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forum for the presentation and discussion of important is- 
sues the advancement Of science' inciudlng the 
presentation of minority or conflicting points of view, rather 
than by publishing only material on which a consensus has 
been reached. Accordingly, all articles published in Sci- 
ence--including editorials, news and comment, and book 
reviews-are signed and reflect the individual views of the 
authors and not official points of view adopted by the AAAS 
or the institutions with which the authors are aff~liated. 

The American Association for the Advancement of Sc~ence 
was founded in 1848 and incorporated in 1874. Itsobjectives 
are to further the work of scientists, to facilitate cooperation 
among them, to foster scientific freedom and responsibility, 
to improve the effectiveness of science ~n the promotion of 
human welfare, to advance education in science, and to in- 
crease public understanding and appreciation of the impor- 
tance and promise of the methods of science in human 
progress. 
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LETTERS 
Use of NSFNET trust that, as the National Science Founda- 

tion and Internet respond to pressures for 
Christopher Anderson's article about the expansion and privatization, access restric- 
privatization of the National Science Foun- tions and burdensome charging structures 
dation's NSFNET (News & Comment, 21 do not curtail these healthy trends. 
May, p. 1064) mentions an Office of Tech- Jeffrey Park* 
nology Assessment report which says that Department of Geology and Geophysics, 
most U.S. researchers use computer net- Yale University, 
works for and suggests New Haven, CT 0651 1 4 1  30 
that the benefits of Internet to scientific 
collaboration are yet to be realized. ~~~~h 'Cosigners: Tim Ahern, The IRIS Consort~um; Thomas 

Boyd, Colorado School of Mines, Goran Ekstrom, 
scientists, and seismologists in particular, Harvard University; John Filson, U.S Geological Sur- 
however, are already making extensive use vey; Karen Fischer, Brown University, Charles Lang- 

of NSFNET and I~~~~~~~ facilities for the ston, Penns)ivanla State University; Jonathan Lees, 
Yale University Arthur Lerner-Lam Columbia Univer- 

rapid distribution of large data sets and for sity; Alan Levander, Rice Univeriity; Guy Masters, 
collaboration between researchers at widely University of California, San Diego; Guust Nolet, Prin- 

separated institutions. we are concerned ceton University; Thomas Owens, University of South 
Carolina Gary Pavlis, Indiana University, Robert Phin- 

about plans that restrict the high- ney, Princeton University; Paul Richards, Columbia 
speed NSFNET backbone to a select group Univers~ty; David Simpson, The IRIS Consortium; 
of scientists and could encourage a system Stewart Smith, University of Washington; Brian Stump, 

Southern Methodist University; Frank Vernon, Univer- of charges that hampers access by the wider sity of California, San Diego; Terry Wallace, University 
research community. of Arlzona; and Francis Wu, State Un~versity of New 

The Incorporated Research Institutions York Binghamton. 

for Seismology (IRIS) supports an automat- 
ic system that gathers data, through Inter- I 
net and phone modem, from up to 27 
globally dispersed broadband digital seismic Whither Directed Mutation? 
observatories, including stations in Russia, 
Western Europe, Australia, and Japan, and In their letter of 28 May (p. 1222), Richard 
at the South Pole. Whenever a significant E. Lenski and John E. Mittler made several 
earthquake occurs around the globe, re- misleading statements about the experi- 
searchers can obtain data by Internet from ments that John Cairns and I have pub- 
the IRIS Data Management Center within lished (1, 2). The relevant results can be 
hours. Data from this system was critical in summarized as follows. In most of our ex- 
the planning of the aftershock surveys that periments we used a strain of Escherichia coli 
followed the 19 October 1989 Loma Prieta that cannot use lactose because of a frame- 
earthquake in the San Francisco Bay area shift mutation affecting the lac2 gene. 
and the 28 June 1992 Landers earthquake When these Lac- cells were plated on 
in Southern California. On  21 May 1992, medium with lactose as the sole source of 
the Chinese detonated a high-yield (Rich- carbon, Lac+ revertants, scored as colonies, 
ter magnitude, 6.6) nuclear explosion un- appeared after 2 days and continued to 
derground. University seismologists in the appear for a week or more. Early-appearing 
United States augmented the automatically Lac' revertants had a Luria-Delbriick dis- 
retrieved data set for this explosion with tribution, indicating that they arose during 
digital waveforms from the IRIS open seis- nonselective growth before plating, from 
mic station in Obninsk (outside of Mos- which we calculated a mutation rate of 1.4 
COW) by a satellite telemetry link and sent x per cell per generation. Later ap- 
the data across the United States on the pearing revertants had a Poisson distribu- 
Internet system. Within a day of the explo- tion, as they should if they arose after 
sion, scientists in Russia, California, and plating, and appeared at a constant rate of 
Colorado had analyzed the data in a collab- 2.2 x per cell per day. Lac+ rever- 
orative effort. tants did not accumulate if the cells were 

The utility of the current academic net- starved in the absence of lactose or in its 
working system is a direct consequence of presence if the cells were also deprived of 
its fairly uniform software ~rotocols and its another requirement for growth (I) .  
low cost to individual users. Easy access to Lenski and Mittler state that our meth- 
large shared databases and seamless collab- ods were not sufficiently sensitive to detect 
oration between distant researchers are be- the growth of Lac- cells in the presence of 
coming essential to modern research. We lactose or the death of cells (both L a c  and 
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Lac+) in its absence. However, if the con- 
tinuous appearance of Lac+ revertants was a 
result of normal generation-dependent mu- 
tations, the number of cells would have had 
to increase 50- to 100-fold during the 
course of our experiments. Similarly, to 
account for the failure of Lac+ cells to 
accumulate in the absence of lactose, the 
population would have had to decline near- 
ly 10-fold during a Cday period of starva- 
tion. We would have detected such gross 
population changes had they occurred (1 ) . 

Lenski and Mittler state that we did not 
investigate whether starvation would dec t  
the "time course of colony formation after 
lactose was provided." Yet, we showed re- 
watedlv (and with three different Lac- , . 
alleles) that the time course of appearance 
of Lac+ colonies was unaffected by starva- 
tion for periods of up to 4 days (1, 2). 

Lenski and Mittler imply that we did not 
take into account the fact that our popula- 
tion of Lac+ revertants included cells with 
diiferent growth rates on lactose. However, 
we have discussed in detail the distribution 
of growth rates among the Lac+ revertants 
(I). We demonstrated, by statistics and by 
direct observation, that the proportion of 
fast- and slow-growing revertants was the 
same among the population of Lac+ rever- 
tants appearing long after lactose selection 
was applied as among the population of 
Lac+ revertants that arose during nonselec- 
tive growth. Thus, the late appearing re- 
vertants were not simply slow growers. 

Lenski and Mittler suggest that our late- 
arising Lac+ revertants were not a result of a 
single mutational event, but of an initial 
mutation conferring an intermediate pheno- 
type that allowed a cell to grow slowly on 
lactose, followed by a mutation to the final 
Lac+ phenotype. Any low-frequency event 
can be modeled as the ~ o d u c t  of two or 
more higher frequency events, but such 
modeling must be constrained by the actual 
data. To account for mutants appearing at 
frequencies of to lo-' per cell, this 
model requires that both the initial and the 
final mutation rate be extremely high. In 
particular, the mutation rate from the inter- 
mediate to the final phenotype must be of 
the order of per cell per generation (3). 
The occurrence of such a high mutation rate 
would itself be worthy of investigation. Fur- 
thermore, Lemki's model (3), and others 
that assume that mutants arise simply be- 
cause a population of cells is increasing with 
time, predicts that the rate at which mutants 
appear should also increase with time, 
whereas we find that the rate of appearance 
of new Lac+ revertants is constant (1, 2). 

Patricia L. Foster 
Depamnent of Enuironmed He&, 

Boston Uniuenity Schod of Public Health, 
Boston University School of Medicine, 

Boston, MA 02 I 18 
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Response: Foster calls our earlier remarks (I) 
about a paper by Cairns and Foster (2) 
misleading. We do not think they were. 
We do not have sufficient space for a 
detailed rebuttal; however, several general 
points bear on this controversy. 

Mutational events cannot be witnessed 
directly, so their rates must be inferred 
indirectly from the population dynamics of 
mutant genotypes and their progenitors. 
Therefore, experiments intended to dem- 
onstrate the existence of directed muta- 
tions require a careful accounting of pop- 
ulation dynamics and appropriate con- 
trols. The complicated experiments re- 
ported by Cairns and Foster (2) do not 
convincingly address these problems. We 
have investigated experimentally two oth- 
er studies purporting to demonstrate di- 
rected mutation and, in both cases, the 
apparent directedness of certain mutations 
(under conditions where the resulting 
phenotype was advantageous) disappeared 
when we performed additional analyses 
and controls that took into account alter- 
native hypotheses (3, 4). 

The alternative explanations (to that 
of directed mutation) reflect processes that 
are likely to be quite general (5). The 
issue, therefore, is not whether these pro- 
cesses are relevant. but whether thev are 
of sufficient magnitude to explain the ob- 
served dynamics without invoking direct- 
ed mutation. The alternative hypotheses 
are not mutually exclusive; several effects 
may combine to produce a much larger 
discrepancy than could be explained by 
any single process (5). These alternative 
explanations [references 9-1 1, 48, and 5 1 
cited in our article (5)) were published 
well before Cairns and Foster (2) pub- 
lished their paper. Thus, Cairns and Fos- 
ter had the opportunity to present (and, if 
appropriate, refute) these alternative ex- 
planations in a cogent fashion. However, 
they did not cite any of these papers or 
discuss alternative explanations. 

Even if real, the phenomenon of direct- 
ed mutation would not require any reverse 
flow of information by which a cell might 
"instruct" itself to produce appropriate mu- 
tations. Several models proposed for direct- 
ed mutation [references 8, 17, and 40 cited 
in our article (5)) invoke subtle biases in 
mutational processes that could, if verified, 
explain this phenomenon on the basis of 
random molecular events. And exwrimen- 
tal results reported recently by ~oster and 
Cairns (6) seem to exclude the instruction- 
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Richard E. Lenski 
Center for Microbial Ecology, 

Michigan State University, 
East Lansing, MI 48824 

John E. Mittler 
Department of Biology, 

Emory University, 
Atlanta, GA 30322 
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The Cost of Energy Efficiency 

We write in response to Amory B. Lovins, 
Carl Blumstein and Jeffrey Harris, and Peter 
M. Miller (Letters, 20 Aug., pp. 969-971) 
about our Policy Forum "What does utility- 
subsidized energy efficiency really cost?" (16 
Apr., p. 281). Lovins argues that, because 
of differences in technologies and account- 
ing conventions, it is "meaningless" to 
compare the costs of energy conservation 
(as reported by utilities) with the aggregate 
cost projections developed by organizations 
such as the Rocky Mountain Institute 
(RMI), which he founded. We disagree. 

The RMI conservation "supply curve" 
has been widely displayed in policy circles 
and in the media as a guide to the need for, 
and likely cost of, energy conservation pol- 
icies. The actual performance of conserva- 
tion programs is the best basis for determin- 
ing whether current policies are delivering 
the promised benefits. What Lovins says are 
"state-of-the-art" technoloeies mav not be 
used in these programs beiause those who 
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