
Hence the stability of indirect reciprocity is 
based on a rather subtle equilibrium between 
different strategies. This may be why 
Wedekind and Milinski did not find signifi- 
cant correlations between payoffs and scores. 

Keeping track of scores is important for 
both direct and indirect reci~rocation. Actu- 
ally, some evolutionary psychologists be- 
lieve that selection has provided us with a 
special knack for doing exactly that (11). 
Other "mental modules:' like our language 
instinct or our faculty for recognizing faces, 
work to the same purpose. The information 
flow within the social group is all-impor- 
tant; we feel cheated when our good deeds 
go unnoticed, and refrain from bad deeds 
lest they become known. The very symbol 
of moral pressure is the ever-watchll eye 
in heaven, and conscience acts as an inter- 
nalization of our standing with others. 

More than a hundred years ago, a Vien- 
nese playwright identified a root of social in- 
justice in the unfortunate fact that rich people 
tend to invite for dinner other rich people, 
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rather than the poor. In the eyes of evolution- 
ary biologists, this is direct reciprocation in 
action, based on the tacit expectation of a re- 
turn invitation. But capital& have also al- 
ways been keen on philanthropy. This entails 
indirect reciprocity, as shown by the fact that 
donations are usually well advertised (see the 
figure), despite the biblical injunction to keep 
them secret-"The left hand should not know 
what the right hand is doing." 

The fiction of a rational "homo eco- 
nomicus" relentlessly optimizing material 
utility is giving way to "boundedly ratio- 
nal" decision-makers governed by instincts 
and emotions (12). Economists and biolo- 
gists are increasingly drawn to the natural 
history of economic life. Now we have ar- 
rived at a stage where formal models can 
be tested by experiment. Students of ani- 
mal behavior (13), psychologists (14), and 
experimental economists (15) are ap- 
proaching this task from different direc- 
tions, each with the bias of a long tradi- 
tion. We must hope that in this conver- 

gence of three fields, the left hand will 
know what the right hand is doing. 

References 
1. R. D. Alexander, The Biology of Moral Systems (De 

Cruyter, New York, 1987). 
2.. C. Wedekind and M. Milinski, Science 288,850 (2000). 
3. D. Haig et al., Science 287,2438 (2000). 
4. W. D. Hamilton, The Narrow Roads of Gene Land 

(Oxford University Press, NewYork 1996), vol. 1. 
5. R. Trivers, Social Evolution (Cummings, Menlo Park, 

CA, 1985). 
6. R. Axelrod, The Evolution of Cooperation (Basic 

Books, New York, 1984). 
7. E. Fehr and 5. Caechter, Eur. Econ. Rev. 42,232 (1998); 

R. Boyd and P. Richenon, Culture and the Evolutionary 
Process (Univ. of Chicago Press, Chicago, IL 1985). 

8. A. Zahavi, A. Zahavi, A. Balaban, The Handicap Princi- 
ple (Oxford Univ. Press, London, 1996). 

9. M. Ridley, The Origin of Virtue (Penguin, London, 1997). 
10. M.A. Nowak and K. Sigmund, Nature393.573 (1998). 
11. J. H. Barkow, L Cosmides, J. Tooby, The Adapted Mind 

(Oxford Univ. Press, London, 1992); see also 5. Pinker. 
How the Mind Works (Penguin, London, 1997). 

12. R. H. Frank, Passions Within Reason (Norton, New 
York, 1988). 

13. LA. Dugatkin, Cooperation Among Animals An Evolu- 
tionary Perspective (Oxford Univ. Press, London, 1997). 

14. A. Colman, Game Theory and Its Applications (But- 
terworth, Oxford, 1995). 

15. J. H. Kagd and A. E. Roth, Mr. Handbook of Experimental 
Econmicr (Princeton Univ. Press, Princeton, NJ, 1995). 

P E R S P E C T I V E S :  P L A N E T A R Y  S C I E N C E  

The Shape of Kleopatra 
William K. 

he study of asteroid 216 Kleopatra 
by Ostro et al. on page 836 of this is- T sue (I)  serves as a reminder of the 

astonishing results that can come from 
ground-based observations of asteroids, 
even in an era when the NEAR spacecraft 
is orbiting asteroid Eros. Ostro et al.'s re- 
sults are provocative in several regards, 
from fundamental insights into the compo- 
sition and structure of Kleopatra to pros- 
pects of asteroid mining. 

Ostro et.al. use a unique and powerful 
technique for learning about interplanetary 
objects by bouncing radar waves off them. 
This not only allows a crude imaging of as- 
teroid shapes but also sheds light on asteroid 
surface properties. When Ostro pioneered as- 
teroid radar imaging in the 1980s and 1990s, 
the technique was so unusual that he had the 
field virtually to himself, because few were 
equipped to follow the path he was exploring 
(2). The popular media likes to give coverage 
to NASA space missions to asteroids (or, ar- 
guably with even greater enthusiasm, to 
NASA failures). But few nonspecialists will 
know that Ostro has produced images of odd- 
ly shaped asteroids with craters clearly visi- 
ble on their surfaces by ground-based radar. 

An important aspect of the new work re- 
ported in this issue involves the understand- 
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ing of metal asteroids. Since the 1970s, as- 
tronomers have grouped asteroids into vari- 
ous "taxonomic classes" that seem to corre- 
spond to the types of meteorites that fall on 
Earth, such as primitive, never-melted rocks, 
lavalike basaltic rocks, olivine rocks, chunks 
of nearly pure nickel-iron metal, and mixed 

stony-iron rocks. But more specific matches 
between asteroid classes and meteorite types 
will remain uncertain until samples are re- 
turned from asteroids or in situ analyses with 
landers are performed. So-called M-class as- 
teroids, like Kleopatra, are a case in point. 
They are thought to match metal-rich mete 
orites, but metals have few diagnostic speo 
tral absorption features. Ostro et al. use a 
two-step argument to claim that Kleopatra is 
a giant mass of metal and metal fragments. 
First, the radar constrains the surface bulk 

density to be 3.5 g/cm3, which could 
match either solid rock or ground-up 
metal powder with a porosity of less 
than 60%. Second, the radar reflections 
show that the surface is not rough, like 
broken rock, but smooth, like powder 
lying in repose. The authors thus argue 
that the surface is covered by metallic 
powder with a porosity matching that 
of the powdery regolith on the moon, 
produced by eons of meterorite sand- 

Early conceptual models for the highly 
elongated asteroid 624 Hektor. Hektor 
has a similar shape to Kleopatra and may 
have a similar structure and origin. Hart- 
mann and Cruikshank (9) discussed the 
possibilities that this asteroid formed a sin- 
gle, elongated fragment (top), or a com- 
pound binary consisting of two strong, 
spheroidal bodies (middle). Weiden- 
schilling (70) described how a weak, spin- 
ning contact binary could deform into two 
elongated lobes (bottom).The work of Os- 
tro et  a1 suggests this general shape with a 
narrow neck possibly affected by impact 
erosion and redistribution of debris. 
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blasting. It is intriguing to imagine a 217-km- 
long asteroid knee deep in powdered metal. 

Ostro et al. also provide direct confirma- 
tion of an extraordinary dumbbell shape for 
Kleopatra, as already indicated by the bright- 
ness variations when it rotates. The images 
show an object shaped like a dog's bone, with 
lumps at each end. Other such asteroids of 
other taxonomic classes are also known. I 
suggested that a range of asteroid peculiari- 
ties, from occasional dumbbell shapes to as- 
teroid satellites, could be a result of the cata- 
strophic events that produced most asteroids 
as fragments of once larger parent bodies (3, 
4). The idea is that adjacent fragments mov- 
ing nearly parallel in the chaotic expanding 
cloud of debris after a collision find them- 
selves within each others' gravitational 
sphere and either fall together at low velocity 
(making a dumbbell-shaped object) or end up 
orbiting each other (producing an asteroid 
with a satellite) (see the figure). Some com- 
puter models (5) offer support for this idea. 
On the other hand if Kleopatra's shape, as re- 
constructed from the radar data by Ostro et 
al., is correct, it raises the question of how 
such a spectacularly long "neck" could form 
between the two lumpy objects, if they start- 
ed out as a contact binary. Conceivably, im- 
pact erosion may have reduced the size of the 
two initial bodies and at the same time filled 
in the point of contact between them, thus 
producing Kleopatra's shape. 

A final point of interest in the work of Os- 
tro et al. is more visionary. Ostro et al. con- 
clude that Kleopatra is a 217-km-long piece 
of nickel-iron, possibly in the form of chunks 
or broken masses, covered with a fine pow- 
der of pulverized metal grains or dust. In oth- 
er words, the asteroid is an easily harvestable 
ore body floating in the sky. Half a century 
ago, the idea of mining asteroid resources 
was firmly in the realm of science fiction. 
However, in 1977, Gaffey and McCord noted 
(6),  on the basis of early asteroid spectro- 
scopic taxonomies, that some asteroids are 
probably metallic and pointed out that even 
kilometer-scale bodies of this sort could have 
enormous economic value. If the cost of in-
terplanetary operations decreases as space 
capabilities are developed further, and the 
cost of raw materials increases as we use up 
Earth's resources, then the recovery of aster- 
oid metal resources may become economi- 
cally attractive (7). These resources include 
not just nearly pure nickel-iron alloys, such as 
seen in "iron" meteorites, but also other met- 
als, such as platinum group metals, which are 
concentrated in other types of meteorites 
(and presumably asteroids). One of the diffi- 
culties has always been the question of how 
to harvest or process these high-strength met- 
al materials. However, the work of Ostro et 
al. portrays a giant metal asteroid with 
enough gravity to retain a regolith of metal 

powder. The nickel-iron could be scooped up 
or gathered with a simple magnetic rake. 

The idea of asteroid mining raises the 
question of who owns the resources. Is 
there a social mechanism by which the ben- 
efit of such resources can be spread to all 
humanity, instead of increasing sociopoliti- 
cal instability by making only the discover- 
ers (or discovering nations) rich and in- 
creasing the gap between the first and third 
worlds? Furthermore, should some aster- 
oids be declared off limits to mining and set 
aside as scientific preserves, as suggested a 
few years ago by planetary scientist George 
Wetherill (8)? 

The media tend to focus on the "asteroid 
threatR-the evidence that an asteroid may 
have wiped out the dinosaurs, the devastatioh 
that hmemodest-scale impactscould cause, 
and (relatively unproductive) schemes to 
blow threatening asteroids out of the sky with 
nuclear missiles, B~~time scales of global-
scale threats are On the order of many millen- 
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Lighting Up the Nucleus 
Akira Nagatani 

nia. The work of Ostro et al. moves us one 
step closer to capitalizing on the "asteroid op- 
portunity," by investing in human capability 
to reach and explore asteroids over a time 
scale of a century in order to understand as-
teroid evolution, explore possible resource 
bases that would reduce the plundering of 
Earth, and develop the ability to deflect Earth 
approachers from dangerous paths. 
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wide range of physiological and de- 
velopmental processes in plants, 
,such as seed germination, greening 

of seedlings, and flowering, are regulated 
by light. Thus, to increase their productivi- 
ty and fitness plants must be able to detect 
and adapt to changes in light stimuli. They 
have skilfully achieved this by evolving 
light detecting photoreceptors, of which 
the best characterized are the five mem- 
bers of the phytochrome family. Phy- 
tochromes are water-soluble chromopro- 
teins of -120 kilodaltons that consist of a 
tetrapyrrole pigment molecule (which 
traps light photons) covalently attached to 
a polypeptide backbone (I) .  Since their 
discovery, enormous efforts have been de- 
voted to elucidating how phytochromes 
transduce light stimuli into molecular sig- 
nals that culminate in the expression of 
light-activated genes. Now, on page 859 of 
this issue, Quail and colleagues (2) present 
compelling evidence that phytochromes 
are recruited to the nucleus and bind to the 
promoters of light-activated target genes, 
regulating their expression. These findings 
demonstrate that plants have invented an 
extremely simple and efficient way of 
modifying gene expression in response to 
changes in light. 
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The inactive form of phytochrome ab- 
sorbs red light and is activated; when the 
activated photoreceptor absorbs far-red 
light it is converted back to the inactive 
form. Present in all plants, phytochrome 
homologs have been found recently in 
photosynthetic cyanobacteria, but not in 
yeast or animals (although photoreceptors 
called cryptochromes have been found in 
flies and mammals). Phytochromes were 
thought to reside in the cytoplasm of plant 
cells, but this has turned out to be only 
half true because, when activated by light, 
they accumulate inside the nucleus ( 3 , 4 ) .  

Molecular genetic analyses have hinted 
that the nucleus might be the site of light-ac- 
tivated signal transduction (5).Putative com- 
ponents of the light signaling pathway have 
been identified by analysis of plant mutants 
that show changes in morphology usually as- 
sociated with light, in the absence of a light 
stimulus. Some of these components are nu- 
clear proteins of unknown function. More re- 
cently, mutants specifically deficient in phy- 
tochrome signaling have been isolated and 
mutations identified in spa1 and furl, two 
genes that encode nuclear proteins. 

Phytochromes contain a core signal trans-
duction domain within their carboxyl-termi- 
nal region (6), and yeast two-hybrid screens 
have identified three proteins-PIF3 ( 7 ) ,  
PKS 1 ( 4 ,  and NDPK2 ( 9 t h a t  interact with 
this region. Interestingly, their predicted func- 
tions and subcellular localization are different. 
Originally identified by Quail's laboratory, 
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