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in prion diseases. Because the serum-free
supernatant of Prnp&/& cell cultures could
not rescue the phenotypes of Prnp1/1 cells,
PrPC might act autonomously. Our in vitro
system provides a new way to detect the cel-
lular function of PrPC in nerve cells and to
establish the molecular mechanisms of
apoptosis involving PrPC.
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Breast-cancer
diagnosis using hair

James et al.1 observed a difference between
the X-ray diffraction patterns of hair from
healthy females and from breast-cancer
patients. This difference was reported as the
presence of an extra ring corresponding to a
spacing of 4.44 nm on the patterns obtained
from breast-cancer patients. This ring was
also observed in patterns from subjects “not
yet diagnosed with breast cancer but sus-
pected of being at risk”. James et al. pro-
posed that these observations might lead to
a screening method for breast cancer. We
have now repeated the study using a differ-
ent hair type (from the scalp), but are
unable to replicate their observations.

The existence of a ring at a spacing of 4.5
nm was first attributed to ‘lipid crystals’2

that could be removed only by prolonged
extraction in hot solvents. Our experience3,4

and that of our colleagues from l’Oréal5

confirms the presence of intense diffraction
ring(s) arising from lipids in keratinous tis-
sues. We recently performed a microdiffrac-
tion analysis on beamline ID13 at the ESRF

and observed in human hair and other tis-
sues that the lipid granules are mainly
located in the outer part of the tissue6. We
are therefore unable to explain the lack of
the ring at 4.5 nm in the diffraction pattern
of normal hair reported by James et al. One
possibility is that working with a
microbeam inhibited the observation of the
ring because the lipid granules took up
unfavourable orientations.

To compare X-ray diffraction patterns
of hair from healthy subjects and breast-
cancer patients under the same experimen-
tal conditions, we conducted experiments
at station D43 of the synchrotron source
LURE (Université Paris-Sud). We compared
diffraction patterns of scalp hair from ten
supposedly healthy people (seven females
and three males) with the patterns from ten
breast-cancer patients (all female). We irra-
diated a bundle of hair in a glass capillary
with a 0.5-mm monochromatic X-ray
beam. The diffraction patterns from healthy
subjects displayed an intense ring at
4.4850.05 nm. The variability of the pat-
terns from breast-cancer patients was larger,
but the ring was intense for one patient, of
low intensity for seven others, and not
observable for the remaining two.

Our observations differ from those of
James et al. in two main respects. First, we
observed the diffraction ring at 4.5 nm on
patterns from all healthy subjects (100%,
against 22% by James et al.). Second, the
ring is present in eight out of ten patterns
from breast-cancer patients (instead of the
100% observed by James et al.). This con-
clusion is illustrated in Fig. 1: in two out of
ten cases, our split patterns between healthy
and breast-cancer subjects are exactly the
opposite of that of James et al. However, it
should be remembered that the studies used
different hair types.
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FFiigguurree  11 Split X-ray diffraction pattern. Left, scalp hair
from healthy subject, displaying intense rings aris-
ing from lipid granules; right, hair from breast-
cancer patient, with no clear rings.
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Evolution of cooperation
between individuals

Nowak and Sigmund1 conclude that coop-
eration may have evolved through indirect
reciprocity by image scoring. Their simula-
tions1 and analytical models1,2 predict long-
term cyclical dynamics between cooperative
and defector populations rather than an
evolutionarily stable equilibrium. Here we
add a realistic feature to their model: that
there are always some individuals unable to
cooperate owing to their poor phenotypic
condition (we call these individuals ‘pheno-
typic defectors’). The presence of phenotyp-
ic defectors paradoxically allows persistent
discriminating cooperation under a much
wider range of conditions than found by
Nowak and Sigmund because there is selec-
tion against both defection and uncondi-
tional altruism. In real populations there
will nearly always be some level of defection
because phenotypic defectors (such as the
young, sick or handicapped) may be unable
to help even if they have a genetic predispo-
sition to do so.

To test the effect of phenotypic defection,
we analysed Nowak and Sigmund’s model1

of indirect reciprocity. In their scheme, each
individual has a genetic strategy (k) and a
non-heritable image score (s). The image of
an individual is crucial in determining
whether or not it will receive help from 
others. The image score is zero at birth,
increases by one with every cooperative
interaction, and decreases by one with every
defection (decision not to donate). In each
generation, interactions between pairs of
individuals occur at random, with donors
cooperating only if the recipient’s image
score is greater than or equal to the donor’s
genetic strategy, k (sàk). The strategies of
individuals are permitted to lie between
k415 (unconditional cooperation) and
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Higher fullerenes in the
Allende meteorite

Fullerenes (C60 and C70) were discovered
during investigations of the mechanism by
which carbon molecules form in interstellar
and circumstellar shells1. Unlike diamond
and graphite, the other pure forms of car-
bon, fullerenes are extractable in an organic
solvent such as toluene, which led to the
detection of the higher fullerenes (C100 to
C250) in carbon-arc-evaporated soot materi-
al2. We have applied a similar solvent
extraction procedure to an acid residue of
the carbonaceous chondrite from the
Allende meteorite to search for higher
fullerenes. We found C60 and C70, as well as
a unique distribution of remarkably stable
clusters of C100 to C400. These large extra-
terrestrial carbon clusters are either the first
indication of higher fullerenes or are an

k4&6 (pure defection), with k40 indicat-
ing a ‘discriminating’ strategy. The cost to
the donor’s fitness for each cooperation is c
and the recipient’s benefit is b.

We modified this scheme and allowed 
a population of N4100 individuals to
carry D phenotypic defectors. We assigned
the non-heritable phenotypic strategy
k4&7 to D randomly chosen individuals
every generation, but we left unchanged
the heritable genotypic strategies of these
defectors.

We first consider the effects of pheno-
typic defectors in a model in which the
costs of cooperation are intermediate com-
pared with the benefit of the beneficiary
(c40.35, b41). In the absence of pheno-
typic defectors (D40), the simulation
model1, which incorporates mutation and
drift, generally results in a population con-
sisting almost entirely of defectors (Fig. 1a).
However, upon the introduction of D410
phenotypic defectors, the population struc-
ture becomes dominated by discriminating
altruists whose average strategy is mostly
<k>40 (Fig. 1b). Over 107 generations, the
introduction of phenotypic defectors
increases the overall frequency of discrimi-
nators (<k>40) from 12% (D40) to 74%
(D410) and even 95% (D420) (Fig. 1e,
middle). These results demonstrate that
phenotypic defectors, who are unable to

provide help, may nevertheless be central to
the evolution of cooperation.

We turn now to the model in which the
cost of cooperation is relatively low1

(c40.1). With no phenotypic defectors
(D40), the simulation model yields long-
term cycling in the average strategy index,
generally with cooperative populations
(<k> 0), but with defectors invading occa-
sionally (Fig. 1c). Although the population
initially consisted mostly of cooperators,
the introduction of 20 phenotypic defectors
led to discriminating cooperators being
favoured (at <k>411), effectively sup-
pressing this cycling dynamic (Fig. 1d).

The paradoxical effect whereby pheno-
typic defectors stabilize discriminate altru-
ism can be explained analytically (see
http://lynx.tau.ac.il/coop.html). Whenever
there are defectors in the population, there
is a persistent advantage for discriminators
over non-discriminating altruists because
discriminators avoid paying the costs of
helping defectors. This advantage disap-
pears as soon as all defectors are eliminated
from the population, as often occurs in the
Nowak and Sigmund model1. In our model,
however, a constant supply of phenotypic
defectors ensures that the advantage per-
sists, leading to a large population of dis-
criminators that deny help to real genotypic
defectors and hence block their invasion.

Our study also shows that the qualitative
effect of phenotypic defectors is highly
dependent on the cost of cooperation, c
(Fig. 1e). A high cost (c40.7) leads to a
population of defectors (<k>¤0) no mat-
ter how many phenotypic defectors D are
added. However, for intermediate costs
(c40.35), the addition of only a few pheno-
typic defectors strongly increases discrimi-
nate altruism (Fig. 1b, e). For low costs
(c40.1), where the population is initially
cooperative with long-term cycling (when
D40), the addition of phenotypic defectors
tends to suppress the cycling dynamic.

In the Nowak and Sigmund model1, the
relative frequencies of discriminators and
non-discriminators fluctuate during the
long-term population cycling, whereas our
model predicts that, in cooperative soci-
eties, non-discriminators will be replaced
by discriminators when the cost of coopera-
tion increases. This implies the evolution of
a society in which cheap donations are
given unconditionally to everyone, whereas
more costly gifts are given discriminatingly,
and only to those individuals who can
afford to donate such gifts to others (those
who are in good phenotypic condition).
Evidence for costly help being provided
unconditionally to poor phenotypes may
not be explained by indirect reciprocity, but
rather by alternative theories3–5.
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FFiigguurree  11 Computer simula-
tions of the model1 with
N=100 individuals, D phe-
notypic defectors and dif-
ferent costs of cooperation
c. a–d, Average strategy
<k> of the population over
a simulation of 100,000
generations for different c
and D. ee,, Frequency distri-
bution of strategies sam-
pled over 107 generations
with low, intermediate and
high costs of cooperation,
and with various numbers
of phenotypic defectors, D.
Model parameters are as
in ref. 1, with b41, mutation
rate p40.001, and m4300
random interactions per
generation. As in ref. 1,
after every generation the
number of offspring of
each player is determined
by the fitness accumulated
over a lifetime of interac-
tions, and the population
strategies evolve by selec-
tion and mutation over
many generations.
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