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The Taxonomy of Developmental Control 
Caenorhabditis 

Gary Ruvkun* and Oliver Hobert 

The Caenorhabditis elegans genome sequence was surveyed 
for transcription factor and signaling gene families that have 
been shown t o  regulate developmentin a variety of species. 
About 10 t o  25 percent of the genes in most of the gene 
families already have been genetically analyzed in C. elegans, 
about half of the genes detect probable orthologs in other 
species, and about 10 t o  25 percent of the genes are, at 
present, unique t o  C. elegans. Caenorhabditis elegans is also 
missing genes that are found in vertebrates and other inver- 
tebrates. Thus the genome sequence reveals universals in 
developmental control that are the legacy of metazoan com- 
plexity before the Cambrian explosion, as wel l  as genes that 
have been more recently invented or lost in particular phy- 
logenetic lineages. 

Genetic analysis of development has been a traditional focus of C. 
elegiri~s research. Approximately 200 of the 1600 loci that have been 
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identified by genetic analysis cause the sort of cell fate transforma- 
tions and pattelning defects that attract developmental geneticists, and 
so far about 150 genes (almost 1% of the total genes) have been 
studied ~nolecularly (1).  This set of molecularly analyzed develop- 
mental control genes, 1~41ile biased toward particular intensively stud- 
ied pathways, represents genes that control a fairly random sample of 
developmental events. More than 90% are related to genes identified 
by analogous molecular and genetic analyses, especially in Diosoph- 
ila and vertebrates. Most of the genes fit into the modern develop- 
mental control canon: growth factor signaling pathways (about 30% 
of the genes) and transcriptional regulatory cascades (about 25% of 
the genes). These sequence similarities allow developmental control 
to be described in molecular telms. Only 10% of these genes show no 
detectable sequence similarity to other genes in the databases. This is 
in contrast to the overall genome sequence, which reveals that about 
50% of C. elegnns genes encode novel proteins. The undel~epresen- 
tation of novel genes in the set of developmental control genes 
identified by genetics, which is not biased toward any particular 
n~olecular feature; implies that a consewed set of genes regulates 
metazoan development. 

Most of the gene families that include the genetically identified C. 
elegans control genes are large and contain members from many 
species; these families can be classified into dendrograrns of related- 
lless (2) (Fig. 1). For example, the tree of 355 homeobox genes 
classifies the relatedness of an ancient, highly ramified gene family. 
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Genes on many branches o f  the tree have been shown to perform 
particular developnlental functions. For all these dendrograms, C. 
elegaizs family nlen~bers are distributed in lnost branches. In many 
cases: a palticular protein sequence from C. elegciils is more closely 
related to one particular malnnlalian or other invertebrate protein 
sequence than to any other C. elegous ~nember o f  the family, sug- 
gesting that these proteins are orthologous. That is: the conllnon 
ancestor o f  ne~natodes and the other species carried a gene o f  this 
sequence type, and its features have been lnaintained by si~nilar 
selection in both lineages since their divergence. In a few cases, this 
probable orthology indicated by  sequence similarity has been con- 
filmed by showing that the genes have similar developmental roles. 

Even more dramatically, exhaustive genetic analysis o f  particular 
C. elegcriis developmental pathu~ays has revealed exalnples in u~hich 
each gene in a regulatoly cascade detects an ol-tholog that also acts in 
the equivalent regulatory cascade in phylogenetically distant species. 
For example, genetic analysis o f  signaling in one epidelmal tissue o f  
C. elegans revealed a lnamlnalian epide~n~al  growth factor (EGF)-like 
signaling protein, an EGF-like receptor, a Ras-like signal transduction 
protein, a GRB2-like adaptor protein: a RaDMap kinase cascade, and 
two different transcription factors that couple to those kinases. All o f  
the C. elegirizs genes in the pathway are o~thologous to genes in 
lnalnmalian and Di~osopllila signaling pathways (3) .  Similarly, CED-9 
in C. elegaus regulates an orthologous protease regulatory cascade to 
control cell death; and the C,  elegaizs DAF-2 insulin-like receptor 
regulates an orthologous metabolisln regulating lcinase cascade (3) .  
This congl-tience o f  C, elegcrizs and other aninla1 developmental 
control pathways has its roots in the antiquity o f  each pathway in 
multicellular developnlental control. 

The phylogenetic placenlent o f  C. elegails is crucial to the inter- 
pretation o f  the sin~ilarities and differences we detail below between 
the developmental control gene families o f  C. elegciizs and other 
animal species. The position o f  C, elegails, and more generally 
nematodes, in the phylogenetic trees const~vcted from sequence com- 
parisons has recently been reevaluated (4) .  Consideration o f  mutation 
rate effects on phylogenetic placelnent by  parsimony have moved the 
nematode branch to a cluster o f  molting invertebrates termed the 
Ecdysozoa, from its previous position branching before the chordate: 
articulata divergence. Thus the Sematoda are expected to have more 
in colnmon \?;it11 molting arthropods than chordates or the other major 
animal clade, the lophotrochozoans (such as segmented u ~ o ~ m s )  (4) .  
This phylogenetic placement predicts that developmental control 
genes common to other Ecdysozoa (such as Di~osopI~iIci) and chor- 
dates (such as humans) should also be found in C. elegcins. 

Because the genetic analyses o f  a large variety o f  developmental 
events in vertebrate and invertebrate animals have converged on 
similar families o f  growth factor signaling and transcription cascade 
molecules, an exploration o f  the extent o f  each such family in C. 
elegails is a promising avenue for inferring some o f  what remains to 
be discovered. Perhaps in this way, we can infer horn. many mecha- 
nistically homologo~is but not orthologous pathways remain to be 
explored. 

Transcriptional Regulators of Development 
Consistent w ~ t h  a major tenet o f  de\ elopmental biology that dist~nct 
cell types transcr~be spec~alized sets o f  genes, tlansclipt~on factors 

Fig. 1. Schematic den- , E Drosophia 1. 
drogram explaining how Chordate NO C eiegans orthalog 

ortKology ' statements Drosopli~la 
are derived. The ab- Chordate C. eiegans ortholog 
sence o f  C, elegans or- C. elegans 

thologs o f  Drosophilal 
I 

C eiegaiis 1 New C, eiegans class 

chordate genes are significant because the complete C, elegans genome 
can be searched; however, unt i l  other metazoan genomes are sequenced, 
the assignment o f  a "new" C. elegans class is preliminary. 

have loomed large in the control genes identified by  C. elegrins (as 
well as Di.osop/ziln) developmental genetics. 

Hoiiieobox genes. The homeobox gene family mediates a variety 
o f  developmental events across phylogeny ( 5 )  and has as its hallmark 
a pal-ticular 60 amino acid DNA-binding motif. The wide variety o f  
homeobox genes identified over the past 15 years are expressed in 
distinct patterns in space, time, or cell type. They are thought to 
regulate patterning and cell type specification events during develop- 
~nen t  by  binding to distinct aways o f  dou~nstream genes to coordinate 
their expression. The C. elegirizs genome sequence reveals 83  home- 
odomain family members o f  many subclasses; a number llear the 60 
predicted from a degenerate oligonucleotide screen early in the ge- 
nome project ( 6 ) .  These homeobox genes have been a major target o f  
the C. elegcrizs developmental genetic analysis to date: 17 o f  the initial 
150 develop~nental genetic loci that have been studied nlolecularly are 
honleobox genes, and 7 additional homeobox genes have been ana- 
lyzed by  gene dis~-t~ption. Thus: homeobox genes constitute about 1:10 
o f  the C. elegaiis developmental control genes revealed so far by  
developmental genetics, and about 25% o f  the gene family has already 
been genetically analyzed. These genes mediate developmental pro- 
cesses ranging from spatial patterning by the Hox cluster subclass (3 )  
to neural differentiation and neurotransmitter specification by  the 
ui~c-30 subclass (7 ) .  

There are chordate or other invertebrate orthologs o f  51 o f  the 83 
C, elegails honleobox genes, lnany o f  which have been genetically 
studied in those other systems. In some cases the orthology indicated 
by  sequence co~nparison has been endorsed by genetic analysis in 
multiple species. For example, both the C, elegir~zs homeobox gene 
U ~ I C - 8 6  and the manlnlalian ortholog Bix-3 mediate the nlahiration o f  
mecl~anosensory neurons (8) .  In the cases for which only the C. 
elegails ortholog has been genetically shidied, detailed analysis o f  the 
C. elegans mutant can suggest the function o f  the n~aln~nalian or- 
thologs (Table 1). Thus: extrapolating from electron nlicroscopic 
reconstmction o f  identified neurons and behavioral studies o f  the C. 
elegcri~s mutant, the nlanlmalian ~rizc-4 ortholog may regulate feah~res 
o f  cholinergic motor neurons, such as collnectivity (9) .  

Seven o f  the C, elegclils homeobox genes are probable orthologs o f  
the Di.osophilci and vertebrate Hos cluster, corresponding roughly to 
one eve (lnb-7),  two AbdB (on Y A C  Y75B8) ,  two Atlip (egl-5 and 
~izcib-j), one Sci, (li~z-39): and one Labial (ceh-13) class homeobox 
genes ( 7 ) .  Mutations in the four o f  these genes that have been shidied 
genetically affect patterning along the anterior-posterior axis as pre- 
cedent from Di.osop11iIii Hox cluster genetics u~ould predict (7) .  The 
two AbdB class genes were previously missed in Hox cluster molec- 
ular and genetic analyses; these genes are closely related and located 
within 5 kb o f  each other: suggesting a recent gene duplication and 
possible redundancy. The C,  elegails Hos genes are located on the 
same chromosome but are distributed over 3 Mb, with thousands o f  
intervening genes, unlilce the tandelnly arranged clusters in Drosoplz- 
ilci or vertebrates. The C. elegans Hos cluster is also missing partic- 
ular genes that are present in both the Drosoplzila and vertebrate Hox 
clusters. The si~llplicity and partial dispersal o f  the C. elegans Hox 
cluster, as well as the phylogenetic placement o f  the Ne~natoda to the 
same phylogenetic lineage as arthropods suggest that its Hox cluster 
may be a derived, deleted version rather than a primitive ancestral Hox 
cluster. There is no detectable C. elegnizs Pai.ahox cluster, although 
the ca~~clal ortholog, which constitutes one member o f  the Amphioxus 
Pciralzox cluster, is located on the same chromosome as the disinte- 
grating worm Hox cluster. 

The Polycomb (PC) group o f  chromatin proteins have been impli- 
cated in repression o f  Ho.v cluster gene expression and heteroclroma- 
till formation in Di~osopizilcr and other animals (10).  Many o f  the 
Di.osophilcr PC group that have lnainlnalian orthologs are not present 
in the worm genome. Only C. elegciizs orthologs o f  the PC group genes 
eilizciilcer of zeste and Esc can be detected and mutations in these 
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genes, nzes-2 and rrles-6, respectively, have defects in gametogenesis 
but not spatial patterning (11). Missing, for example, are orthologs of 
the Dvosophila PC group genes Psc, PC, Ph, Pcl, and Scnz, all of which 
detect probable mammalian orthologs. The phylogenetic placeinent of 
C. elegans in the Ecdysozoa suggests that most of these chromatin 
remodeling proteins have been lost in the C. elegarzs evolutionary 
lineage. Those Pc group genes that remain may no longer function in 
maintenance of Hox gene expression. In contrast, there are clear C. 
elegnns orthologs of the tvithora.~ class genes nshl, nsh2, Tvx, and 
Brahn~a that have been implicated in establishment of Hos gene 
expression in Dvosophila (10). 

Perhaps the partial dispersion of the C, elegaizs H0.u cluster linkage 
and the loss of most Pc group genes are linked. For example, long 
range Pc class regulation of Hox gene chromatin structure may impose 
a genetic selection on the integrity of the Hox gene cluster that is so 
striking in the arthropod and chordate lineages. The relatively recent 
loss of this form of gene regulation in C. elegaizs may allow its Hox 
cluster to disperse. The presence of the C. elegans Hox genes on the 
same chromosome but not organized in tandem may represent a 
cluster in the process of disassembly after loss of the PC genes. The 
model that ancestrally linked genes tend to initially diffuse apart over 
the same chromosome and then to other chromosomes is supported by 
many examples in the C. elegaizs genome of closely related genes 
localized to the same genetic region whereas more distantly related 
gene families tend to be localized to the same chromosome. 

The orthologous sequence relationships of 5 1 of the 83 C. elegarzs 
homeobox genes and other vertebrate or invertebrate homeobox genes 
indicate probable conserved functions, but there are examples of 
orthologs that also have novel functions in particular species. The 
Apterous1tt.x-3LIbI homeobox gene orthologs function in the genera- 
tion of theirnoregulatory neural circuits in C. elegnrzs and perhaps in 
Dvosophila and vertebrates (12) and also regulate limb development 
in Dvosoplzila and vertebrates (but not in C, elegnns, which has no 
limb equivalent). It is probable that the neural developmental role is 
ancestral, and that in the arthropod and tetrapod lineages, these genes 
have acquired transcriptional regulatory sequences to broaden their 
function to the developiilg limb. Conversely, C. elegaizs carries 
probable orthologs of homeobox genes implicated in eye development 
across phylogelly (bavlzl, eyeless, arzd sine oculis), but C. elegans 
does not have eyes. Either these genes mediate events in the devel- 
opment of a modified C, elegaizs eye (conceivably an infrared sensing 
theirnosensor), or these genes have been hijacked to another role. 
Thus the orthology of 51 C. elegarzs homeobox genes indicates only 
a subset of their possible functions. 

There are 32 C. elegans homeobox genes that do not cluster in 
dendrograms with genes from other invertebrate or vertebrate data- 
bases; 16 of these genes can be classified into homeobox subtypes but 
16 genes define novel subtypes. Missing orthologs of C. elegans 
genes in other species could be due to limited expression because in 
general homeobox genes have been sampled from cDSA rather than 
genomic libraries, or they could reflect an expansion of particular 
gene functions in C. elegarzs. 

There are eight examples of Drosophilalvertebrate pairs of ho- 
meobox orthologs that are not detected in the worm genome (13), and 
more homeobox genes detected only in Drosophila or only in verte- 
brates that are not present in C. elegans. The missing Dvosophila and 
vertebrate genes do not appear to mediate developmental events in a 
tissue not present in C. elegarzs. Assuming that the missing vertebrate1 
Dr.osoplzila orthologs are not in the estimated 1% of the C. elegans 
genome sequence that remains to be determined, they have probably 
been deleted from the C. elegarzs genome and may be missing more 
broadly in the phyloge~letic lineage that includes C. elegnns. What- 
ever the evolutionary history of their loss or divergence, C. elegans 
can develop without these genes. 

Othev tvarzscviption factor genes in~plicated in developrizental con- 

trol. Transcription factors of the basic helix loop helix, bZip, zinc 
finger, forld~ead, ETS, and T-box families (each of which can be 
recognized by a distinct protein sequence motif) have been implicated 
by genetic and molecular analysis in cell type specification in a 
variety of systems (Table 1). There are multiple C. elegaizs genes in 
each family, many of which are orthologous to inainmalian genes. 
About 10 to 25% of the genes in these families have emerged from C. 
elegans genetic analysis of cell fate specification and signaling sug- 
gesting that much analogous developmental control remains to be 
studied. A number of the C. elegans genes in each family have no 
clear vertebrate or other invertebrate orthologs, and particular con- 
served subclasses in each family detect no C. elegarzs orthologs, 
suggesting that the families have expanded and diverged (or have 
contracted differentially) in each phylogenetic lineage. For example, a 
striking feature of the 14-member C. elegaizs T box family is that it is 
missing a C. elegans ortholog of Brachyury, which regulates the 
development of the chordate notochord and Dr.osophila hindgut dif- 
ferentiation (14). Thus, the C. elegans genome sequence does not 
reveal a possible ancestral function of a key chordate regulator; rather, 
it suggests that metazoan development is possible without this gene. 

The most dramatic expansion is seen in the C. elegans nuclear 
hormone receptor (NHR) gene family. The SHRs are DNA-binding 
proteins that bear a variety of ligand-binding domains for small 
molecules and regulate diverse developmental and physiological pro- 
cesses. There has been a huge proliferation of NHR genes in the C. 
elegaizs genome (15). Only 12 of the 235 genes detect probable 
mammalian or Diosoplzila orthologs (15). bIany of the orthologous C. 
elegans NHR genes and two of the six genetically analyzed C. elegaizs 
NHR genes that affect molting, clclf-12 and rzhr-23, detect components 

Table 1. Transcr ipt ion fac to r  genes 

Genes iden t i f i ed  Or tho logs  

Gene f a m i l y  
By Genet i ca l l y t  In 

N o t  i n  
sequence" C. eleganst C. eleganss 

H o m e o b o x  genes7 
H O X  cluster  
PAX 
P O U  
LI M 
Prd-type 
N kx2 
SIX 
TALE 
C U T  
ZFH: 
BarH1: 
O r t h o l ,  pairs 
N e w  class 

Paired b o x  
T-box 
b H L H  
bZ ip  
Forkhead 
ETS 
N H R  
Polycomb-group 
Tr i tho rax  

*A list of the gene names can be found a t  www.sciencemag.org/featureldata/985556.shl. 
One gene, the zfh-2 ortholog zc123.2, has 3 homeodomains. tThis category includes 
genes that have been positionally cloned on the basis of a mutant phenotype and genes 
that have been knocked-out by gene-targeting methods. $Phylogenetic trees on 
which the orthologous assignment is based can be found at ww.sciencemag.orgl 
featureidatai985556,shl. #This category includes only those genes that have verte-, 
bratelinvertebrate orthologs, but  no C. elegans ortholog. :Classes wi th at least two 
C. elegans genes are listed separately. Single C. elegans genes that have invertebrate1 
vertebrate orthologs fall into "Orthol. pairs," whereas genes wi th no orthologs constitute 
a "New class." ND, not  determined. 
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of the Drosophzla ecdysone response cascade, a provocatlr e result for 
a moltmg annnal (1 6 )  Howea er, the sex-1 NHR gene 1s also oitholo- 
gous to Drosophila ecdysone response pathway genes, but has been 
genetically implicated in X chromosome countiilg in sex detennina- 
tion and dosage compensation rather than molting (1 7). Notably 
missing from C, elegans is an ortholog of the insect ecdysone 
receptoi, suggest~ng that a conserl ed ho~monal lesponse pathway that 
1s triggered by ecdysone In Insects may be t~~ggered  by some othe~ 
hormone 111 the Caeizoihabdztae The remalnlng 223 C elegans NHR 
genes are not represented In other partla1 genome sequences, suggest- 
ing that many are nematode-specific. Consistent with a rapid and 
recent expansion of this gene family in C. elegans, many of NHR 
genes map to one chromosome, suggesting that these genes multiplied 
in recent evolutionary history and have not yet drifted to other genetic 
regions (15). 

Consei-~'ation in biiidiizg sites for transcription factors. The or- 
thologous relationships among so many transcription factors, and their 
assignment to functionally related genetic cascades suggests that these 
transcription factors may bind to and regulate common targets across 
phylogeny. In fact, this has been shown to be the case in muscle 
development from C. elegaizs to chordates, where the bHLH tran- 
scription factor Twist regulates the expression of NK-class homeodo- 
main transcription factors in the muscle regulatory cascade (18). 
However, whereas the regulatory regions of the NK genes bearing the 
bHLH protein binding sites are clearly conserved between D. virilis 
and D inelanogaster and between C. elegans and C brzggsae (species 
paus phylogenetlcally separated by lo7 years) they are only weakly 
conserved between C. elegans and Drosophila, separated by a 100- 
fold longer period. The genome sequences of species divergent be- 
tween 10' and lo8 years from C. elegans, Drosophila; and vertebrates 
may need to be determined to allow simple infolmatic identification 
of regulatory binding sites. 

There are examples of enhancer function conserved across species, 
most notably between autoregulatory elements of the Hos gene cluster 
of arthropods and vertebrates (19). Because of the precision with 
which expression patterns can be detennined in C. elegans and 
correlated with the expression patterns of transcription factors, future 
developmental genomics may test expression patterns in C. elegans of 
candidate enhancer elements from other species identified from in- 
fol~natic analysis of genome sequences. 

Signaling Pathways 
Consistent with the findings from classical embryology that key 
signaling centers control development, a variety of growth factor 
signaling molecules have been genetically shown to regulate C. 
elegans development. More members of these families are detected in 
the genome sequence and are likely to regulate other developmental 
events. 

TGF-P pathways. Members of the TGF-P family of extracellular 
signals, as well as the receptor and signaling pathways downstream, 
have been implicated in early patterning and physiological regulation 
of both vertebrates and invertebrates (20). The C. elegans TGF-P 
signaling cascade is the paramount example of a signal transduction 
superfamily nearly saturated by genetic analysis (20). There are four 
TGF-P ligand family members in the C. elegaizs genome, and three of 
these have been genetically analyzed. The genome sequence reveals 
hvo type I receptors, one type I1 receptor. and six Snzad proteins that 
transduce signals from the receptors to the nucleus. and the functions 
of all of these genes have been genetically studied and ordered into 
two pathways. 

The four TGF-P-like ligands are quite divergent from those in 
other species but one of them, DBL-1, clusters with D~.osophila 
dpp!vertebrate BMP-4 (21). DBL-1 mediates body size dete~mination 
from its site of expression in the ventral cord (21). Thus even though 
it is a probable ortholog by informatic classification, DBL-1 functions 

more as an endocrine signal of the actividinhibin type than an early 
patterning gene like dpp or BMP-4. DAF-7 mediates metabolic and 
diapause control in a neuroendocrinz fashion from its expression in 
one or a few neurons (22). UNC-129 mediates neural pathfinding 
(23). The fourth TGF-P gene has not been studied genetically but is 
most closely related to BiW-7iDrosophila 60A. 

The genome sequence reveals only two pathways by which these 
four TGF-P ligands may signal. There are 'nvo type I receptor kinases 
for these ligands: The DAF-1 type I receptor kinase has been genet- 
ically shown to transduce DAF-7 TGF-@ signals (24) and the SMA-6 
type I receptor kinase acts in DBL-1 body size signaling (25). The 
DAF-4 type I1 receptor is the only type 11 receptor kinase and, 
consistent with this genomic analysis, transduces both DBL-1 and 
DAF-7 signaling (24). These type I and type I1 receptors detect 
homologous proteins in vertebrate and other invertebrate databases, 
but do not cluster obviously with particular family members to allow 
simple orthology assignments. 

Of the six Snzads revealed by the C. elegans genome sequence, 
three have been genetically implicated in DAF-7 signaling, and three 
others have been genetically implicated in DBL-1 signaling (25, 26). 
The genomic ratios of three Sinads per cognate receptor pair and the 
biochemical finding that mammalian Snlad proteins form trimers upon 
receptor activation (27) suggest that the three Snzad proteins in each 
pathway fonn heterotrimers to propagate TGF-@ signals to down- 
stream genes. Because these are the only TGF-@ receptor and Snzad 
genes in the genome; the UNC-129 and other TGF-@ ligands are also 
likely to couple via these transduction pathways. The genome analysis 
leaves no room for other canonical TGF-@ receptors or Smads. 

Consistent with the C. elegans TGF-P signaling ligands acting in 
a neuroendocrine manner, no homologs are present in the worm 
genome of vertebrate chordiizlDrosophila sog, which bind to TGF-@ 
ligands to confer short range gradients for patterning (28). However, 
there is a probable C. elegans ol-tholog of the toNoidlBiMP-1 metallopro- 
tease gene that processes sog and chordin. Perhaps the tolloid class of 
proteases have other functions besides soglchordin processing. 

Receptor tyosine 1Cnasepathways. Receptor tylosine kinases (RTKs) 
were originally revealed as regulatory genes from their action in growth 
factor signaling and oncogenic pathways; but have also been shown to 
mediate patterning events in both vertebrates and invertebrates (20). 
There are 28 C. elegclizs RTK genes, 11 of which correspond to probable 
orthologs of other vertebrate and other invertebrate RTK genes. Muta- 
tions have been identified in four of the RTK genes, all of which act in 
genetic pathways that support their assignment to orthologous pairs: 
DAF-2 is an insulin$TGF-I receptor ortholog that also mediates metabolic 
and grokvth control (29); EGL-15 is an FGF receptor ortholog that 
mediates mesodernal migration signaling from the FGF-related ligand 
EGL-17 (30); VAB-1 is the probable EPH receptor kinase oltholog that 
mediates head and tail neural and hypodermal patterning (31); LET-23 is 
the EGF receptor oltholog for the epidermal patterning TGF-@-related 
ligand LlN-3 (32). 

Given how extensively RTK genes have been sought in mamma- 
lian and other invertebrates; the two families that are specific to C. 
elegaizs may actually be unique to this phylogenetic lineage. In fact, 
one of the C. elegans-specific RTK families appears to have under- 
gone a recent expansion to 11 members; the members are all located 
within 500 kb of each other, as if they have diffused by inversion from 
the point of multiplication. Two of these family members; /en-15 and 
kin-16, are expressed in hypodermal cells (33), and the 11-gene 
kin-15/16 family is interspersed with chitinase genes, suggesting 
perhaps an involvement in epidelmal fungal resistance. 

There are also missing C. elegans RTK genes that are present in 
Drosophila and vertebrates: For example, there are no nerve growth 
factor!trk receptor or PDGF!FLK receptor genes. It is possible that the 
small size or short lifespan of C. elegans supercedes the former 
requirement for neuronal survival factors such as NGF. 

2036 11 DECEMBER 1998 VOL 282 SCIENCE www.sciencemag.org 



Table 2. Growth factor signaling genes. 

Gene family 
Genes identified 

By sequence* Genetically 
Gene family 

Genes identified 

By sequence* Genetically 

TGF-p signaling pathway 
TGF-P-like ligands 
TGF-P-like receptors 
Smad proteins 

W g I W n t  signaling pathway 
Wnt- l ike ligands 
Fz-li ke receptors 
Signal transduction components: 

APC 
dsh 
GSK-3 
p-catenin 
LEFITCF 

Other 
Porc 
Axin 
GBP 

lin-121Notch signaling pathway 
lag-2-type ligand 
lin- 12-type receptor 
su(H) 
Groucho 
Neuralized 
Sno 
Numb 
Prospero 
Kuzbanian 
Presenilin 
Cdc-4 
Deltex 
Mastermind 
Hairless 
Scabrous 
Big brain 
Fringe 

Receptor tyrosine kinase signaling pathways 
Receptorst 

Signal transduction components: 
Grb2 
Nck 
Crk 
Cbl 
Cnk 
IRS-I 
Shp21csw 
Sos 
Ras 
GAP 
Raf 
Ksr 
Sur-8 
Akt 
P13K: 

p l l 0  
p85-like 

Mek t  
Mapk 
PTEN 

Cytoplasmic tyrosine kinases 
Src 
Abl 
Fak 
FesIFer 
SyklZap70 

To l l l lL l  receptor signaling pathway 
Toll-like receptors 
Pelle kinase 
NF~P ldo rsa l ,  I K ~  

- 
Cytokine signaling pathways 

*A list of the gene names can be found at www.sciencemag.org/feature/datai985556,shl. 
?See figure at www.sciencemag.org/feature/datai985556.shl ;There are many CytOkine I - - ~ ~ ~  ,? \ 

more MEK and MAPK-like genes. o n l y  one each, however-being the best homologs of tgp !'"' PC' YCI 
vertebrate MEK and ~ ~ ~ ~ , ; e s ~ e c t i v e & - h a s  been implicated in RTK signaling. ,'There Jak ltinase 

are many LRR-containing receptors, none of which, however, is closely related t o  ToLI/iLIR. Stat 

The orthologous relationship among a number of C. elegnizs and 
vertebrate RTK genes allows the attributes of the lulown ligands of the 
well-characterized receptors to be used to search the C. elegnns 
genorne database for ligands. As a general rule, the ligands are much 
more difficult to detect because they are small and diverge quiclcly in 
evolution, so our ligand family sizes may be underestimates. Because 
there is only one meinber in the genome of the RTK subtypes 
discussed below, it is probable that any ligand family lneinbers couple 
via their corresponding RTK only. For example. 10 insulin-like 
ligands for the DAF-2 RTK have been reported (34). Much of the 
expansion of this C. elegaizs insulin fanlily appears to be recent 
because many of the genes are clustered (34). Even though these 
genes are recently duplicated; their protein sequences are highly 
diverged, suggesting extraordinary selection. These ligands may be 
expressed in distinct sets of cells or regulated differentially by distinct 
enviro~unental inputs. The recent generation of this complexity 
evinced by the genetic clusters suggests that such regulatory com- 
plexity may have been acquired in a saltator-y fashion. 

In the other RTK families, there are 'nvo FGF-family ligands for 
the EGL-15 receptor. There are four eplxin-related C. elegans genes 
that may correspond to ligands for VAB-1. Ho\vever; no other ligands 
for the LET-23 EGF type receptor emerge from coinparillg the C. 

Hedgehog signaling pathway 
Hedgehog-like ligand 
smo receptor 
Patched receptor 
Fused kinase 
Protein kinase A 
cilgli tsk factor 
Tout-velu 

elegci~zs genome with lulown ligands for this receptor family from 
woims, flies, and mammals, suggesting that these particular gro\r.th 
factors diverge quickly in evolution. 

Downstream of these receptors, signal tra~lsduction proteins such 
as adaptor proteins that couple to GTP regulated ins signaling and 
kinases have been identified by genetic analysis. Suiprisingly, each 
signaling family does not reveal a constellation of related proteins: 
There is just one gene family ~ n e ~ n b e r  in the C. elegatzs genome for 
most of the signal transduction proteins listed in Table 2. Soine of the 
cytoplasmic ser;thr l<iaases detected in the genonle are likely to act 
downstream of these receptors, as has been sholvn for particular 
l<inases dowllstreain of LET-23 and DAF-2. It is stril<ing; however, 
how few cytoplasmic l<inases have been identified by developlnental 
genetics in C. elegc~~zs. Whereas one-quarter of the RTKs were 
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identified by classical genetics, only a few of the Inore than 300 
cytoplasn~ic lcillases have emerged from genetic analysis. The prob- 
able explanation is that multiple serlthr lcinase path~~rays emerge from 
the receptors so that mutation in any one lcinase causes subtle effects 
not easily recognized by the geneticist. 

Wnt Pathways 
Gro~vth factors and signaling path~xrays of the PTTi~t,'~t~ingless class have 
been implicated in patterning in both vertebrates and inr.ertebrates 
(35). There are four probable C, elegnns Wilt path~xrays revealed in the 
genome sequence that may utilize some common downstream signal- 
ing components and some specific components (Table 2). Three of the 
W'nt pathways haye been studied genetically and shown to each 
control distinct oriented cell diyisions or cell migrations: thus the TYnt 
signaling cascade is almost fully reyealed by genetic analysis (36). Of 
12 C. elegc~izs members of the LEF.!TCF family of Liht transcriptional 
outputs, one gene has been implicated by genetic analysis as an output 
of a Wizt signaling pathway (36).  Of three p-catenin genes that encode 
bifunctional proteins that transduce TYnt signals to the nucleus as well 
as play structural roles ill adherens juactions, all have emerged from 
genetic analysis (36-33). One of the p-catenin genes acts in a PTTnt 
path~vay. but the other two have not been assigned to PTT?zt pathways. 
and one (lzinp-2) may play a more structural role in morpllogenetic 
movements (36, 37). 

lin- 72/Notch Pathways 
The liiz-12i.Votch receptor signaling pathways mediate cell-cell sig- 
naling to patteln equipoteiltial cells in a yariety of systems (39).  The 
genome sequence reyeals only two C. elegnix liiz-l?\\'otch-type 
signaling path~x~ays and both of these have been extensively explored 
by genetic analysis. There are four Deltci,~c~gged ligand genes, two of 
which have been sho~xrn genetically to act in the pathways. There are 
two lin-l2Notcl1 receptor homologs that function redundantly for 
some signals and independently for others. The two receptor genes are 
also closely linked, suggesting a recent gene duplication and partial 
functional divergence. The specificity of their function is mainly due 
to distinct patterns of expression. suggesting that it is the evolution of 
transcriptional regulatory diversity that has generated the diverse 
functions of these recently duplicated genes (39).  All four ligands are 
likely to couple via these receptors, perhaps in distinct tissues. A C. 
elegcli~s Slrppi.essor o f  Hnirless ortholog is lilcely to be the major 
trallscriptional output of both receptors. Also detected in the genome 
sequence but not yet implicated in lii1-12/~\~otch signaling by genetic 
analysis are probable o~thologs of a variety of 2\'otch-coupled proteins 
from Drosopl~ilc~ (Table 2). Other genes implicated in Di~osophilc~ 
.\'otclz signaling are missing fro111 the C. elegaizs genome (Table 2).  

Cell Death Pathway 
Progra~nmed cell death is a inajor feah~se of vertebrate and inverte- 
brate development. Molecular genetic analysis of C, elegclizs genes 
that either induce or prevent programmed cell death revealed a 
regulatoly pathway that detects mammalian homologs that are now 
understood to regulate cell death as well (40).  Tl~us ,  the C, elegnils 
genome sequence is an opportunity to find other possible cell death 
regulators. The CED-9 cell death-protecting protein is the only Bcl-2 
homolog in the C. elegcrizs genome. The EGL- 1 cell deatll-promoting 
protein bears one of the four be1 family motifs; there is a second C. 
elegc~~zs BH domain gene that has not been implicated in cell death. 
The ICE proteaseicaspase gene ced-3 is one of three C. elegans 
caspase family members: the other genes haye not been ilnplicated in 
cell death. The gene ced-4 is related to mammalian c~pqfiI and is the 
only relatiye in the C, elegnns genome. T1x.o out of three molecularly 
analyzed C, elegc~izs cell death-related engulfment gene products haye 
mammalian orthologs: the DOCIC180 protein CED-5 and the XBC 
transposter CED-7, whereas CED-6 is a novel protein. Only in the 

case of cecl-7 are there other lnelnbers of the gene family in C. 
elegci?zs, but these are likely to be general small molecule transporters. 
There are no C. elegcins genes related to the Di~o~opl z i l~  cell death 
regulatoly genes i,enpei,, gi.iiiz, aud hicl, or the mammalian cell death 
genes fcis or its receptor, TNF-a or its receptor. or FADD and RIP. 
There are two C, elegcii~s genes related to the cell regulatory geue IAP 
but these have not been genetically studied. 

Developmental Pathways That Are Divergent in C, elegans 
Although the :Vote11 'liii-I2 and ~u'izgless signaling pathways mediate 
the interactions between C. elegciizs blastomeres after the first few cell 
diyisions. it appears that noye1 lnolecules identified by genetic anal- 
ysis have evolved to specify the generation of the first blastomeres 
(41). htaay of the genes have motifs that reyea1 their biochemical 
function. but most detect no orthologs. For example. iizex-1 and pie-1 
encode divergent Zn finger proteins that are asymmetrically expressed 
in early blastomeres and may differentially bind matenla1 mRNXs to 
specify blastoinere cell fates (41) .  Similarly, the asymmetrically ex- 
pressed sliiz-1 encodes a diyergent member of the bZIP transcription 
factor class that specifies blastoinere fates (41).  

Upstream of these transcription and trailslation factors, the pew 
genes regulate the asymmetly of early blastolnere cell divisions (41).  
Many of the proteins encoded by the pni genes are asyn~n~etrically 
localized in the early embryo to mediate the asymmetric activation or 
sorting of the translation and transcriptioilal regulatory proteins. Most 
of the pcii genes do not detect o~thologs in other species. 

The genes that regulate C, elegnizs early de~elopment may be 
specialized for early blastomere patterning in this phylogenetic lin- 
eage. C. elegnns embryonic developinellt is cellular, in contrast to 
Di,osopl~iln syncytial de~elopment.  The cellular form of early deyel- 
opment is more like that in vertebrates, so it is possible that orthology 
to vertebrate genes will emerge. On the other hand. the asymmetric 
blastomere cleavages of C, elegciizs are more similar to the spiral 
cleavages of many inveitebrate species; oithologs of C, elegnizs genes 
illrrolved in this process may emerge from analysis of these other 
species. 

Another major focus of C, elegnils developmeutal genetics has 
been a dissection of ho~xr the temporal dimension of development is 
regulated (42).  Most of the C. elegciils genes that regulate temporal 
pattenling detect no clear Di.osoplziln or chordate orthologs. Thus it is 
possible that the temporal pattellling genes of C. elegcrizs identify 
components of a pathway that may be limited. for example, to 
particular molting species or an even nanower phylogenetic distribu- 
tion. The product of the heterochronic gene l i?~-4 is a 25-nt regulatoly 
RYA that controls the translation of other heterochronic genes (42).  
Although this gene is clearly conserved in the Cciei~orl~c~bditae. it 
cannot be detected in other genomes. Regulatory FWX genes such as 
lin-4 escape detection by gene-finding programs, but ~xrill most likely 
emerge from sister genome con~parisons akin to those between C. 
elegcri~s and C. bi,iggsc~e (as ~xrell as by genetics, as in the case of 
liiz-4). 

Missing Pathways in C. elegans 
Until co~nplete gellonle sequences became available. one could neyer 
conclude that a path~x~ay was missing in any organism; only that 
researchers had failed to find it. The nearly complete C, elegails 
genome sequence allows us to enumerate. for the first time in any 
animal, missing developmelltal control genes that are broadly repre- 
sented in ani~nal phylogeny. 

There are t\x7o classes of missing C. elegcins gene superfamily 
members. Missing C, elegnns orthologs that are present in both 
chordates and other invertebrates have probably been deleted in the 
phylogenetic lineage that leads to C. elegniis: genes found in such 
divergent animal clades would be expected to be present in another 
Ecdysozoan, C. elegnils. The missiilg C. elegciizs gene classes that 
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have been defined by genes in a single phylogenetic branch may 
correspond to inventions in one phylogenetic lineage rather than 
deletions in the C. elegclizs phylogenetic lineage. 

The most striking missing (or highly modified) path~vay is hedge- 
hog (lth) signaling. Even though a variety of invertebrate and verte- 
brate species specify significant body pattern elements by hlt signaling 
(hlt ligand, the sn~ootl~ened andpcltched receptors, the fused and PKA 
kinases, the cilgli transcriptional output), C. elegnns is missing the hh 
ligand, the smoothened receptor, and the,filsed kinase of the pathway. 
These proteins are conserved over large regions between Diosophila 
and many vertebrate species. so it is not likely that the C. elegnns 
orthologs would be unrecog~lizable (43). 

The asseltion that any one gene is missing in C. elegans is subject 
to the caveat that gaps in the genome sequence still exist that are 
estimated to contain up to 1% of the total genes. So for each gene 
declared missing in action, it is really a probability of 99% that it is 
missing. In the case of lth, the missing three pathway genes (hlt, 
sinoothened, and,filsed) leaves an even more remote chance that all 
thee  genes will show up in the eventual complete C. elegclns genome 
sequence. 

Even if there is no C. elegnizs hlz ortholog, the probable ortholog 
of patched and a second patched-like receptor gene, both of which 
bear conselved intracellular and extracellular regions, are present in 
the C. elegclns genome. Neither of these genes have yet been impli- 
cated in any genetic pathway but P. Ku~vabara has found that both 
patchecl family members are essential genes (44). suggesting that the 
pcltched signaling pathway without a Izlz ligand or smoothened recep- 
tor continues to function in C. elegans. 

The C. elegans ortholog of the Zn finger transcriptional output of 
hi7 signaling. cilgli, emerged from molecular genetic analysis of the 
sex determination pathway as the gene ti-a-1 (45). The sex determi- 
nation pathway has been genetically studied in great detail (45). and 
no other member of the remaining Izh signaling pathway has been 
implicated in control of b.a-1. However a signaling cascade is coupled 
to tin-1. and the receptor in that cascade, TRA-2, bears very weak 
sequence similarity to the patched family of receptors (46). The 
HER-1 ligand for the TRA-2 receptor, however, has no sequence 
similarity to hlt. The TRA-3 protease has been implicated in the 
pathway that includes the receptor and TRA-1, and the ci ortholog is 
proteolytically cleaved upon activation of hlt signaling (47). Sex 
determination pathways may be quite plastic in evolution. Thus it is 
reasonable to see a possible orphan from a lost lth signaling pathway, 
tra-1, reassigned to sex determination. The extant patched "ortholog" 
may have been similarly reassigned, or thepatched gene family across 
phylogeny may in fact function in more than just Izlz signaling, and 
only the other function remains in C. elegans. At the very least, we 
must conclude that metazoan development is possible without hh 
patterning. 

Another example of partial pathway deletion is the TollIIL1 im- 
munity signaling pathway. Although there is no clear C. elegans 
ortholog of the TollIILl receptor, there are a few members of this 
receptor family. There is a probable pelle kinase ortholog, but no ?,el 
or dorsal homolog, which are the transcriptional outputs of these 
pathways in vertebrates and Drosoplzila, respectively (48). The an- 
cient function of the TolliIL1 receptors in immunity may be consenred 
but its transcriptional outputs are not. 

The JAKISTAT signaling pathway is even more vestigial in C. 
elegans. Whereas Diosophila and vertebrates have a cytokine receptor 
to JAK kinase to STAT transcription factor signaling pathway that 
regulates hematopoiesis as well as other growth and physiological 
signals (49), no receptor homologs, no JAK kinase homologs, and 
only a vely distant partial STAT gene are present in C. elegans. 

Although C. elegans may be the first animal for which we can list 
what is missing, the deletion of almost universal orthologs may be a 
general phenomenon. For example, the genome of the ancestor to 

nematodes, arthropods, and chordates may have been more complex, 
but may have been trimmed in distinct steps in each of the phyloge- 
netic lineages. 111 such a case. when complete genome sequences 
emerge from arthropods and vertebrates, distinct sets of missing genes 
will be found there as well. It is possible that the selection of small 
genomes for sequencing projects enriches for species that have 
trimmed genomes. On the other hand. C. elegans may have a partic- 
ularly trimmed down genome so that a variety of genes have been lost 
somewhere in the phylogenetic lineage to C. elegclizs but not in other 
lineages. Searching for the ~nissing set of phyletically general genes in 
the Ecdysozoan and Nematoda lineages may illuminate how genes are 
lost or reassigned in C. elegnns. If the genes are found in species more 
closely related to C. elegc~izs than Drosoplziln or chordates, the 
deletion of this pathway in the C. elegclns lineage will be supported. 

The Utility of the Genome Sequence in Present-Day 
C. elegans Developmental Genetic Analysis 
The previous molecular analyses of approximately 300 genetically 
identified C. elegc~izs genes has generated a correlated physical and 
genetic map that speeds the positional cloning of subsequent genetic 
loci. The 1300 genetic loci (about 6% of the total genes) that have not 
yet been molecularly analyzed will fuel future genetic analysis of 
developmental control. Genes in a broad genetic region can be 
elevated to candidacy for a mutant being mapped, on the basis of 
current molecular kno~vledge of the pathway or the mutant phenotype. 
Candidate genes can be tested without laborious fine genetic mapping, 
for example, by complementation with cloned DNA segments or by 
sequencing of mutant alleles. The recent advent of double-stranded, 
RVA-mediated gene inactivation has revolutionized our ability to 
inactivate candidate genes in a region and assess the phenotypic 
consequences (50). 

The genome sequence also speeds other genetic manipulations. 
Primers for amplification by the polymerase chain reaction can be 
designed from the genome sequence to allo~v simple amplification and 
genetic transformation of particular genetic regions, so that gene 
dosage can be increased in wild type or pathway mutants to search for 
high gene dosage suppression or enhancement of phenotypes. Gene 
fusions to the green fluorescent protein have been used extensively to 
reveal gene expression patterns and as molecular phenotypes with 
which to characterize or screen for other mutants (1). Hybrid genes 
can now be constructed to misexpress genes in novel cell types to 
prove necessity or sufficiency of gene activities, or express genes 
fro111 other organisms to prove orthology. Gene activities can be 
disrupted by efficient sib-screening technologies (51). 

Saturation genetic analysis of those pathways that already show 
clear orthology to mammalian pathways are promising avenues for 
practical impact on human health; for example, by detecting orthologs 
in humans of each new gene revealed by genetics. There are also cases 
in which the detection of orthology does not just add a new gene; it 
fuses two pathways that were previously unrelated. For example, 
saturation genetic analysis of lin-12 receptor signaling revealed that a 
C. elegans ortholog of the human PSI multipass transmembrane 
protein, which had been implicated by human pedigree analysis in 
predisposition to Alzheimer's disease, regulates the lin-12 function 
(39). Thus the mammalian PSI gene that had been placed in neural 
degeneration pathway was now also placed in a Notch-like signaling 
pathway, and vice versa, fusing what were considered disparate fields. 
This research suddenly thrust the well-developed lin-12 signaling 
pathway into candidacy for regulation of neural degeneration in 
Alzheimer's disease. 

Conclusion 
We have been in a gene discovery era that celebrates the listing of 
universals. It appears that about half of the C. elegans genes belong to 
gene families that are broadly distributed across animal phylogeny 
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and about half will have a more restricted phylogenetic distribution. 
The set of universal developmental co~ltrol genes, such as the i.rrs, 
presenilin, insulin, and cell death pathways, promise to reveal mech- 
anisms that are important to human development and health. 

Although animals have much in common, worms are not puppies 
and humans are not sea cucumbers. An outstanding question is 
whether the obvious differences between animal fonns and functions 
are caused by changes in regulation of the universal genes, or caused 
by differences in the complement of related or novel regulato~? genes 
that might be more specific to particular phylogenetic lineages, or 
both. 

The delldrograms of each gene family are the historical record of 
multiple gene duplications and divergellces of fi~nction over the 
course of evolution. Some of this gene duplication and divergence 
occui-red in pre-Carnbrian times and have been inherited by much of 
animal phylogeny. These are the orthologous genes that serve con- 
sewed roles in nearly all animals. The members of the gene families 
that do not detect orthologs may be recent inventions in particular 
phylogenetic lineages, or may have been lost in particular phyloge- 
netic lineages. This is the evidence of the ongoing invention in these 
gene families. 

Perhaps the most striking feature of these trees is how genes on 
most of the branches, whether unique to particular phyla or u~liversal, 
have already been shown by genetic analysis (mostly in flies and 
worms) to function in particular developmental events. Thus, the 
ancient duplication and divergence of these gene families that gener- 
ated the deeply orthologous members as well as the more recent 
phylogenetically restricted diversification have generated essential 
functions. 

Even within the universal set of broadly orthologous genes, nov- 
elty emerges. There are many examples of orthologs taking on new 
roles in evolution, as if a core fi~nction has been conserved but 
additional functions have evolved in particular phylogenetic lineages. 
It is essential to establish which gene function of an o~-tholog is more 
phyletically general and thus primitive and which is derived in the 
comparisons of orthologs across phylogeny. Just as the ulliversals and 
peculiarities of Hos gene function have bee11 a major object of recent 
phylogenetic comparisons, we call expect many such orthologous 
pathways to be so analyzed. 

From the current state of analysis of these genes, it is already clear 
that new gene functions are generated both by acquisition of novel 
transcriptional regulatoly domains-in most cases, the diverse mem- 
bers of gene families are expressed in distinct cell types or times or 
places-as well as by the divergence of the protein sequences to 
interact with distinct other molecules. Comparative ge~lornics may 
reveal where the regulatoly regions come from in this reassigllmellt of 
function. It would not be surprising to find that transposons mediate 
the construction of recombinant repulatoly elements, perhaps even by 

patterns of a selection of universal and phylogenetically restricted 
developmelltal control genes in a broad phyloge~letic sampling of 
developing animals, would reveal which aspects of their regulation are 
u~liversal and which are unique to particular species. In this way, we 
may view the evolutiona~y generation of diversity from the basic 
building bloclts we now understand. 
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Caenorhabditis elegans Is a Nematode 
Mark Blaxter 

phyletic separation of the nematodes from othel groups. Current best 
estimates of the time of divelgence range fiom 1200 million to 600 

Caenorhabditis elegans is a rhabditid nematode. W h a t  rele- million years ago (6) There ale about 35 animal groups whose body 
vance does th is have for t h e  interpretation of t h e  complete plans are distinct enough to wairant elevation to phylum status (7 )  
genome sequence, and how w i l l  it affect t h e  exploi tat ion of Aftel 130 years of phylogeny (8).  the interrelationships of the animal 
t he  sequence for scientific and social ends? Nematodes are phyla are still the subject of vigorous debate. and the position of the 
only distantly related t o  humans and other animal groups; w i l l  Nematoda within the animals is far fiom clear The integration of 
th is l imi t  the  universality of t he  C. elegans story? Many molecular and moiphological analyses is required to resolve these 
nematodes are parasites; can knowledge of t he  C, elegans long-standing problems (9). 
sequence aid in t he  prevention and t rea tment  of disease? Morphological phylogenies have usually indicated that the 

pseudocoelomate nematodes arose early in animal evolution, as part 
In temls of numbers of described species, the arthropods dominate the of a radiation of "aschelminth phyla, predating the split into proto- 
known metazoan life on Earth. Although the nurnber of described species stome groups (annelids, arthropods: mollusks, and others) and deu- 
of nematode is only -20,000, estimates of the actual number range from terostome groups (chordates, brachiopods; and others) (Fig. 1A) (1 0, 
40,000 to 10 million. The high estimates are based on repeated sampling 11). This scheme suggests that nematodes are equally distant from 
of single marine habitats and are supported by surveys of terrestrial 
faunas (1). Nematodes are also numerically abundant, attaining millions 
of individuals per square meter (2). Caeno~lzabditis elegans is therefore 
a representative of a diverse and successful group of animals. 

How do the molecular, physiological, and developmental mechanisms 
used by C. elegans-as revealed by the C. elegans genome sequence and 
by the equally important genetic and developmental biological work 
carried out in the last 30 years (3brelate to those used by other animals? 
Although there are undoubtedly nematode-specific components to the C. 
elegans basic body plan, some recent studies indicate that signaling 
systems have been recruited wholesale to perform new fhctions as if 
they are self-contained cassettes that can be exchanged with little func- 
tional consequence (4). At a higher level, though; the patterns and 

both arthropods and vertebrates. Cladistic analyses of developmental 
and morpl~ological traits have resulted in a reassessment of this 
unresolved phylogeny. Nielsen (7) proposed that the nematodes, 
along with four other pseudocoelomate phyla (nematoinoiphs, 
priapulids, kinorhynchs: and loriciferans), form a monophyletic 
group of animals with an introvert (extensible, spined anterior 
organ), no locomotory cilia, and a cuticle that is shed at periodic 
molts. Piematodes are recognized as protostomes, animals where 
the mouth is formed from the embryonic blastopore. This feature 
is not particularly evident in C. elegans, where the embryo is 
a dense mass of cells and the blastopore is not distinct, but is in 
other nematodes (12). In Nielsen's phylogeny, therefore, nema- 
todes are slightly more closely related to arthropods than they are 

processes used by C. elegans to build its body are a product of adaptive to vertebrates. 
evolution over millions of years. Thus. the phylogenetic position of C. Molecular phylogenetic analyses of the position of the Nematoda 
elegans with respect to other animals is of importance in deciphering the with respect to other phyla were initially compromised by the use of 
modes and tempos of evolution of these processes (5). C. elegans as a marker nematode taxon. The genes of C. elegans 

For example, if a gene [such as a particular nuclear hormone appear to have undergone accelerated molecular evolution relative to 
receptor subtype (4)] is found in both the fruit fly Drosophila and C. those of many other animals. This relative rate difference resulted in 
elegans, does this imply that it will most likely also be present in the the (probably) artifactual placement of the origin of C. elegans (and 
human genome? If C. elegans' ancestor diverged before the verte- with it, by association, all of the nematodes) very early in metazoan 
brate-arthropod split, the answer will be yes. If, as has been suggested, molecular phylogenies. This phenomenon has meant that the nema- 
nematodes are more closely related to arthropods than to vertebrates todes have been left out of such analyses until recently. Sequencing of 
(see below), similarities between Drosophila and C. elegans may small subunit ribosomal RNA genes from additional species of nem- 
merely reflect their common ancestry. Is C. elegans representative of atode has yielded taxa with reduced apparent rates; and these sequenc- 
a primitive metazoan, or is it a highly derived organism? 

C. elegans' Place in the Tree of Life 

es can be used to place nematodes more robustly within the metazoa 
(13, 14). The results of these studies are surprising and challenge the 
view that nematodes branched off before the arthropod-vertebrate 

The application of the C. elegans project to the understanding of other split. Two major rearrangements are proposed. The aithropods are 
animals, and of humans in particular, is compromised by the deep removed from a close relationship to the annelids; and a new high- 

level taxon, of animals that shed a cuticle by ecdysis (the Ecdysozoa), 
The author is a t  the  Inst i tute o f  Cell, Animal, and Population Biology, University o f  is proposed to include arthropods, nematodes, and their allies (Fig. 
Edinburgh, Edinburgh EH9 3jT, UK. 1'2) (14). The Ecdysozoa hypothesis is not universally accepted, as it 
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