
ing x can vary over a wide range. In his report 
in this issue (2), Anderson collates the 
available data for Econd and LC for these 
materials. In the case of LSCO, he obtains 
Econd for three .different values of x by in- 
tegrating the directly measured specific 
heat, and obtains LC for roughly corre- 
sponding values of x by a plausible ansatz 
for the optical data (he notes that the val- 
ues so obtained are consistent with those 
measured directly); acknowledging that 
the errors are considerable. he ~ o i n t s  out , .  
that the correlation between Econd and LC 
as x is varied is precisely of the nature pre- 
dicted by the ILT model, and argues that 
this cannot be a coincidence. In the case 
of Hg-1201, suitable thermodynamic data 
are not available, but by a plausible scal- 
ing argument, Anderson obtains a value 
of Econd and hence a prediction, in the 
ILT model, of LC of 1.0 k 0.5 pm. He then 
cites a recent paper (4) that, on the basis 
of magnetic susceptibility measurements 
on oriented powders of this material, in- 
fers a value of L, of 1.36 * 0.16 um: Ander- 

# ,  

son characterizes the agreement with the 
ILT prediction as "spectacular." 

Enter. however. T1-2201. For sarn~les of 
thii material near optimum doping, the con- 
densation energy has been directly measured, 
and there is general agreement that the value 
of h, predicted by the ILT model is in the re- 
gion of 1 pm, with error bars of at most a factor 
of 2; this prediction is spectacular, because on 
the basis of an empirical rule of thumb corre- 
lating h, with the (measured) normal-state c- 
axis resistivity, one would expect a much 
larger value (a discrepancy that is absent, or 
much less severe, in LSCO and Hg-1201). In 
earlier work, van der Marel and his collabora- 
tors ( 5 )  inferred from the absence of a c-axis 

resonance peak in their optical data 
that h, must be at least 15 pm, but they did not 
establish the actual value of this quantity. In a 
report in thii issue (3), Anderson's colleague 
Moler and her collaborators use an elegant 
magnetic imaging technique (see figure) to 
measure h, directly, with the result h, = 19 k 2 
pm, about 20 times the ILT prediction. This 
discrepancy is acknowledged by Anderson to 
constitute a major difficulty for the ILT model; 
however, he argues that Tl-2201 is the only 
known case where its predictions are appar- 
ently inconsistent with the data and specu- 

lates that the material mav manifest subtle 
metallurgical complications'and not be a true 
sinele- lane material. 
-T&, the current state of play with respect 

to the ILT model is that T1-2201, assuming it 
really is a true single-plane material, contra- 
dicts its predictions by a large margin, whereas 
LSCO and [if the h, value from Panagopoulos 
et al. (4) is accepted] Hg-1201 can be argued 
not merely to confirm the model but to do so 
in a way that is too s t d u g  to be accidental. A 
final resolution may require reexamination of 
the structure of 1-2201, more direct (by imag- 
ing, for instance) measurements of h, for Hg- 
1201, and combined thermodynamic and 
electromaenetic measurements on sinele sam- 
ples of the& and other one-plane  ma^^. 
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Complexity Matters 
Gunter Wagner 

A r e  organisms like liquid droplets, infi- 
nitely malleable by the changing forces of 
evolution, or do they contain a "frozen 
core"-the Bauplan, or body design, which 
remains little changed under the varying 
adaptive pressures a lineage encounters dur- 
ing its history? Until quite recently, these 
questions have divided evolutionary biolo- 
gists (as well as philosophers) into two al- 
most nonoverlapping camps. On the one 
hand are the so-called reductionists, largely 
recruited from the ranks of population ge- 
netics and associated disciplines, who are 
strongly committed to the adaptationist 
program of evolutionary biology. This group 
tends toward a world view in which there 
are no limits to an organism's variability and 
its ability to evolve. On the other hand are 
those biologists who primarily study whole 
organisms or complex phenotypic traits of 
organisms. This second group emphasizes 
the need to understand the constraints on 
evolutionary change that arise as a conse- 
quence of the intrinsic functional and de- 
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velopmental complexity of organisms. On 
page 1210 of thii issue, Waxman and Peck (1 ) 
Dresent a new mathematical result that recon- 
hles most of the differences between these two 
camps. Population genetic equations predict, 
so they show, that parts of the phenotype ef- 
fectively "crystallize" as the complexity of sys- 
tems increase. But what is the problem to 
which this result is the solution? 

The intellectual history of the problem 
goes back to the synthesis of Darwinian evo- 
lutionary theory and Mendelian genetics 
forged by the fathers of modem evolution- 
ary theory, R. A. Fisher, S. Wright, and T. 
Dobzhansky. Through the marriage of ge- 
netics and Darwinism. it became clear that 
the process of evolution can be understood, 
or at least described, as changes in gene fre- 
quencies over time (2). New genes arise by 
mutation and are either lost (most likely) or 
they replace their parental genes, by selec- 
tion or genetic drift. This, it tums out, is the 
most elementary level on which evolution 
can be explained. Consequently, a lot of ef- 
fort was and continues to be invested in re- 
search directed at understanding these el- 
ementary processes. This remarkably suc- 
cessful research program has been pursued 

with the implicit assertion that evolution of 
real and complex organisms is just more of 
the same, and that no qualitatively new 
phenomena emerge as a result of increasing 
complexity (3). In this view, complexity is 
fundamentallv irrelevant to an understand- 
ing of evolution. A corollary of this line of 
thinkine is that all asDects and characters of 

u 

the organism are variable and constantly 
changing (although at different rates), and 
the concept of a "Bauplan" (the body orga- 
nization characteristic of a larger group of 
organisms) is an illusion (4). 

A well-informed minority of organismal 
biologists, however, never were convinced 
of this radical view. Theirs is a more plural- 
istic view: yes, they agree, many characters 
are highly variable and their differences 

Genotypic variation in population I 
Evolutionary crystallization. As the number of 
characteristics affected by a gene increases 
from one (blue) to three (red), one genotype be- 
comes dominant. 
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among species and populations can be un- 
derstood as adaptations. But at some stages 
of evolution certain characters effectively 
"click in" and remain fixed in the descen- 
dent group of species (5-7). For instance, 
the  chorda dorsalis ( the  embryonic precur- 
sor of our vertebral column) is absent in  in- 
vertebrates, variably present in the relatives 
of vertebrates (ascidians and related groups) 
and absolutely fixed in vertebrates. T h e  first 
who most clearly saw a connection between 
this pattern and increasing complexity was 
Rupert Riedl in  the  1970s (6). H e  postu- 
lated that with increasing complexity some 
characters become more important because 
more and more new characters are fiunction- 
ally or developmentally predicated o n  them. 
Once such characters have accumulated 
many "responsibilities," mutational change 
will be detrimental and thus these charac- 
ters become evolutionarily fixed. This in- 
creasing burden leads to fixation of charac- 
ters. T h e  proble~n with this view, however, 
was that it did not  connect well with the  
then current population genetic theory. 

Standard population genetic theory sup- 
ports a liquid genome metaphor. In  the  bal- 
ance between lnutation and selection, each 
population settles into a state in which the  
most fit genotype is always surrounded by a 
sizable swarm of mutant genotypes buzzing 
around the  best genotype (8), so much so 
that the  concept of wild-type becomes 
meaningless. Variation is the  name of the  
game. Only the  amount of variation de- 
pends, in a continuous manner, o n  the rela- 
tive strength of stabilizing selection, genetic 
drift, and mutation. Well, not  exactly, ac- 
cording to  the  report by Waxman and Peck 
( 1  ), which shows that there is a complexity 
limit beyond which genes can freeze into a 
fixed state and where the  swarm of genetic 
variation suddenly disappears like fog in the  
sun. In  the  Waxman-Peck model, the  com- 
plexity limit is reached once the genes affect 
Inore than two characters that are under si- 
multaneous stabilizing selection. 

T o  be precise, this freezing phenomenon 
has been described before (9), but it was seen 
as an  arcane result of mathematical popula- 
tion genetics of uncertain significance and fa- 
miliar to only a very few specialists. T h e  sig- 
nificance of the present report is that 
Waxman and Peck have shown that this ob- 
scure property of mutation-selection equa- 
tions has a connection to a generic property 
of organisms: complexity. Each gene has 
many effects and functions, each character is 
functionally connected to multiple others. 
Since this is the case, the freezing of genetic 
and phenotypic states is a necessary outcome, 
just as many organismal biologists have sus- 
pected for more than a century. 

This sounds great and simple, but nothing 
in science is ever really simple. There is always 

the question whether the models are produc- 
ing artifacts rather than pointing to funda- 
mental insights. There is also no  definite em- 
pirical proof as to whether the Bauplan con- 
cept is a perceptual artifact or a real pattern. 
Both are empirical questions that need to be 
settled. What  makes the result by Waxman 
and Peck nonetheless exciting is that new 

L. 

emergent phenomena can be discovered that 
are not obv~ous from the studv of s i m ~ l e  mod- 
els. More complexity is not just moie of the 
same, but can lead to qualitatively new phe- 
nomena. This has long been know to physi- 
cists, but there are onlv a handful of exam~les  
wheie "complexity effects" were described in 
population genetic models (10). These and 
the report by Waxman and Peck show the 
need to study the population genetic theory of 
complex adaptations as a separate problem. 

References 

1 D Waxman and J R Peck, Science 279, 1210 
(1 998) 

2 W -B Prov~ne The Origins of Theo- 
retical Population Genetics (Unv of 
cago Press Ch~cago 1971) 

3 M T Gh~sel~n Metaphysics and the Origin of 
Species (State Unv  of New York Press Albany 
NY 1997) 

4 G.-c ~ l / l a m s ,  Adaptation and Natural Selection 
(Prnceton Univ Press, Princeton, NJ, 1966) 

5 G B Muler and G P. Wagner, Annu. Rev Ecol 
Syst 22, 229 (1991) 

6 R R~edl, Q Rev 5/01. 52, 351 11977); Order in 
Living Organisms. A Systems Analysis of Evolu- 
tion (W~ley, New York, 1978) 

7. S C Stearns, Acta Palaeontol Polonica 38, 1 
(1993), C H Waddngton, The Strategy of the 
Genes (MacM~llan, New York, 1957), G P 
Wagner, n Patterns and Processes in the History 
of Life, D M Raup and D Jablonski, Eds. 
(S~rnaer-Verlaa. Berl~n. 1986). uu 149-165. 

8, k '~a;de. ~ e n g t  Res 26. 22 i  i1'975). M Turell~. , , 

Theor. Popul Biol. 25, 138 (1 984) 
9 J F C K~ngman, J Appl. Probab 15, 1 (1978), 

R Burger, Math Z 197, 259 (1988), -and I M 
Bomze, Adv Appl Probab 28, 227 (1996) 

10 M E~gen, J McCask~ll, P Schuster, Adv. Chem. 
Physics 75, 149 (1989), S A Kauffrnan and S 
Lev~n, J. Theor. Biol 128, 11 (1987), S A 
Kauffrnan, The Origins of Order. Self-Organiza- 
tion and Selection in Evolution (Oxford Un~v  
Press, New York, 1993); G P Wagner, 
Biosystems 17, 51 (1984), J Evol Biol 1, 45 
(1 988) 

Fixing Mismatches 
Michele Shannon and Martin Weigert 

Complex  biological processes evolve by co- 
opting bits and pieces of preexisting cellular 
machinery and using them for new purposes. 
O n  page 1207 of this issue, Cascalho et al. (1 ) 
provide a new example of this strategy in the 
case of somatic mutation of antibody variable 
(V)  genes. T h e  mutation of V genes is the  
key rnechanis~ll by which the body develops 
and modifies the antibody repertoire, the 
huge diversity of antibodies that allows us to 
keep pace with emerging and antigenically 
altered pathogens. V gene mutation differs 
from spontaneous mutation in  two ways: 
T h e  rate is extremely high (six to seven or- 
ders of magnitude higher), and luckily, this 
hypermutation is confined to a region in and 
aroiund expressed V genes. Cascalho et al. 
have discovered that a protein ordinarily in- 
volved in correcting mutations is involved in 
causing V gene hypermutation. 

Somatic hypermutation is not  the  first 
i~nmunological process to co-opt ubiquitous 
proteins. T h e  other key immunological pro- 
cess for generating diversity, V(D)J  recorn- 
bination, also evolved by iusing this strategy 
(2) .  Rearrangement of variable (V) ,  diver- 
sity (D) ,  and joining ( J )  gene segments to 
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produce functional antibody and T cell re- 
ceptors requires the lymphocyte-specific 
RAG-1 and RAG-2 ( the  products of recom- 
bination activation genes). I n  and of them- 
selves, though, the  R A G  proteins cannot 
complete the  process of gene recombina- 
tion; instead, the  R A G S  primarily recognize 
specific sequences and nick the  DNA.  
Ubiquitous factors then take over to com- 
plete the recombination process. Many of 
these co-opted factors have been identified 
by educated guesswork and experiments with 
mouse strains impaired in V(D)J recombina- 
tion. For example, the  scid mutation renders 
mice both radiation-sensitive and recombi- 
nation-deficient (3). T h e  connection be- 
tween these two phenotypes became obvious 
when the scid mutation was shown to affect 
DNA-dependent protein kinase, part of the 
machinery for repairing breaks in double- 
stranded D N A  (4). Thus, to accomplish 
V(D)J  recombination, the immune system 
co-opted D N A  repair machinery. 

T h e  new studies by Cascalho e t  al. 
demonstrate tha t  D N A  repair machinery 
has been enlisted by the immune system once 
again-this t ime for V gene mutation. 
T h e  authors investigated whether  a mouse 
genetically engineered to  lack a DNA re- 
pair function is also defective in  somatic 
hypermutation. This candidate gene strategy 
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