
I EVOLUTION k grouped together under the parsi- 

The Coming of Age of 
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Before 1988 our view of the relationshim 
among the approximately 33 plus major 
groups of living animals (phyla) was based 
on detailed analyses of morphology and de- 
velopment. Advances in molecular biology 
have greatly added to the arsenal of features 
that can be examined. Of these, most im- 
portant have been gene sequences, particu- 
larly of the 18s ribosomal RNA (rRNA) 
gene ( I  ). Animal relationships derived from 
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The problem with brine shrimp. Different rep- 
resentative species, in this case brine shrimp 
or tarantula for the arthropods, yield wildly dif- 
ferent inferred relationships among phyla. Both 
trees have strong bootstrap support (percent- 
age at node). The brine shrimp has long been 
known to produce artifactual groupings, but 
this was only confirmed with other sequences, 
which points to the importance of having data 
from many species from each phylum. 

these new molecular data sometimes are 
very different from those implied by older, 
classical evaluations of morphology (2-1 0). 
Reconciling these differences is a central 
challenge for evolutionary biologists at 
present. Growing evidence suggests that 
phylogenies of animal phyla constructed by 
the analysis of 18s rRNA sequences may 
not be as accurate as originally thought. 

Inaccuracies may occur in molecular 
phylogenies for a variety of reasons (1 1 ). 

monious assummion that those me- 
cies share those nucleotides because they 
shared a recent common ancestor. How- 
ever, unrelated species may share one of the 
four possible nucleotides at a site by chance 
alone (such similarities are termed ho- 
moplasies). The number of homoplasies in- 
creases with the total amount of evolution 
(that is, nucleotide changes) that has oc- 
curred between s~ecies .  In some cases the 
accumulation of these chance events be- 

Prior to analvsis, the seauences of corre- tween distantlv related s~ec ies  will over- , . 
sponding genes from each animal must be whelm the similarities present due to the 
 laced in register (aliened) with each other shared ancestrv of more closelv related taxa - . - .  
so that homologous sites within each se- (1 3). This problem of homoplasious similar- 
quence can be compared. However, se- ity swamping out the true phylogenetic sig- 
quence divergences may be sufficiently large nal is particularly acute when the true evo- 
that unambiguous alignments cannot be lutionary tree has long branches (many 
achieved, and different alignments may lead changes) in proximity to very short 
to different inferred relationships. Addi- branches (few changes), even if there is no  
tionally, the data are often sufficiently noisy rate variation among the lineages; the long 
that there may be a lack of strong statistical branches will artificially group together, or 
support for important groupings. attract each other (14, 15) (see figure be- 

Two even more pressing problems must low), a problem exacerbated when the rate 
be faced when interpreting DNA phylog- of evolution varies along the gene (1 6). 
enies. First, empirical study Unfortunately, the condi- 
shows that the degree of sup- 543 rnill~on tions for long branch attraction 
port for a relationship be- are all in place for 18s rRNA 
tween two groups may be af- 
fected profoundly by the par- 
ticular species chosen to rep- ity of the animal phyla di- 
resent each group (1 2). In ex- 
treme cases the inferred rela- 
tionships between groups may 
change when different repre- 
sentative species are used (see 
figure at left). One solution to 
this ~ r o b l e m  is to increase the 
number of species analyzed, 
although for manv ~ h v l a  - , L ,  

genes from only a few species 
have been sequenced. A dis- 
advantage of this approach is 
that increasing the number 
of species dramatically in- 
creases the computation time 
required to find the best tree 

tively quickly a long time ago 
(1 7) (the true evolutionary tree 
probably has relatively short 
internal branches and long pe- 
ripheral branches) (see figure 
at left) and that there is simifi- 
cant (almost three ordek of 
mamitude) site-to-site rate 
vaGation across the 18s rRNA 
gene (1 6). Long branch attrac- 
tion can be reduced by elimi- 
nating species that have unusu- 
ally fast rates of evolution (3, 
10, 18), but this by no means 
solves the problem, and dem- 

to represent the relationships I L C on st rat in^ that with more data - 
among phyla (for five species 

I 

the degree of statistical support 
Long branch attraction 

there are just 15 possible for animals. When long for a grouping increases [for ex- 
unrooted trees, for 50 species branches on evolutionarv ample, (18)] does not mean 
there are 3 x possible trees are in close proximi& that that grouping is correct. 
trees, an im~ossiblv large to short internode branches With ex~l ic i t  models of 
number of trees to evaluater as is likely the case for the DNA sequence evolution it is 

The second problem is that a n i m a l  phyla (upper tree), sometimes possible to prevent 
maximum parsimony a w~de- 

of statistical inconsistency- ly used method for ;ecover- long branch attraction. The 
the disconcerting situation ing evolutionary trees, will critical question is whether 
where, as the amount of data recover the wrong tree current models of 18.5 rRNA 
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this question will be hard to answer. How- 
ever, current models of DNA substitution 
ilsually fit the data poorly (1 9) ,  and a 12s 
rRNA study (2C) indicates that the most so- 
phisticated methods of modeling site-to-site 
variation do not always give the correct 
tree, leaving open the possibility that these 
methods may also fail to prevent long 
branch attraction in 18s rRNA ~hvloeenies 

L , "  

of the animal phyla. 
The amino acid seauences of ~roteins may 

be more immune to the problems of long 
branch attraction than the nucleotide se- 
quences of 18s rRNA, and protein-coding 
genes constitute .a much larger proportion of 
the genome than RNA-coding genes. Thus, 
it is likely that ~rote in  seililences will become 
a major sourceof data foi inferring phylum- 
level relationships, especially with the grow 
ing number of animal genome projects. 

Given the probable rapid divergence of 
most of the animal phyla, the complexities 
of 18s rRNA sequence evoli~tion, and the 
problem of taxon sampling, it is difficult to 
have confidence in 18s rRNA trees in the 
absence of corroborating evidence. Fortu- 
nately, inorphological ,and 18s rRNA phy- 
logenies i~sually agree in their coarse struc- 
ture. For example, there is agreement in the 

basal position of the diploblastic animals 
(which include jellyfish and corals), the 
grouping of the echinoderms, the hemichor- 
dates, and chordates; and the close relation- 
ship of the major protostome phyla such as 
mollusks, arthropods, and annelids (the 
"true" worms). But there are frequent minor 
and sometimes major disagreements, such as 
in the position of the lophophorate phyla 
(or even whether they are each other's clos- 
est relatives) (3). In cases of disagreement, it 
is an open question as to which (if either) 
interpretation is correct. 

To be confident in our hypotheses of re- 
lations among the animal phyla we need to 
gather inore DNA sequences, especially 
from undersampled phyla; develop better 
methods of DNA analysis on the basis of 
more realistic models of DNA evolution 
(21); and develop independent data sets us- 
ing morphological, developmental, and 
other molecular data (4, 7) to corroborate or 
falsify specific hypotheses or to combine in 
total-evidence analyses (22). Work is cur- 
rently under way on all these fronts, which 
promise more secure hypotheses of the rela- 
tionships among the animal phyla and, 
through them, a better understanding of the 
causes of major morphological innovation. 

/ CHEMISTRY I 

Fixing Nitrogen Any Which Way 
G. J. Leigh 

T h i s  issue of Science contains ( I  ) a stimu- 
lating report by Nishibayashi et al. (page 
540) on the conversion of dinitrogen to am- 
monia. This report begins to show a gradual 
intertwining of many diverse strands of re- 
search into dinitroeen reactivity. This is all 
the more ironic in ;hat the big expansion in 
nitrogen fixation research during the 1970s 
and 1980s has moved into reverse now that 
the direct economic return has been judged 
to be disappointing. 

There are at least four different kinds of 
reactivity of dinitrogen described in the lit- 
erature. Not all are fully defined, and some 
are very far from being mechanistically un- 
derstood. The oldest in research terms is the 
Haber synthesis (2). This operates at high 
temperatures and pressures and uses a pro- 
moted metallic iron catalvst. The reaction 
appears to occur by chemisorption of both 
dihydrogen and dinitrogen on the catalyst, 
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surface, followed by stepwise assembly of am- 
monia from these atoms. Highly reduced 
systems, such as a mixture of a metal halide 
plus an excess of a Grignard reagent, that 
react with dinitrogen to form ill-defined ni- 
trides have been recognized for many years, 
but the clean splitting of dinitrogen by a 
complex to form a nitrido complex has been 
achieved only recently, by Culnlnins and his 
collaborators (3). In contrast, splitting of 
dihydrogen by metal complexes to form 
metal hydrides has long been known. As 
yet, no simple coordination compound can 
perform these two f~~nctions simultaneously, 
which is why metal complexes that are 
Haber-type catalysts are unknown. Chem- 
ists have comforted themselves with the 
thought that a metal surface can do things 
that complexes cannot do. In any case, 
there is little likelihood of developing a 
Haber catalyst that is as easy to prepare and 
as stable mechanically and chemically as 
metallic iron. 

Biological catalysis of nitrogen fixation 
has provoked a great deal of speculation, 
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some of it well founded. The nou7-character- 
ized iron-molybdenum-sulfur cluster at the 
heart of the molybdenum nitrogenases (4) 
might appear to be a biological analog of the 
Haber catalyst, at least as far as the splitting 
of dinitrogen is concerned. In fact this is un- 
likely. No metal-sulfur cluster has yet been 
shown to react with dinitrogen. In any case, 
the reaction catalyzed by nitrogenases in 
biological systems fundamentally involves 
dinitrogen and water (plus an energy input) 
rather than dinitrogen and dihydrogen (plus 
an output of energy) as in the Haber process. 

It is now generally accepted that the 
most efficient biological fixation by molyb- 
denum nitrogenases involves the follou~ing 
stoichiometrv: 

N2 + 8H- + 8 electrons 2 NH3 + Hz (1) 

The reasons for the ~roduction of dihv- 
drogen are not clear. In addition, it seems 
that two molecules of adenosine 5'- 
triphospate (ATP) are hydrolyzed for the 
transfer of each electron, 16 in all for a 
single catalytic cycle. However, non-molyb- 
denum nitrogenases exhibit different sto- 
ichiometries and that in any case the pro- 
tein binding the cluster seeins to be a neces- 

u 

sary component of the nitrogenase system. 
The isolated cluster cannot fix nttroeen. - 

Now much of this dogma has been 
thrown tnto doubt. Although it was noted 
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