with regard to genome studies. We have tried to identify 
areas of what might be called disproportionate contribution, in which the Canadian scientific 
role has been much more influential internationally than one would have predicted from the 
numbers of researchers or research dollars involved. There are six such areas in which 
Canadian work is clearly outstanding: the genetics of human disease, mouse genetics, nematode 
gene mapping, yeast molecular biology, bacterial evolution, and data analysis and algorithm 
development.

1. The genetics o f human disease. Canada is a leading player in human genetics, especially as 
related to human disease. As was pointed out in a recent article in the international scientific 
journal "Nature", of the nine major human genetic diseases currently being most intensively 
studied worldwide, eight were either first described by Canadians or are currently being 
successfully investigated by Canadian research groups. This has come about for two reasons. 
First, Canadian geneticists have been among the world's leaders in population and family 
studies of disease inheritance, and we have several groups of populations suitable for study. 
Secondly, within the past five years, we have developed in this country a group o f talented 
researchers who have applied the techniques of molecular biology to the isolation and study of 
human disease genes. Among these are the genes for cystic fibrosis, Duchenne muscular 
dystrophy, retinoblastoma, Wilms' tumor, Huntington disease, myotonic dystrophy, and 
multiple endocrine neoplasia. The general chromosomal location of all of these genes is known; 
in some cases the precise location is known, and in two cases the gene has been isolated by 
molecular cloning in a Canadian laboratory. The resounding recent Canadian success in the 
hunt for the cystic fibrosis gene suggests that it would make excellent sense to choose one or 
more chromosomal regions containing known disease markers as selective starting points for 
our contribution to the worldwide effort.

2. Mouse genetics. The laboratory mouse show many similarities to human beings. In the 
details of their cellular and molecular architecture the two organisms are very close cousins, 
having over 70% genetic identity. As an experimental organism, the mouse has several 
advantages over human beings: it is easy to manipulate genetically; it has a very short 
generation time so that experiments can be carried out relatively rapidly; it is o f small size so 
that large populations can be housed relatively cheaply and, perhaps most importantly, there are 
many natural genetic mutations already known in mouse, and techniques of genetic study are 
advancing rapidly in this organism. Canada has strong internationally-recognized research in 
mouse genetics. Canadian researchers use modem molecular technology, coupled with an 
interest in development of the embryonic mouse, to further their studies.

3 . Nematode gene mapping. The roundworm has proven to be an excellent experimental 
system for studies of organism development, in part because its simple body has only 1,000 
cells. Much of the nematode genome has already been cloned and mapped, a significant fraction 
o f this by Canadians. Quite recently, James Watson has directed the expenditure of funds from 
the NIH program towards the completion of the nematode sequence. Canadian research will 
prove essential in the correlation o f genetic structure and sequence with physiological function 
and development

4. Yeast molecular biology. Ordinary baker’s yeast is the best example of a simple unicellular 
organism with a complex genome. Amazingly, many of the molecular details o f baker's yeast 
are parallel to molecular details o f higher organisms, including humans. Moreover, yeast is
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cheap and easy to culture and has a well-developed genetic system. For these reasons, yeast 
has become one of the leading model cell types for the study of those aspects of cellular biology 
that are thought to hold generally throughout nature. For the same reasons, it has become the 
system of choice for many industrial applications of biotechnology. Yeast chromosomes are 
most likely very similar to those of higher organisms such as mouse and man, and studies using 
yeast have already shown us the structures o f certain essential parts of the chromosome. 
Canada has made a disproportionate contribution to the world yeast community. From coast to 
coast we have almost twenty research groups making internationally recognized contributions in 
such areas as gene regulation, cell-to-cell signalling and DNA recombination. As part of an 
international co-operative enterprise to sequence the entire yeast genome, Canada has been 
assigned Chromosome I as a start

5. Bacterial evolution. Canada has established an international reputation for its work in 
evolutionary comparisons of bacterial genomes. A nationwide group of researchers has already 
begun the determination of the nucleotide sequence of the entire genomes of a several of these 
simple organisms, with the aim o f carrying out the most complete comparative analysis of 
genome structure and function to date. These genomes are very small (millions of bases, rather 
than billions for higher organisms), and a comparative data base which will be of tremendous 
value in understanding structure and function, even in the most complex genomes, can be 
readily assembled.

6. Data analysis and algorithm development. The genome project, both in Canada and 
worldwide, will generate an enormous amount of data. These data must not only be stored but 
they must also be communicated to other scientists. The data must be available for an 
expanding array of complex analyses. All of this will require the active participation of experts 
in the handling and analysis o f data by computers. Here again, Canada has made 
disproportionate contribution to the world scene. We have a network of computer specialists 
and mathematicians who lead the world in artificial intelligence, sequence alignment, and the 
analysis o f nucleic acid sequences from a structural and evolutionary point o f view. Some of 
out contributions have been abstractly theoretical, but we have, through government laboratories 
and privately funded university research played important roles in sequence data management 
and the rational ordering of human genetic information.

7. Social and ethical issues. It would be misleading to imply that all who have thought about 
the genome project believe that only good can come from it. A coordinated approach to 
accumulating genetic information on our species may pose no ethical difficulties fundamentally 
different from those which we must already face in determining when and how to undertake 
genetic diagnoses and what to do with the information obtained. But it does expand the scope 
o f such applications, and social, educational, psychological and philosophical implications of 
much more complete genetic knowledge of ourselves must be considered. Several Canadian 
scholars and clinicians have already begun to address such issues. Their involvement early in 
the development of the Canadian program is essential, and should be beneficial to the effort 
worldwide, where considerations of the ultimate use of human genome data have been less 
visible than deliberations on how best the data might be gathered.

W HAT SHOULD CANADA DO?

Canada must have effective participation in the worldwide genome effort and this requires 
increased expenditure of research funds. Modem biology is expensive. Embarking on a new 
major project such as genome analysis will require new space, new equipment and, especially, 
new people. Canada has made an excellent start -- to consolidate and enhance our position, 
formal recognition and targeted funding programs are needed.
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It is essential, if the rest o f Canadian science is not to suffer, that this be new money. The 
existing agencies, MRC and NSERC, have a wide mandate of which genome research is but a 
small portion. They do an admirable job -- on severely limited budgets -- of maintaining cost-
effective, high-quality research on many specific problems. The multidisciplinary nature of the 
genome projects transcends these traditional mandates, as well as those of government agencies 
such as NRC and government departments such as Health and Welfare, and D.LS.T.. What is 
needed is an agency which will combine the interests and expertise of these organizations. The 
funding for this new agency should be incremental in nature and should not deplete the funding 
o f the existing research enterprise in Canada. In the U.S. and, it now seems likely, 
participating European countries, the need for additional funding and programs in genome 
studies has been clearly defined.

For Canada, we anticipate that a new expenditure of at least 25 to 50 million dollars over the 
next five years will be required if we are to make a recognizable contribution to the world effort 
We envision that these funds would be used (i) to develop one or two centralized sequencing 
facilities, at which very large projects and technique development would be emphasized, (ii) 
support smaller facilities which would nevertheless undertake sequencing projects larger in 
scope and cost than individual investigators can now contemplate within the existing grant 
structure, and (iii) facilitate and expand database management development already underway in 
government and university laboratories. As in the U.S. and elsewhere, the endorsement of the 
biological and biomedical research community at large requires assurance that large-scale 
mapping and sequencing activities do not cause funds for more directly experimental approaches 
to gene structure and function to dry up -- or that they result in rigid bureaucratic control over 
choice o f experimental materials. Conversely, assurance may be needed by others outside that 
research community that funding for a genome project really does support research of a kind 
which cannot currently be supported through the usual mechanisms.

The program will be broad, including computer scientists, data analysts, geneticists, 
biochemists, population experts and biologists, and probably represents one of the most truly 
interdisciplinary projects in all of science. We envision a nation-wide network of researchers, 
all involved in the analysis of genomes of a variety of organisms and committed to exchanging 
this information not only with each other, but with the international scientific community. The 
program must be assured long term support A minimum of five years is essential as an initial 
commitment in order to establish the program and evaluate its success. Given a positive 
evaluation, a commitment for a second five years must be made. The implementation of this 
scheme at an adequate level o f support will see Canada take its appropriate place in the vanguard 
o f international biological research through to the end of the century, and ensure Canadian 
participation in the economic benefits of spinoffs from the new knowledge.

It is premature to detail a highly specific course of future action, since this requires extensive 
further consultation within the Canadian scientific, medical and industrial communities, and 
with representatives of developing genome projects outside Canada. We ask that government 
establish a permanent Advisory Committee with a mandate to determine the future of genome 
research in Canada and to make recommendations for implementation of the genome project 
Among issues that must be addressed by the committee are (i) the overall scope of the project 
and its relationship to and coordination with efforts in other nations, (ii) whether peer review of 
the science should be carried out through existing agencies (MRC, NSERC) or by a new 
"genome research" agency, (iii) the balance between sequencing activities within centralized 
facilities and smaller groups networked to them, (iv) the lengths of funding periods for 
components o f the project, and mechanisms for review and renewal, (v) mechanisms for 
facilitating industrial applications of results produced and methods developed, and (vi) ways of 
using genome data most consistent with the values of our society.
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RECOMMENDATIONS

1. That Canada establish a broadly-based program in genome structure and function.
2. That the program capitalize on existing Canadian research strength.
3. That new funds be made available to support this initiative.
4. That the program be established for a five year term, renewable upon successful review.
5. That funds be distributed to projects after peer review, and used to support (i) one or two 

centralized mapping and sequencing facilities, (ii) smaller research units in existing 
institutions, networked to the centralized facilities, and (iii) database management and 
development

6. That a standing Advisory Committee with representation from the clinical and scientific 
research community, the bioethics community, the granting agencies and industry be 
established, to develop a program which embodies these principles and to give overall 
direction to the program. This committee would also provide Canadian representation to 
international meetings (such as those o f HUGO) coordinating worldwide sequencing 
activities, and would maintain complete and open communication with the MRC, NSERC 
and private granting agencies, as appropriate. It will need a small support staff. The 
establishment of such a committee by government, selection of its members and officers, 
and the development of channels by which it would report to government, should be the 
first step in the implementation o f a Canadian program in large-scale mapping and 
sequencing. In these early stages, we need considerable advice from government on how to 
proceed in the development of this complex and multidisciplinary project
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APPENDIX III

INTERNATIONAL GENOME RESEARCH ACTIVITIES

The Inter-Council Advisory Committee was charged to give the Councils an overview of international 

activities meaning those operating at a national level.

The Committee's Chairman obtained relevant information at an international meeting in Valencia 

(November 11-15, 1990). A member (Ron Worton) also obtained detailed information on the US 

and UK programs. However there are now good published summaries of national programs in 

FASEB journal (see Reference 13) for USA (ibid p. 8), Japan (ibid p. 66), USSR (ibid p. 70), and 

Europe including the UK, Italy, France and Germany (ibid p. 70); HUGO is also described (ibid, p. 

73).

Of additional relevance, the international community of ideas with respect to genome projects and 

technology development is reflected in articles on current trends in mapping human genes (ibid p. 

12), molecular approaches (ibid p. 21), physical mapping (ibid p. 28), DNA sequencing (ibid p. 40), 

and uses of the polymerase chain reaction (ibid p. 46); the important component of information 

management is also described (ibid p. 35). Ethical issues are the subject of the remaining feature 

article (ibid p. 55). In brief, the Canadian program, discussed in the body of the report, would be 

complimentary and contributory to other national programs. The absence of Canada from the 

FASEB survey is conspicuous - in the opinion of the Advisory Committee.



APPENDIX IV

SOCIAL ISSUES IN GENOMICS

Ethical, legal and social issues are of abiding concern in a responsible genome program (see 
Murray TH. pp. 55-60 in ref. 13; and Appendix 7 in reference 16). Our Advisory Committee 
recognized representative issues in Canada for ongoing evaluation by a Standing Committee 
on Ethical, Legal and Social Issues. The ELSI Committee is seen as integral to the program 
and one that could implement meritorious research projects. The following are representative 
human issues for consideration:

Costs:
- Impact on an individual of knowledge that he or she carries or will suffer from a 
genetically-based disease for which there is yet no effective treatment

- The use by employers of genetic testing to screen out those genetically more sensitive 
to work-place hazards or even those prone to work-disrupting diseases whose basis may 
be in part genetic thus creating a class of genetically unemployable people -- or similar 
use by the insurance industry, creating a class of genetically uninsurable people.

- Use of genetic data by repressive governments to impose "eugenic" discriminatory 
reproductive policies on their populations or to identify "racial" groups; or the 
development of restrictive and biologically nonsensical notions of an ideal "wild-type" 
genetic constitution, even when not accompanied by such restrictive policies.

- Use of genetic screening by parents to abort fetuses of unwanted genotypes, even 
when these are within the range of "normal".

- Greatly increased demands on health care systems for (expensive) genetic therapies 
and genetic tests ordered by physicians fearing litigation.

- Release to the environment of recombinant organisms, derived from applied genomic 
information, that may alter ecological balance.

Benefits:

- The ability to diagnose simple genetic diseases before onset, and thus reduce their 
severity in cases where alterations in the circumstances of living will achieve this result

- The ability to design effective "gene therapies", for the replacement of defective genes 
or their products, in some of these simple (single gene) disorders.

- The ability to assess and thus reduce vulnerability (enhance resistance) of human and 
non-human organisms to common diseases. Because they result from complex 
interactions between many genetic and environmental factors, the diseases are not 
usually considered to be "genetic".

- The development of non-genetic therapies for these, and the still greater number of 
diseases that can be understood best through studying naturally-occurring genetic and 
biochemical variation.


