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zoologists) groups, the Lophotrochozoa (6) 
(combining Eutrochozoa and Lophophorata) 
and the Ecdysozoa (1) (moulting animals). 
The basal status of the acoelomates and the 
pseudocoelomates is vanishing in view of 
this new evidence: Most of the acoelomates 
do not  show an  early emerging position 
but are found in the Lophotrochozoa 
together with coelomate phyla (1, 7-9). 
The  ~seudocoelomates. or aschelminths. 
do not form a monophyletic group: Rotifers 
and gastrotriches are grouped with the lopho- 
trochozoans (8), whereas kinorhynchs, pria- 
~u l i d s .  nematodes. and nematomomhs are 
iound with the arthropods in the ~ c i ~ s o z o a  
(1, 8 ) .  The  traditional phylogeny is thus 
turned upside down. The. bilaterian tree is di- 
vided in three meat coelomate lineages (see - - .  
figure), among which the simply organized 
acoelomates and pseudocoeloma~es are scat- 
tered. It is quite comforting that data of a com- 
pletely different type, namely, the evolution of 
the Hox gene cluster, appear to confirm some 
aspects of the above phylogeny, such as the af- 
finities of flatworms (9). ~, 

Another remarkable feature of these trees 
is the consistenth Door resolution of the rela- , . 
tionships within these three superphyla, as il- 
lustrated bv the failure to retrieve the mono- 
phyly of well-recognized phyla such as anne- 
lids, molluscs, and arthropods (1, 10). This 
absence of resolution may positively indicate 
a r a ~ i d  Drocess of radiation that occurred at 
the b e g k i n g  of the history of each of these 
branches (1 1 ). This corresponds well with 
the paleontological data, as the earliest un- 
ambiguous fossil representative~ of the super- 
phyla all appear suddenly in the Lower Cam- 
brian [mollusks and brachiopods (12) as 
lophotrochozoans, arthropods and pria- 
pulids as ecdysozoans, echinoderms (13) 
and chordates (1 4) as deuterostomes]. 

This remarkable trifurcation of the Bila- 
teria leads us to a new intemretation of the 
Cambrian explosion as simultaneous radia- 
tions of three long-separated stem lineages. 
The lineages diverged well back in the Pre- 
cambrian but were ~ o o r l v  diversified be- 
fore the Cambrian. 'AtteApts to date the 
protostome-deuterostome divergence with 
several types of molecules have given con- 
flicting dates of either more than one billion 
years (15) or just 670 million years (16). 
These calculations nevertheless agree on the 
existence of a large fossil gap between the 
separation of the three stem branches and 
their actual appearance in the fossil record. It 
has been suggested that this gap may be due 
to the fact that the Vendian ancestors of the 
large coelomates were tiny animals, unlikely 
to give fossils (1 7). This hypothesis supposes 

Vendian. We  think that the three-branched the "invention" of the Hox cluster) to explain 
bilaterian phylogeny also strongly contra- the radiation of three long-separated lineages. 
dicts this view. If these tiny ancestral worms A n  ecological type of explanation [such as the 
had existed before the Cambrian, their hy- rapid building up of new complex trophic net- 
pothetical, unchanged, simply organized de- works in the context of an ecological vacuum 
scendants (platyhelminths, nematodes, gas- (18)] should thus be investigated. 
trotriches, rotifers, and so forth) would root 
back to a "basal" position in the bilaterian References 
tree, forming a "phylogenetic lawn" in 
which the three coelomate branches would 
be rooted. Instead, acoelomates and pseudo- 
coelomates are found dispersed among the 
coelomate phyla in the two protostomian 
branches. Thus, they are likely to be derived, 
secondarily simplified forms. W e  suggest 
that the ancestors of the three coelomate 
branches may have been macroscopic coelo- 
mate animals. In that case, these macro- 
scopic animals being rare or restricted to 
environments unlikely to allow fossilization 
may explain their absence in the Precam- 
brian fossil record. However, their already 
complex body plans would have constituted 
the necessary preadaptations for their explo- 
sive diversification in the Cambrian. 

Should this hypothesis of three simulta- 
neous radiative events be accepted, it would 
also argue in favor of an external cause for the 
Cambrian explosion. One  cannot resort to 
a single internal genetic mechanism (such as 
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Rethinking Solution NMR 
Warren S. Warren 

I n  the 50 years since publication of the first 
solution nuclear magnetic resonance (NMR) 
data, NMR has evolved from explorations 
of esoteric quantum mechanical properties 
(nuclear angular momenta and dipole mo- 
ments) into what is by far the most powerful 
form of spectroscopy employed by the prac- 
ticing chemist. Part of the reason for this evo- 
lution is the maturation of radio frequency 
technology: Staggeringly complex manipula- 
tions with radio frequency pulses and pulsed 
field gradients are trivial to  implement. 
Much more importantly, however, the theo- 
retical framework of NMR is mature and 
tractable. Researchers can calculate how the 
magnetization evolves under such complex 
manipulations and can optimize pulse se- 
quences to extract structural information. 
Even undergraduate students can readily ana- 
lyze one- and two-dimensional solution spec- 

that a major event allowed the size of meta- 
zoans to increase dramatically at the begin- 
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tra of moderatelv sized molecules (with. for ~, 

example, 100 hydrogen atoms), and com- 
plete analyses of the spectra of proteins with 
molecular masses of order 25 kD have be- 
come common~lace. Nonetheless. one of the 
most intriguing modem research directions 
in NMR is the rethinking of the assumptions 
behind its "standard picture." This rethink- 
ing, as reported for example by Glaser et al. 
(1) on page 421 of this issue, is leading to- 
ward substantially improved pulse sequences, 
permitting measurements of entirely new pa- 
rameters, and extending the range of sample 
sizes and molecular sizes accessible by NMR. 

One might argue that NMR spectra should 
be exceedingly difficult to interpret. Imagine 
that we could detect the signal from a single 

tary with links to additional resources is 
available for Science Online subscribers 
at www.sciencemag.org 
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