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Editorials

The Human Genome Project
The successful completion of a draft sequence of the human genome was announced
on 26 June 2000 simultaneously by the publicly funded Human Genome Project
(HGP) and the privately funded Celera Genome Corporation. The rough draft com-
prises most of the approximately 3 billion bases of the human genome. The sequencing
of the human genome is a brilliant techno-managerial exercise, which has succeeded
in bringing together molecular biology, genetics and engineering, especially automa-
tion technology and bioinformatics. The final stages have also seen a public versus
private sector drama, with the international publicly funded consortium of the HGP
on the one hand and the privately funded Celera Genomics on the other, playing out
the contradictions of today's knowledge-based biotechnology industry in full public
view. Shorn of all its hype, it is perhaps more suitable to look at this effort as a logical
extension of our knowledge in the fields of molecular biology and genetics.

In 1984, R. Sinsheimer proposed the idea of sequencing the entire human genome,
and the first meeting regarding this was held the following year. The Human Genome
Organization, a body of scientists for international cooperation in the field, was
formed in 1988. In 1989, the National Institutes of Health (NIH), USA established a
National Center for Human Genome Research headed by James Watson. The HGP
formally began in 1990. The initial goal was to achieve this in a period of 15 years.
In 1991, Craig Venter (then at the NIH) revealed that the NIH was seeking patents on
expressed sequence tags (ESTs), which were partial sequences of expressed genes
without any function attributed to them. This patenting was opposed by James
Watson, who subsequently resigned from his position. In 1992, Craig Venter left NIH
to head The Institute for Genome Research. In 1993, the British effort gained
momentum with the commencement of the Sanger Centre, jointly funded by the
Medical Research Council (MRC) and the Wellcome Trust. The French Centre,
Genethon has made a mark for itself in genomic mapping. The Japanese component
of the project concentrates on complementary DNAs (cDNAs). The latest player in
the field, Celera Genomics headed by Craig Venter, was incorporated 3 years ago with
a commitment to sequence the human genome within 3 years.

The goals of the HGP were to first construct a comprehensive genetic map of the
human genome. Also, libraries of overlapping clones spanning the entire genome
were to be constructed. The final goal was the sequencing itself. This was to be
complemented by developments in bioinformatics so as to organize the tremendous
amount of data generated in a meaningful manner. The initial emphasis was on map-
ping because there was no detailed map of the human genome available (in the 1980s).
Thus it was impossible to determine the chromosomal localization of a particular
DNA sequence and its relationship with other sequences. These studies in humans
were to be complemented by the sequencing of model organisms, both unicellular and
multicellular, of research and medical importance.

The scientific basis of whole genome sequencing was the development of DNA
sequencing technology by Frederick Sanger, the basic chemistry of which is un-
changed till date. Another advance is the development of techniques of linkage
analysis of a power which could not have been imagined by classical geneticists.
Linkage analysis is necessary to localize the position of a clone or sequence on the
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genome. It relies on the observation that two alleles are co-inherited with a greater
frequency if they are physically located close to each other. The increased variability
of the non-coding regions which account for over 90% of the human genome have
enabled the localization of genes within a chromosomal position with great precision.
Restriction length fragment polymorphisms (RLFPs)1 were the first molecular tools
to be used for this purpose. However, a high resolution map of the genome had to await
the development of micro satellite markers. Microsatellites are short stretches on the
genome consisting of short repeats in tandem and are prone to contraction and
expansion as the replication of DNA on such stretches is not very accurate. Hence,
there is a large amount of variation between alleles. A micro satellite marker can there-
fore be used to determine the chromosomal position of a locus and tag a particular
allele. A major advance was high throughput generation of micro satellite markers and
automated high resolution mapping. The French group at the Centre d'Etude
Polymorphisme (CEPH) headed by Jean Dausset had earlier provided a set of refer-
ence families for collaborative mapping efforts." This enabled genetic mapping to be
completed in 1994, a year earlier than anticipated. The development of cloning vec-
tors such as yeast artificial chromosomes, capable of propagating large inserts was
also essential to the effort. The developments in automation and bioinformatics have
been essential for the success of the project. Because of this, Craig Venter's group was
able to use shotgun sequencing to sequence a far more complex genome than seemed
possible. The paired-end sequencing strategy developed by Celera scientists enabled
the sequencing of longer stretches of DNA.

Another development has been the sequencing of ESTs.4 These are sequences of
the cDNA of the messenger RNA (mRNA) present in a particular tissue. These may
be incomplete, but give an index of the regions of the genome which are transcribed.
Now that sequencing is virtually complete, the next phase is that of functional
genomics-the process of attributing a biological function to a region of the genome.
Another word one often comes across is 'proteomics', which means characterizing
each and every protein expressed in a living organism and determining its function.
This is essentially what biochemists have been doing all along, but with all the
automation and information being brought to bear on this problem, it will be accomp-
lished sooner than ever believed possible.

The scientific milestones achieved give a picture of the goals of this programme.
The Haemophilus influenzae genome was the first to be sequenced. The other impor-
tant microorganisms to be completely sequenced include the workhorse of modem
biology, Escherichia coli and Mycobacterium tuberculosis (responsible for perhaps
the largest number of deaths attributable to a single agent). The complete genome of
the yeast, Saccharomyces cerevisiae, the biologists' model unicellular eukaryote,
was sequenced in 1996. The nematode, Cyanorhabditis elegans and fruitfly
Drosophila melanogaster have also been completely sequenced. These are important
because the biology of these organisms is fully worked out and many of their genes
have homologues in humans. These could prove critical to the functional genomic
stage of the project. The mouse genome has been partially sequenced. Overall, about
20 organisms have been sequenced. The first high-resolution maps of the human
genome were published in 1994 and 1995; the latter maps having over 15000
markers. This enabled genes to be positioned within the chromosome and relative to
each other with an unprecedented level of accuracy. One billion bases were sequenced
by the HGP in September 1999. The first complete sequence of a human chromosome,
number 22, was published in December 1999. In January 2000, Celera announced that
over 90% of the genome had been sequenced. However, this was not available in the
public domain. In May 2000, the HGP consortium, led by scientists from Japan and
Germany published the complete sequence of chromosome 21. There were continu-
ous attempts to get the HGP and Celera to collaborate. Finally they got together to
announce the completion of human genome sequencing on 26 June 2000.

There have been differences in the approaches of the publicly and privately funded
groups. The HGP was more meticulous about the mapping and accuracy of the
sequences. Celera concentrated on sequencing as much as possible of the easily
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readable stretches of the genome with a view to establish ownership. In order to
prevent this, HGP put up all the information in the public domain and the daily output
of sequence data became available on the Internet. This led to acrimony between the
HGP and Celera. John Sulston, the head of the Sanger Centre, the British component
of the HGP, has been quoted by The Guardian newspaper as saying that 'Global
capitalism is raping the earth', a statement he clarified as being prompted by his
concern for Celera's aggressive designs.' Bruce Alberts, President of the National
Academy of Sciences, USA and Sir Aaron Klug, President of the Royal Society gave
a joint statement that the human genome must be freely available to all humankind.
A joint statement by President Clinton and Prime Minister Blair praising the decision
of the scientists of the HGP to release their results in the public domain was followed
by a sharp fall in Celera's share price." However, the final agreement includes a pledge
by both to publish their draft sequences simultaneously but separately later this year.
The two groups are expected to hold a joint scientific meeting and communicate with
each other.'

What does this announcement mean? Obviously, this is an arbitrary goalpost and
the scientific part is not yet over. There is a fair amount of painstaking sequencing yet
to be done. Nevertheless, there are major implications for biology and medicine. From
the point of view of communicable diseases, the bacterial genomes which have been
completely sequenced have thrown up their share of surprises. Not the least are
several regions which code for proteins which were previously not known to exist.
These genes are likely drug targets. There is a lot of excitement as the biochemistry
in silico will now have to be transformed into concrete products for pharmaceutical
intervention. A comparison of these genomes with the human one are expected to
reveal unique pharmacologically vulnerable metabolic pathways and pave the way
for a new crop of knowledge-based drugs. This effort will be supported by advances
in structural biology and combinatorial chemistry. One of the. technological spin-offs
has been the development of gene arrays, which will enable the automated analysis
of gene structure and expression for diagnostics and research.

Of direct interest is the search for genes of inherited disease. The powerful
combination of pedigree analysis, mapping techniques and full sequence data will
enable more and more affected genes to be identified and isolated. The next step of
prenatal diagnosis seems quite feasible, especially where the technology is available.
However, there is a doubt about the possibility of gene therapy of germ cells being a
reality in the immediate future. Somatic cell gene therapy would have a role in those
single-gene disorders where the production of defective protein would ameliorate the
disease. The case of polygenic inheritance or gene--environment interactions is
altogether different. While reductionism works very well with monogenic disorders,
we are still grappling with the conceptual and intellectual tools to understand the
interaction of multiple variables and have a long way to go. The alterations caused by
mutations in somatic cells such as those in cancer can also be better· identified for
specific targeting. As most of the genome is sequenced, changes in genes and proteins
in disease will be better identified for the rational designing of drugs. The surprising
number of genetic polymorphisms identified in the human genome indicates the
genetic basis of the tremendous amount of variation in the species. The identification
of the genetic basis of variation in response to drugs, both in terms of efficacy and
toxicity, holds out hope for individualized therapy. Why a person is more likely to
react adversely than another to a particular drug is not well understood. However,
except for particular phenotypes, like the acetylator phenotype for isonicotinic acid
hydrazide, very few monogenic linkages are known and our understanding of the
complex way in which the human body handles and reacts to drugs will have to
increase many fold before such tests are available to the treating physician.

The Indian effort in this direction has to be looked at in the context of the overall
research in the field of molecular genetics of complex genomes. It has resulted in the
integration of molecular diagnostics in the field of genetic diseases, including
discoveries on disease-causing mutations typical for, or unique to, our population."
the molecular genetics of neurological disorders, 10 the functional genomics of tumour
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behaviour I 1,12 and immune response to infectious agents. 13 The vast diversity of India
with its relatively reproductively isolated populations is a storehouse for studying the
genetic determinants of biological response. Molecular genetics has been used to
study ethnography and the movements of populations.v'-" There have also been
advances in the mapping and sequencing of genomes of parasites such as Entamoeba
histolytica." Vibrio cholerae 17 and Plasmodium vivax. 18 There has been a consider-
able effort in using DNA fingerprinting techniques and the development of new
probes for establishing the identity and relationships of humans as well as plant and
animal species.l=" This list is by no means complete. Important developments are
taking place in the field of agriculture. A rice genome project is being initiated..
Genomic tools are also being used for the documentation and preservation of bio-
diversity. India is scientifically well placed to benefit from the developments of the
HGP, especially with the help ofbioinformatics and the private sector." However, it
remains to be seen how much of this capability will be harnessed in a way that benefits
society. For a scientific discovery to make a dent in the mortality and morbidity
statistics of a developing country, a good deal more than high-quality basic research
is required.

There are a number of ethical, legal and social issues involved, so much so that they
have been almost officially sanctified with the fashionable acronym ofELSI. The first
concerns ownership. As the fierce debates on the patenting of ESTs and the battles
between HGP and Celera showed, there is no consensus on who owns this genome of
ours. Because all drugs will have to act through one or the other products of this
genome or the enzymatic reactions catalysed by them, will they all be under some sort
of patent protection? The next issue concerns genetic discrimination. Will the
employer 'or the insurance company insist on a genotype before determining suitabil-
ity for a particular job or insurance premium? The extent of concern on this issue can
be guessed from the White House press release on the occasion, assuring citizens of
the USA that this data would not be used to discriminate against individuals. One can
only hope that genetic determinism will not be a part of the new world order. The gene
pools of many isolated populations and indigenous people have traits which offer
protection from a variety of diseases, both communicable and non-communicable.
Based on this information, there could be discoveries which could benefit many,
besides being a source of revenue to pharmaceutical companies. As many of these
groups are disadvantaged and marginalized, would they be able to benefit from this
knowledge? India, with its rich ethnic diversity, has reason to be concerned on this
account.

If one goes by press reports, the advent of designer humans seems imminent. There
are also articles in favour of eugenics." Combined with embryo cloning techniques,
there is no doubt a possibility that sometime in the future we may be able to tinker with
at least some genetic traits. In a way, we have already taken the first steps in this
direction. Not many medical professionals have much of an ethical dilemma over the
termination of pregnancies of foetuses affected with sickle cell disease, thalassaemia,
or other monogenic diseases where the possibility of cure is remote. However, to
decide on the fate of a pregnancy based on the increased probability of an adverse
polygenic inheritance or gene--environment interaction is quite another matter. The
same is true for the engineering of traits of a perceived positive value in germ cells.
Though it may seem far-fetched today, in choosing the genetic make-up of our
children, we run the risk of losing the evolutionary insurance for our species provided
by the unpredictability of diversity.

The sequencing of the human genome is no doubt a scientific achievement that will
shape our future. Which way it will go will depend on whether our increase in
knowledge is accompanied by maturity and wisdom.
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Public Health Schools Without Walls: A network
addressing health equity

The Public Health Schools Without Walls (PHS WOW) programme was started in
1992 in response to the public health capacity needs in developing countries. The aim
of the programme was to foster the development of locally appropriate health training
that emphasized experience as a learning tool. The programme builds the capacity of
developing countries to produce postgraduate-level public health personnel with


