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pieces o f  DNA already exists, but assem- 

P O L I C Y  FORUM: G E N E T I C S  bling the entire genome o f  an organism and 

Ethical Considerations in 
proving that the genome is.capable o f  sup- 
porting a free-living life form within that 
environment has not been done. Recent 
work by Hutchison et al. (5) represents a Synthesizing a Minima[ Genome significant step in the "top-down" ap- 
 roach. These experiments define a "mini- 
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T 
he appearance of Dolly, the first cloned 
mammal made from DNA of  an adult 
cell, set o f f  a flw-ry of  ethical concern 

about the pace with which cloning technology 
could be applied to human beings (1-3). Dol- 
ly's surprise appearance illustrates the nega- 
tive consequences of letting ethics and law lag 
behind scientific advances. Without prior dis- 
cussion of  ethical issues, the general public 
cannot develop a frame- 
work or common language 

A minimal genome is generally defined 
as the smallest set o f  genes that allows for 
replication o f  the organism in a particular 
environment. The ability to create a new 
organism with a minimal genome is still a 
long way o f f .  As with any research, this 
work will progress in a series o f  steps that 
could go in a number o f  different direc- 
tions, and that might or might not lead to 

the intended end points. 
Some o f  the intermediate - - 

to discuss acceptable uses @ @ ~ h ~  prosped of milestones may have 
of  a new biomedical tech- more important social, 
nology, or even whether it 
should be used at all. 

Dolly represented a tech- 
nological progression that 
was just one in a series of 
many steps. Singly, these 
steps may have seemed not 
to pose any obvious ethical 
challenges. Indeed the in- 
cremental nature of scientif- 
ic progress with respect to 

constructing 1 ethical, o r  commercial 
implications than others. 

minima! and new TO create a novel or- 
ganism based on a mini- 

genomes does mal genome, scientists 
must ( i )  determine which 

i l"~~f ~iobiafe genes are the minimal set 
necessary for basic meta- 

hundamental bolism and replication, 
( i i)  construct this mini- 

~ O & P B !  P ~ ~ C B P ~ S  mal gene set, and ( i i i )  
cloning hindered our ability provide or create the nec- 
to recognize that society 08" boundaries, essary nongenetic com- 
was about to face an ethical ponents for successful 
problem. Attention to the but does raise gene expression. To achieve 
direction in which cloning questions.,, L I S  step one, some laborato- 
research was headed before ries are developing com- 
Dolly's creation would have puter models o f  the mini- 
better served society than ma1 number o f  biochemi- 
the overreaction that ensued. Cloning is not cal pathways needed for basic metabolic 
the only area of  scientific research that could and reproductive functions (8,  9) .  Others 
merit broad public discussion. Efforts to cre- are developing models by comparing the 
ate a free-living organism with a minimal genes o f  Mycoplasma genitalium, which 
genome (4-71, such as reported by Hutchi- has the smallest known genome o f  any 
son et al. on page 2165, provide an opportu- free-living organism, with the genomes o f  
nity for proactive identification and debate other bacteria. The assumption is that com- 
of  the associated ethical issues. mon genes are important to survival. So 

far, by this approach, a minimal set o f  256 
genes has been proposed (4). 
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ma1 essential set" o f  genes that, individual- 
ly, are required for replication under per- 
missive laboratory growth conditions. This 
minimal essential set does not include re- 
dundant genes that are "individually dis- 
pensable" (5). Thus, it does not represent a 
minimal genome, but a subset thereof. 

It is important to stress that there is still 
a large technological g a p  between what 
has been achieved to date (defining a por- 
tion o f  a minimal set o f  genes necessary 
for an organism to survive under permis- 
sive laboratory conditions) and actually 
"creating life." The latter requires knowl- 
edge o f  what other cellular components 
(including proteins, lipids, and sugars) are 
necessary for metabolism and replication, 
and how to assemble all these components 
along with DNA. It is not obvious how to 
achieve this assembly, or even whether we 
can achieve it. Not al l  o f  the issues we 
raise here apply to current research, but 
they include concerns about future knowl- 
edge and technology that might develop 
from work being done today. 

Applications of a Minimal Genome 
Creating a minimal genome would repre- 
sent an important step forward in genetic 
engineering as it would permit the cre- 
ation o f  organisms (new and existing) 
simply from knowing the sequence o f  
their genomes. This research may pro- 
vide insight into the origins o f  life, bac- 
terial evolution, or the control o f  bacterial 
metabolism. In addition, definition o f  a 
minimal genome could lead to a better un- 
derstanding o f  the genomes o f  more com- 
plex modern organisms. 

The first practical benefits might be in 
microbial engineering. Bacteria are now 
comyonly engineered to produce useful 
products, ranging from industrial chemi- 
cals to insulin. A minimal organism might 
require less energy or produce fewer waste 
products that could contaminate the de- 
sired product. A minimal organism could 
be used as the basis for novel "designer" 
bacteria that are created to perform specif- 
ic tasks. such as the breakdown o f  environ- 
mental toxins. 

The same technology could, however, 
harm our health or the environment. The 
development o f  recombinant DNA tech- 
niques in the 1970s raised concern about 
the introduction of  "alien" species into the 
wild. Initial fears o f  cancer being spread by 
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SCIENCE'S COMPASS 

and the value that we ascribe to life may 
therefore be undermined by reductionism. 

Reducing life to genes has profound 
implications for several critical societal 
debates, including what constitutes human 
life and when life begins. It is important 
that scientists and the general public un­
derstand the implications and limits of the 
claims being made by the scientific com­
munity about minimal genomes in order to 
participate effectively in the debates. As an 
example, scientists have suggested appli­
cation of the minimal genome approach to 
higher organisms. If we extend the reduc­
tionism implicit in minimal genome re­
search to a definition of human life, this 
has implications for the debate about 
whether stem cells, early embryos, or hy­
brid embryos combining human DNA with 
the cellular components of other species 
are human. Likewise, a genetic definition 
of when life begins would have implica­
tions for the abortion debate. We would ar­
gue that the complex metaphysical issues 
about the status of human beings cannot 
be discussed in terms of the presence or 
absence of a particular set of genes. 

Religious Issues 
Religious voices and opinions strongly in­
fluenced by religious points of view have 
figured prominently in many recent de­
bates about such topics as cloning, re­
search involving the use of fetal tissues, 
research on human embryos, and stem-cell 
research. In the deliberations of our group 
we presumed that the involvement of reli­
gious perspectives in thinking through eth­
ical and social concerns would mean hav­
ing to wrestle with critical or even hostile 
perspectives. This was not the case. It is 
important that the scientific and public 
policy communities stop placing religion 
and science in opposite camps when it 
comes to advances in science. 

In part, the supposition that religion 
will oppose efforts to move the borders of 
science comes from the prominence of 
many historical instances where religion 
and science have been in conflict. Some of 
the presumption of hostility is a function 
of the lack of contact and communication 
between these two communities. It is also 
a function of which voices speak with the 
greatest heat and passion, a role that is 
more fascinating to the media and the pub­
lic when the voices are raised in opposi­
tion rather than endorsement. 

We chose to limit our discussion to ma­
jor Western religions because these reli­
gions have commented more than others 
on issues in bioethics. We found nothing 
inherent in the major Western religious tra­
ditions that requires religion to stand in 
moral opposition to scientific research. 

There are powerful components of the ma­
jor Western religious traditions that see in­
quiry in science, in general, and research 
into genomics, in particular, as laudatory 
and exemplary of human nature and the 
highest human values. By drawing a broad 
spectrum of religious voices into the dia­
log about minimal genomes and synthetic 
life forms early in the evolution of this 
work it was very clear that the theological 
response to work in this area need not be 
hostile. Indeed there are powerful religious 
traditions that would maintain that, be­
cause of its empowering and ennobling 
goals, this work is exemplary of the high­
est human values. 

Surprisingly, there has been little incli­
nation within major Western religious 
communities to devise a definition of life 
or to describe the essence of life. However, 
these communities have expressed con­
cerns about the limits of a purely scientific 
definition of life. Perhaps the most press­
ing question raised by attempts to identify 
or create minimal genomes is whether 
such research constitutes an unwarranted 
intrusion into matters best left to nature; 
that is, whether work on minimal genomes 
constitutes "playing God." This is essen­
tially a debate about the extent to which 
humans should attempt to understand, con­
trol, and use life forms (7 7). Too often, 
concern about "playing God" has become 
a way of forestalling rather than fostering 
discussion about morally responsible ma­
nipulation of life. 

Within Judeo-Christian religious com­
munities and Western society, in general, 
there are polar opposite views on the proper 
extent of human control or manipulation of 
ourselves and our environment. On one end 
of the spectrum are those who take a hum­
ble stance that brands all new efforts to un­
derstand and manipulate life as hubris. 
Based on a pessimistic assessment of hu­
man nature, they fear that such efforts will 
inevitably lead to catastrophe. At the other 
end of the spectrum is the heroic stance 
based on an optimistic view of humanity 
that assumes that scientific advances always 
mean human progress. Another view, based 
on the concept of humans as stewards, is 
that humans have remarkable abilities and 
significant limitations (18, 19). This under­
standing of human capacities rejects both 
the passivity of the humble stance, with its 
tendency to avoid responsibility, and the ar­
rogance of the heroic stance, with its ten­
dency to take any risk if it promises to ad­
vance human knowledge. A "good steward" 
would move forward with caution into ge­
nomic research and with insights from val­
ue traditions as to the proper purposes and 
uses of new knowledge. 

Although there is vigorous debate in 

some religious circles about the limits of 
human initiative in the new life sciences, 
the dominant view is that while there are 
reasons for caution, there is nothing in the 
research agenda for creating a minimal 
genome that is automatically prohibited by 
legitimate religious considerations. Mov­
ing forward with caution requires that the 
scientific communities be in continual 
conversation with the entire society, work­
ing together to address key ethical and re­
ligious concerns. 

Conclusions 
Long-established techniques for manipu­
lating DNA are continually being refined, 
extended, and combined in new ways for 
new ends (5). The prospect of construct­
ing minimal and new genomes does not 
violate any fundamental moral precepts or 
boundaries, but does raise questions that 
are essential to consider before the tech­
nology advances further. How does work 
on minimal genomes and the creation of 
new free-living organisms change how we 
frame ideas of life and our relationship to 
it? How can the technology be used for 
the benefit of all, and what can be done in 
law and social policy to ensure that out­
come? The temptation to demonize this 
fundamental research may be irresistible. 
However, the scientific community and 
the public can begin to understand what is 
at stake if efforts are made now to identify 
the nature of the science involved and to 
pinpoint key ethical, religious, and meta­
physical questions so that debate can pro­
ceed apace with the science. The only rea­
son for ethics to lag behind this line of re­
search is if we choose to allow it to do so. 

References and Notes 
1. A. Caplan, in The Human Cloning Debate, G. McGee, Ed. 

(Berkeley Hills Books, Berkeley, CA.1998), pp. 83-93. 
2. A. Caplan, Am. Med Writers Assoc J. 13,17 (1998). 
3. G. McGee and I. Wilmut, in The Human Cloning De­

bate, G. McGee, Ed. (Berkeley Hills Books, Berkeley, 
CA, 1998), pp. 98-132. 

4. C.M.Fraseret a/., Science 270, 397 (1995). . 
5. C. I. Hutchison et a/., Science 286, 2165 (1999). 
6. M. Itaya, FEBS Lett. 362, 257 (1995). 
7. A. Mushegian and E. Koonin, Proc. Natl. Acad. Sci. 

U.S.A. 93, 10268(1996). 
8. H. Bono, H. Ogata, S. Goto, M. Kanehisa, Genome Res. 

8,203(1998). 
9. Diamond y. Chakrabarty, 447 U.S. 303 (1980). 

10. J. Losey, L Rayor, M. Carter, Nature 399, 214 (1999). 
11. Anonymous, Sci. Watch (September/October), 3 (1997). 
12. S. Gilbert, Developmental Biology (Sinauer Associ­

ates, Sunderland, MA, ed. 5,1997), 918 pp. 
13. S. Begley and T. Hayden, in Newsweek 133 (22 

February), 50 (1999). 
14. L Margulis and D. Sagan, What Is Life? (Simon & 

Schuster, New York, 1995). 
15. M. Rizzotti, Defining Life (University of Padova, Pado-

va, Italy, 1996), 208 pp. 
16. J. Med. Philos. 20^995). 
17. P. Bentley and D. Ehrenfeld, Judaism 34, 301 (1985). 
18. M. Stackhouse, Andover Newton Q. 14, 245 (1974). 
19. Funded by an unrestricted grant from The Institute 

for Genomic Research Foundation. 

2090 10 DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org 

http://www.sciencemag.org


You have printed the following article:

Ethical Considerations in Synthesizing a Minimal Genome
Mildred K. Cho; David Magnus; Arthur L. Caplan; Daniel McGee; Ethics of Genomics Group
Science, New Series, Vol. 286, No. 5447. (Dec. 10, 1999), pp. 2087+2089-2090.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819991210%293%3A286%3A5447%3C2087%3AECISAM%3E2.0.CO%3B2-X

This article references the following linked citations:

References and Notes

4 The Minimal Gene Complement of Mycoplasma genitalium
Claire M. Fraser; Jeannine D. Gocayne; Owen White; Mark D. Adams; Rebecca A. Clayton; Robert
D. Fleischmann; Carol J. Bult; Anthony R. Kerlavage; Granger Sutton; Jenny M. Kelley; Janice L.
Fritchman; Janice F. Weidman; Keith V. Small; Mina Sandusky; Joyce Furhmann; David Nguyen;
Teresa R. Utterback; Deborah M. Saudek; Cheryl A. Phillips; Joseph M. Merrick; Jean-Francois
Tomb; Brian A. Dougherty; Kenneth F. Bott; Ping-Chuan Hu; Thomas S. Lucier; Scott N. Peterson;
Hamilton O. Smith; Clyde A. Hutchison III; J. Craig Venter
Science, New Series, Vol. 270, No. 5235. (Oct. 20, 1995), pp. 397-403.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819951020%293%3A270%3A5235%3C397%3ATMGCOM%3E2.0.CO%3B2-J

7 A Minimal Gene Set for Cellular Life Derived by Comparison of Complete Bacterial
Genomes
Arcady R. Mushegian; Eugene V. Koonin
Proceedings of the National Academy of Sciences of the United States of America, Vol. 93, No. 19.
(Sep. 17, 1996), pp. 10268-10273.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819960917%2993%3A19%3C10268%3AAMGSFC%3E2.0.CO%3B2-2

http://www.jstor.org

LINKED CITATIONS
- Page 1 of 1 -

NOTE: The reference numbering from the original has been maintained in this citation list.


