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A living cell is an open system with a flow 
of energy passing through it. As shown by 
Schroedinger ( 1 ), the energy flow creates 
the conditions for strong deviations from 
thermodvnamic eauilibrium. This results in 
the phenomena of self-organization, the pa- 
rameters of which are set by genetic as well 
as epigenetic constraints and opens up the 
possibility of autonomous pattern forma- 
tion as revealed in the fundamental contri- 
butions by Turing (2) and Prigogine (3). 

Recently, Lechleiter et al. (4) have ob- 
served propagating calcium waves inside 
single cells (frog eggs with a diameter of 
about 1 mm). Their properties were very 
similar to those of the spiral waves in the 
Belousov-Zhabotinsky reaction (5). More- 
over, there are suggestions that stationary 
Turing patterns could also be found within 
bioloeical cells (6). . . 

However, it would be misleading to ex- 
pect that the processes of self-organization 
in living cells represent simply a reduced 
copy of the pattern-formation phenomena 
in macroscopic reaction-diffusion systems. 
The laws of physics, when applied at a dif- 
ferent scale typical for intracellular pro- 
cesses, can influence the mechanisms in- 
volved and produce a wealth of new prop- 
erties, as demonstrated, for instance, by 
Purcell(7) for the case of the cell's motion. .- , 

The diffusion time for macromolecules 
in a cell or a cellular comDartment with the 
linear size of 1 pm is about 10 ms. Because 
the turnover rate for many intracellular en- 
zymatic reactions is a few hundreds per sec- 
ond, it means that within the duration of a 
single round of the catalysis the molecules 
can cross the entire reaction volume. This 
makes spatial pattern formation based on 
such reactions and diffusion at small length 
scales practically impossible. The finest 
spatial details of waves in the experiment 
(4) were still on the order of 10 pm. The 
estimates are less restrictive for fast enzy- 
matic reactions with the turnover times be- 
low 0.1 ms. The possibility that under high 
enzyme concentrations these reactions may 
develop local spatial patterning should be 
further investigated (6). 

The random Brownian motion of mac- 
romolecules inside cells is extremely strong. 
Our estimates of a characteristic traffic 
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pates energy from external sources). The 
ratchet has already been proposed by Hux- 
ley (1 0) in his explanation of force genera- 
tion by muscle fibers. Several further exam- 
ples of rectification of thermal fluctuations 
by organelles have recently been considered 
[see, for example (1 I)]. It might be that the 
ratchet effects are involved to a much 

time show that within a compartment of a larger extent in the function of living cells 
micrometer size, any two molecules meet and the organization of intracellular traffic. 
each other within a time of about 1 s. The tem~oral self-organization of chem- 
Thus, simple diffusion fills the cellular 
compartment space with components al- 
ways ready to react. At such smaller scales, 
the chemical system of a living cell is far 
from resembling a macroscopic unstirred 
chemical reactor. Rather, it should be 
viewed as a network formed by a popula- 
tion of active macromolecules that is char- 
acterized by a very high degree of "commu- 
nication" between its members. This im- 
plies a different mode of self-organization 
similar to the collective behavior of insect 
societies or immune networks (8). 

Another special aspect of self-organiza- 
tion in living cells is the abundance of en- 
ergy contained in thermal fluctuations. For 
instance, random hydrodynamic flows in- 

- 
ical processes, expressed in the generation 
of different periodicities and interactions 
between them, plays a fundamental role 
in living cells. Recent advances in the 
understanding of the mechanism of cal- 
cium oscillations not only revealed its 
widespread occurrence in cellular systems 
but showed its inherent response to fre- 
quency and coding to be a most important 
feature (12). This property might well be 
involved in the  heno omen on of svnchroni- 
zation of synaptic boutons (13), in the 
shuttle streaming of Phymm polycephdum 
(14), in the propagation of calcium waves 
in Xenopus laevis oocytes (4), and mitotic 
cell cycles (1 5). 

In this framework, the dynamic pro- 
cesses in larger cellular structures 
such as genomic components or the 
cellular actin and tubulin, the shape 

J producing and controlling entities, 
should not be overlooked. Whereas 
the .exploration of the first set of 
structures seems still to have a long 
way to go [although proper method- 
ologies are coming up ( 1 6, 1 7)], in- 
vestigations of the second class are 
already at hand. 

The dynamic network of micro- 
tubules plays an essential role in the 
self-organization of cellular struc- 
tures, turnover, and motility. The 
knowledge of its mechanisms and of 
the control of formation and decay 
(polymerization-depolymerization 
cycles) are prerequisites for under- 
standing of the cellular interior. 

A pattern emerges. Self-similar organization of microtu- ne complex organization of the 
bules showing pseudohelical bands as part of a larger 
scale organization, Image is 1570 pm wide. microtubule turnover is revealed in 

the typical properties of arising dis- 
duced by thermal fluctuations inside a cell sipative structures. Recently, spatial pat- 
have velocities on the order of 10 pm/s in tern formation from oscillating microtu- 
the time range of 10 ms and the character- bules has been observed ( 18, 19). Depend- 
istic lengths of 1 pm. These strong thermal ing on the .length and the frequency of os- 
fluctuations can be employed by far-from- cillations, different spatial microtubulin 
equilibrium subsystems inside the cells. patterns might readily be formed, leading 

The laws of thermodynamics prevent to a variety of intracellular structures that 
the directed use of thermal fluctuations. fit well to the general size of the cellular 
However, as shown by Feynman (9) in his reaction space as well as its time domains. 
analysis of the thermal ratchet (a process Here, the biological design of suitable con- 
allowing motion in one direction only), trol mechanisms is a problem area open 
this does not generally apply to systems for future research. Studies reported by 
with some components that are far from Tabony on p. 245 of this issue (20) clearly 
thermal equilibrium (and thus, "Maxwell's demonstrate the influence of reaction-dif- 
demon" may operate if it receives and dissi- fusion instabilities and related bifurca- 
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tions on the processes of pattern formation 
by cellular polymerization-depolymeriza- 
tion systems. 
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The Evolution of Genetic Intelligence 

David S. Thaler 

tinct from those that occur during non- 
selective growth (7). For example, trans- 
poson excisions are seen only under stressed 
conditions, and the ratio of recombination 
to point reversion is different under selec- 
tion. In addition, distinct sets of eenes are - 
required in the two conditions-strong evi- 
dence that different pathways of mutagen- 
esis operate during mutation under selec- 
tion. Cairns and Foster (8) found that the 
DNA recombinase gene recA is required for 
mutagenesis only during selection. Cairns 
has ~ointed out that this reauirement for 
rec~'(9) indicates that there is' a specialized 
pathway for mutagenesis under selective 
conditions. 

The work bv Harris and co-workers in 
this issue of Science (3) confirms the neces- 
sitv for recA in selection-~romoted mu- 
tagenesis and strengthens the conclusion by 
usine a deletion allele of recA. Thev also - 
find that the recB recombination gene is re- 
quired for selection-induced appearance of 
mutants and that a recD null mutation in- 
creases mutagenesis only under the selec- 
tive conditions. (RecD is an inhibitory sub- 
unit of the recombination complex.) The 
recA+ and recB+ alleles are required for the 
recD (null)-stimulated mutation. These re- 
quirements for mutation occurring under 
selection are the same as those for homolo- 
gous recombination via the wild-type 
(RecBCD) recombination pathway of 

I n  1988 Caims and his colleagues (1) pub- ers inspired by him are designed to detect Escherichia coli. The absence of effect of recJ 
lished a scientific paper that provoked the frequencies and types of mutations aris- and re& genes implies that an alternative 
heated discussion, even amone a hi lo so- ine under conditions of nonlethal selec- E. coli recombination ~athwav called RecF - . 
phers (2). They suggested that mutations 
arise more frequently when the organism is 
under selective pressure for that mutation, 
in apparent contradiction to the conven- 
tional idea that mutations arise without re- 
gard for their utility. In this proposal, the 
environment not only selects among pre- 
existing variants, it also interacts with the 
organism in a sophisticated way to generate 
the variation on which selection acts. This 
  hen omen on of mutaeenesis under selec- 

ti&, in which the organism has a chance 
to react to the selective conditions. These 
conditions do not kill counterselected cells 
but prevent an increase in their number 
(for example, in the paper by Harris and 
co-workers in this issue, cells mutant for 
lacZ, the gene for the lactose-utilizing en- 
zyme, are plated onto medium with lactose 
as the only carbon source). The frequen- 
cies, timing, and types of mutations aris- 
ine under selective conditions 

does not participate in the formation of se- 
lection-induced mutants. Because recA par- 
ticipates in processes other than recombi- 
nation, the reported involvement of other 
RecBCD pathway genes provides important 
new support for the idea that mechanisms 
that underlie homologous recombination 
also underlie mutation during selection. 

Numerous models, all of which account 
for the necessity of the homologous re- 

combination machinew. have - - , . 
tion has been variously called "Caimsian," are then compared with those been invoked to account for 
~L~election-induced,~' "adaptive," "post-plat- that occur during nonselective the apparently Lamarkian 
ing," "late-arising," or "selection-promoted" growth. evolution seen under selec- 
mutation and has been much ~olemicized. The most biting criticism tive conditions. These ~ r o ~ o s -  
A paper by Harris and co-workers in this 
week's Science (3) helps to move beyond 
the polemic that has obscured our study of 
the molecular mechanisms that generate 
variation. 

In their classic works, Luria and 
Delbruck (4) and Lederberg and Lederberg 
(5) studied mutation in the context of le- 
thal selection-in which only preexisting 
mutants have a chance to survive. In con- 
trast, the experiments of Cairns and of oth- 
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" 
directed at the Caimsian 
school has been that, under 
conditions selective for the ap- 
pearance of scorable mutants, 
there is enough "normal" growth 
to account for the mutants, as- 
suming only that selection-in- 
duced mutations are created 
similarly to those of nonselec- 
tive growth (6). This "growth- 
on-the-plate" argument, how- 
ever, is not an adequate expla- 
nation of the results, because 
the types of mutations arising 
under selection seem to be dis- 

1 Selection i 

A conventional view of 
evolution. The environ- 
ment functions only at the 
selection step. 

. . 
als include reverse-transcribed 
mRNA interacting with the 
host genome (1 ), heteroallelic 
interactions (7) analogous to 
cassette switching (1 O ) ,  im- 
munoglobulin diversity gen- 
eration (1 1 )  or heterochro- 
matic interactions (12), and 
gene amplification (8, 13). 
The "toe-in-the-water" pro- 
posal invokes transcripts as 
replication primers when 
growth is the consequence of a 
revertant transcript (13). Ho- 
mologous interactions may be 
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