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prising feedbacks are likely to emerge. For 
example, long-term oscillations in ocean chem- 
istry (for example, the MgICa ratio), driven by 
changes in spreading rates at Inidocean ridges. 
may have favored or undermined skeletal con- 
struction of different reef-building organisms 
through the Phanerozoic (20). 

Paleontology sits squarely at the interface 
between the earth and life sciences. The most 
powerful contributions will emerge from 
analysis of evolutionary dynamics at different 
scales and hierarchical levels over deep time 
and of the diverse ways life has driven. and 
been driven by. changes in the Earth's atmo- 
sphere. oceans. and lithosphere. 
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The Evolution of Species lnteractions 
John N. Thompson 

Interactions between species are as evolutionarily malleable as the species 
themselves and have played a central role in the diversification and 
organization of life. This malleability creates complex geographic mosaics 
in interspecific interactions that can evolve rapidly over decades, blurring 
the distinction between evolutionary t ime and ecological t ime and making 
the study of coevolution crucial for human health and welfare. 

The hstory of evolution and biodiversity is h- 
damentally a hstoly of the evolution of species 
interactions. Species in pure isolation simply do 
not make sense. Most living organisms have 
evolved in ways that absolutely require them to 
use a combination of their own genetic machinery 
and that of one or more other species if they are to 
survive and reproduce. Indeed most described 
species take ths to an extreme, living symbioti- 
cally on other species as parasites, commensals, or 
mutualists. In tun. most organisms must devote a 
large share of their resources to defense. Even 
now. among human populations one-third of 
deaths are caused by infectious disease. The more 

, we leam about the bversity of life and the struc- 
ture of genomes, the more it appears that much of 

1 the evolution of biodiversity is about the manipu- 
lation of other species-to gain resources an4 in 
turn, to avoid being manipulated. 

Many of the major events in the diversification 
of life can be traced back to the appearance of 
novel species interactions (I, 2). The consequenc- 
es of these events are so pen asi~~e-and, in some 
cases, the genomes of the species so completely 
anastomose&that it is easy to forget how central 
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they have been to life on Earth: mitochondria and 
the origin of the eukaryotic cell: chloroplasts and 
the origin of plants: dinoflagellates and the origin 
of coral reefs: lichens. mycorrhizae. and rhzobia 
and the process of terrestrial plant succession: gut 
symbionts and animal digestion. Other interac- 
tions between free-living species are equally per- 
vasive. A majority of plants would quickly be- 
come extinct without their animal pollinators (3). 
Even in a gene-centered view of evolution, it is the 
armies of gene packages we call species that wage 
the genetic wars and create the genetic alliances. 

The Coevolutionary Framework 
Despite the central importance of species in- 
teractions to the diversification of life, we 
still know little about how the genomes of 
separate species becorne intermeshed. The 
organizing framework for attacking the prob- 
lem is the theory of coevolution. the process 
by which species undergo reciprocal evolu- 
tionary change through natural selection. Not 
all interactions are highly coevolved. but the 
potential for coe~olution to drive rapid and 
far-reaching change is always there. Unlike 
adaptation to the physical environment, ad- 
aptation to another species can produce recip- 
rocal evolutionary responses that either 
thwart these adaptive changes or. in mutual- 

istic interactions. magnify their effects. We 
now have convincing examples of coevolu- 
tion forging obligate mutualisms among free- 
living species such as yuccas and yucca 
moths (4);  creating divergence in traits 
among competing fish, lizards. mammals, 
and other taxa [for example, (j)]: producing 
locally matched chemical defenses in plants 
and counterdefenses in insects (6): and main- 
taining genetic diversity among populations 
of interacting parasites and hosts (7, 8) .  It is 
this interactive and iterative process that 
makes coevolution such a potentially power- 
ful evolutionary process in shaping biodiver- 
sity. It may be the most important process 
organizing the diversity of life. 

Nevertheless. understanding precisely 
how coevolution molds the evolution of 
species interactions remains one of the 
most difficult challenges in evolutionary 
biology, because most species interact with 
multiple species. It is evident that species 
can coevolve with more than one other 
species. Legumes have simultaneously 
evolved sophisticated coevolutionary rela- 
tionships with their rhizobia and with their 
pollinators. Many parasites evolve adapta- 
tions to multiple hosts by partitioning their 
interactions into different life history stag- 
es. But specific hypotheses on multispecific 
coevolution are only now developing, in- 
cluding that of coevolutionary alternation. 
whereby parasites may alternate among a 
group of host species over thousands of years, 
constantly evolving to prefer the host species 
with the currently lowest level of defense (9).  
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Further collaboration between molecular biolo- 
gists and population biologists may lead to an 
understanding of how genomes are structured 
and continually restructured through multispe- 
cific interactions. 

Fluctuating Selection and Ecological 
Dynamics 
The dynamics of coevolution may sometimes 
proceed even faster than we previously ex- 
pected, changing interactions over decades. 
Even though phylogenetic analyses have 
shown that species are often evolutionarily 
conservative in the taxa with which they in- 
teract, research on natural selection within 
biological communities indicates much con- 
tinuing evolutionary dynamics within the 
boundaries of that conservatism. Dozens of 
species interactions are known to have 
evolved during the past 100 years (10). Gene- 
for-gene coevolution in wild flax and flax 
rust in Australia has produced large changes 
in allele frequencies within and among pop- 
ulations over just the past decade alone (7). 
The frequency of clones in Potamopyrgus 
antipodarum snails within a single lake in 
New Zealand has changed within the past 
decade through time-lagged selection im- 
posed by a major trematode parasite (8). The 
introduction of myxoma virus into Australia 
as a biological control agent against rabbits 
resulted in rapid evolution toward decreased 
virulence within only a few years (11). Ex- 
amples like these have become increasingly 
common as evolutionary ecologists and evo- 
lutionary geneticists have carefully evaluated 
how natural selection acts on species interac- 
tions within natural communities. 

The rapid evolution we observe over de- 

cades may often be driven by fluctuating 
selection, where the selective value of geno- 
types rises and falls rapidly and repeatedly 
over time. The stability of communities may 
even rely directly on the potential of popula- 
tions to constantly make these short-term 
evolutionary changes in a constantly fluctu- 
ating world. But we simply do not know, 
because much of community ecology remains 
a nonevolutionary science. Few studies on 
community dynamics include rapid evolution 
of species interactions as one of the working 
hypotheses for observed patterns of change 
over time, even though its potential impor- 
tance is clear. Eliminating this disconnect 
between the study of rapid evolution of spe- 
cies interactions and the ecological analysis 
of overall community dynamics is becoming 
increasingly important as we fragment the 
diversity of life into smaller communities 
with less local genetic diversity. 

The Geographic Mosaic of Evolving 
Interactions 
The same need applies to linking the ecology 
and evolution of species interactions over 
broader geographic scales (Fig. 1). The most 
fundamental result from the past 30 years of 
study of the evolutionary structure of species is 
that many, possibly most, species are collec- 
tions of genetically differentiated populations. 
Concomitantly, the most fundamental result 
from the study of species interactions within 
natural communities is that an interaction be- 
tween a pair or group of species can differ 
greatly in outcome across landscapes. Hence, 
any theory of the evolution of species interac- 
tions must take into account three fundamental 
properties of interactions that act at scales 

above the level of local communities (12). In- 
teractions may show selection mosaics, such 
that different traits and outcomes are favored by 
natural selection in different communities. 
Landscapes may produce coevolutionary hot- 
spots (regions where true reciprocal selection 
acts on an interaction) embedded in a matrix (or 
along a gradient) of coevolutionary coldspots. 
In addition, the genetic landscape on which an 
interaction occurs may be constantly changing 
through gene flow, random genetic drift, and 
local extinction of populations. These three bi- 
ological properties of interactions constitute a 
geographic mosaic view of coevolution that 
links evolutionary and ecological time across 
broad landscapes. It suggests that species inter- 
actions are likely to be in continual flux as they 
evolve in different ways in different popula- 
tions, that local maladaptation may be an occa- 
sional and important outcome of continuing 
coevolution between species, and that few co- 
evolved traits will spread across the entire geo- 
graphic range of interacting species. 

Recent mathematical models have begun 
to explore these components of the geograph- 
ic mosaic. They have so far indicated three 
results, all of which require further analysis 
but collectively emphasize the importance of 
spatial structure in coevolutionary dynamics. 
First, metapopulation structure can some- 
times allow for longer persistence of coevolv- 
ing antagonistic interactions than is possible 
in interactions lacking such structure (13). 
'Second, geographic gradients in the produc- 
tivity of species (for example, prey birth 
rates) can create regions where reciprocal 
selection is strong (coevolutionary hotspots) 
or weak (14). Third, selection mosaics and 
gene flow can create novel dynamics, pro- - 
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ducing overall coevolutionary trajectories actions came from models of the evolution of health and welfare of human societies will 
quite different from those predicted by study virulence in parasites (18). Those models sug- demand an increased understanding of the 
of the component local interactions (15). gested that differences among populations in ongoing evolutionaly dynainics of species 

Some recent empirical studies have shown the tra~ls~nission dynamics of parasites could interactions. 
strons evidence for selection mosaics and shape differences in the evolution of virulence. 
coevolutionary hotspots (1 6, 17). For exam- Continuing refinement of the theoly of the evo- References and Notes 
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the Rockies, coevolution between the pines 
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dant pine squir1.els. Recent evidence suggests 
that the coevolutionary hotspots between 
crossbills and pines resulted from post-Pleis- 
tocene events, creating regions where pine 
squirrels were absent and crossbills were 
abundant and relatively sedentaiy. Similar 
selection nlosaics are likely to be even more 
common in interactions involving parasitic 
species, which often have restricted potential 
for gene flow over large distances. 

Coevolut ion and Human Wel fare 
As we learn more about the ongoing evolution 
of species interactions across Ealth's con~plex 
landscapes, the effects seem to permeate elrely 
aspect of the health and welfare of human 
societies. A major spur to the developnlent of 
the culrent ecological theory of evolving inter- 

our domesticated animals, our crop plants. and 
conserved species within reserves. 

For human pathogens, we can confront the 
problem partially through surrogate coevolution 
by de\reloping procedural methods that mimic 
the evolution of new defenses. Antibiotics are 
the equivalent of m ~ ~ t a n t  resistant hosts, but 
rapid evolution of resistance to antibiotics has 
shown how difficult it is for species to develop 
durable defenses against enemies. The same 
problems apply to the developnlent of resistant 
crop varieties and the management of biologi- 
cal c o ~ ~ k o l  agents. To deploy surrogate coevo- 
lution effectively, we require successful case 
studies to use as models. Those case studies are 
the interactions that have been shaped over 
millennia within nahlral biological communi- 
ties. No amount of research funding could ever 
replace these valuable natural experiments. 

We live at a time when we are increasing- 
ly manipulating much of Earth's biodiversity 
for our own ends. Indeed, Janzen (19) has 
referred to us as "the most coevolutionary 
animal of them all." As we continue to ma- 
nipulate biodiversity, our experience so far 
with the evolution of \~irulence in diseases, 
short-tell effectiveness of resistant crop va- 
rieties, and rapid evolution of interactions 
within natural communities suggests that the 
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Chemical Etiology of Nucleic Acid Structure 
Albert Eschenmoser 

Systematic chemical studies indicate tha t  the capability o f  Watson-Crick 
base-pairing is widespread among potentially natural nucleic acid alter- 
natives taken f rom RNA's close structural neighborhood. A comparison o f  
RNA and such alternatives w i t h  regard t o  chemical properties tha t  are 
fundamental t o  the biological function o f  RNA provides chemical facts 
tha t  may contain clues t o  RNA's origin. 

Wir wollen nicht nur wissen ulie die 
Natur ist (und i ~ , i e  ihre Vorgange 
ablaufen), sondern wir \vollen auch 
nach Moglichkeit das vielleicht uto- 
pisch und aninassend erscheinende 
Ziel erreichen, 2u wissen, warum die 
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Natur so irnd nicht nizilei..~ ist. [Albert 
Einstein (1, p. 126)] 

[We not only want to know h o ~ .  na- 
ture is (and h o ~ .  her transactions are 
carried through), but we also want to 
reach, if possible, a goal which may 
seem utopian and presumptuous, 
namely. to k110\~7 why nature is such 
ai7d not othei-u.r.ise.1 

Chemical etiology (-7) of nucleic acid struc- 
ture refers to systematic experimental studies 

aimed at narro\ving the diversity of possible 
answers to the question of why nature chose 
the structure type of ribofuranosyl nucleic 
acids, rather than some other family of 1110- 
lecular structures, as the n~olecular basis of 
life's genetic system. The quest is to uncover 
the crlteria by which nature arrived at this 
choice; comprehending these criteria in 
chemical terms \vould constitute a central 
element of any t11eol-y on the origin of the 
particular kind of chemical life kno\vn today. 
The strategy is to conceive (through cheinlcal 
reasoning) potentially natural alternatives to 
the nucleic acid stl-ucture, to synthesize such 
alternatives by chemical methods. and to 
compare them with the nah~ral nucleic acids 
\vith respect to those chemical properties that 
are fundanlental to the biological fu~lction of 
RNA and DNA. Basic to this research is the 
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