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Conservation and Novelty in the Evolution of
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| New proteins and modules have been invented throughout evolution. Gene "birth
| dates” in Caenorhabditis elegans range from the origins of cellular life through |
|| adaptation to a soil habitat. Possibly half are “metazoan” genes, having arisen
| sometime between the yeast-metazoan and nematode-chordate separations. These

include basement membrane and cell adhesion molecules implicated in tissue orga-
| nization. By contrast, epithelial surfaces facing the environment have specialized
| components invented within the nematode lineage. Moreover, interstitial matrices |
' were likely elaborated within the vertebrate lineage. A strategy for concerted evolu- |
| tion of new gene families, as well as conservation of adaptive genes, may underlie the |
| differences between heterochromatin and euchromatin.

he genome of the nematode Caeno-

I rhabditis  elegans, now fully se-
quenced, affords remarkable insights

into the origin and nature of multicellular life
(1). Moreover, it raises challenging, often
unforeseen, questions about the molecular
processes and evolutionary consequences of
genome change. Some 20% of C. elegans
genes have orthologs in the budding yeast
Saccharomyces cerevisiae (2) that function in
cellular processes common to all eukarya.
Beyond those shared with yeast, about 30%
of C. elegans genes have known orthologs in
insects or vertebrates that are involved in
developmental and physiological processes
common to all higher animals (3-5). The
remaining genes are thus far found only in
nematodes (6). About half are single-copy
genes and could represent ancient genes not
yet discovered in other phyla. If so, as many
as 50% of all C. elegans genes arose some-
time between the radiations of cellular eu-
karya [about 2 gigayears ago (Gya)] and
metazoa (about 0.8 Gya), and are therefore
expected to be found in all higher animals. C.
elegans is an excellent experimental model
for studying conserved functions of these in-

'Max-Planck-Institute for Medical Research, jahn-
strasse 29, 69120 Heidelberg, Germany. 2Department
of Biology, Johns Hopkins University, Baltimore, MD
21218, USA. 3Department of Biology, University of
Toledo, Toledo, OH 43606, USA. “The Washington
University Genome Sequencing Center, St. Louis, MO
63108, USA. *Max-Planck-Institute for Developmen-
tal Biology, Spemannstrasse 35, 72076 Tiibingen,
Germany.

*To whom correspondence should be addressed. E-
mail: hutter@mpimf-heidelberg. mpg.de

tPresent address: Laboratory of Molecular Biology,
National Institute of Neurological Disorders and
Stroke, National Institutes of Health, Bethesda, MD
20892, USA.

herently metazoan genes. Finally, compari-
son of the C. elegans genome with other
nematodes, and with itself, reveal robust, on-
going processes of gene invention (7-9).
We examined the evolution of extracellular
matrix and cell adhesion molecules, protein
classes that frequently overlap in structure or
interact molecularly. To identify candidate
genes, we used representative insect and mam-
malian proteins, or their fragments, as queries
for BLAST searches of Wormpep (10, 11).
From these initial hits, we performed reciprocal
BLAST searches to identify potential insect or
mammalian orthologs in GenBank, and to ex-
pand the sample of nematode proteins. Direct
searches against Wormpep allowed identifica-
tion of nematode-specific protein domains and
families (/2). For all protein domains summa-
rized in Web table 1 (13) and discussed below
(12, 14), this search cycle proved a sensitive
means of detection with no false-negatives to
the best of our knowledge. To confirm known
protein domains and to count tandem repeats,
we used Pfam profiling with the hidden Markov
model algorithm, HMMer (15); profile param-
eters were set to their most sensitive value,
allowing for module fragments due, for exam-
ple, to imperfect GENEFINDER predictions.
We used manual sequence alignment assisted
by CLUSTAL to define new protein domains.
Potential signal sequences, transmembrane
helices, or glycosyl-phosphatidylinositol
(GPI)-anchoring signals, were identified by
PSORTII (/6). Finally, these genes were
sorted by chromosome position with known
genetic loci. Proteins with orthologs in all
eukarya, for example, ribosomal proteins,
histones, and tubulins, were included for
comparison. Genes with known mutations
were identified from a C. elegans database
(ACEDB); ¢cDNA matches were identified

from BLASTN searches, or counted from
online lists, correcting for duplicate entries
of 5’ and 3’ expressed sequence tags
(ESTs) from a single cDNA clone (/7).
Genes are identified below by their Worm-
pep accession numbers (/7). In addition,
where available, protein and gene names
are appended to these Wormpep accession
numbers using colons and parentheses, re-
spectively. Where a single protein appar-
ently comprises two or more separate data-
base entries, we list NH,-terminal frag-
ments first, e.g., ZK944.4/ZK944.3. Fur-
ther information regarding our analysis is
described online at www.mpimf-heidelberg.
mpg.de/ewgdn/genome_paper/.

Basement Membrane Proteins and
Receptors

Basement membranes are polymeric sheets of
laminin, collagen IV, and associated proteins
found on the basal surfaces of epithelia and
condensed mesenchyma that provide a sub-
stratum for attachment and present a barrier
to cell mixing during development (I8).
Basement membrane components are among
the oldest and most conserved extracellular
matrix proteins (/9). In C. elegans, two dis-
tinct laminin molecules, designated o,y
and apPy, arise from four laminin chain
genes, a,::T22A3.8, ay::K08C7.3 (epi-1),
B::WO3F8.5 (lam-1), and +y::C54D1.5 (Fig.
1). Comparison of these four genes suggests
that exchange between two genes of proto-
laminin (with subunit composition 3eg) re-
sulted in two parental, 8N8€ and €Ne€, and
two recombinant, 3Ne€ and eN&C, chains,
seen in nematodes today. Laminins have du-
plicated further within the vertebrate lineage.
Thus, o, and ay branches split into al/a2
and a3/a4/a5 chains, respectively (20).
Basement membrane collagens are encoded
by three genes, al(IV):K04H4.1 (emb-9),
a2(IV)::FO1G12.5 (let-2), and ol (XV/XVIII)::
F39H11.4. Other basement membrane proteins
have unique representatives, for example,
agrin::F41G3.8, fibulin::F56H11.1, Kall-
mann-syndrome protein::K03D10.1, nidogen::
F54F3.1 (nid-1), osteonectin:: C44B12.2 (ost-
1), and perlecan::ZC101.2 (unc-52). Several,
thus far novel, matrix proteins are required
for cellular attachments of mechanosensory
neurons and other tissues. This cate-
gory includes hemicentin::F15G9.4 (him-4),
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MEC-5::E03G2.3, and MEC-9::C50H2.3a
(21). Adamalysin, astacin, matrixin, and ne-
prilysin, which are among the families of
metalloproteases observed, are implicated
in extracellular matrix interactions or neu-
ropeptide processing (22).

Integrins couple assembly of various extra-
cellular matrix and cytoskeletal polymers (23).
In C. elegans, there are two o chains, INA-1::
F54F2.1 and PAT-2::F54G8.3, representing the
laminin-binding and RGD-binding branches of
this family, respectively, and two (3 chains,
INB-1::C05D9.3, PAT-3::ZK1058.2, which al-
lows four possible heterodimers. The pat-
terning of these receptors, together with the
two laminins, may specify where apposing
basement membranes should fuse together
or remain separate.

The dystroglycan-dystrophin complex cou-
ples laminin and agrin to the membrane cy-
toskeleton in skeletal muscle and other tissues
(24). In humans, mutations in various compo-
nents of this complex, including dystrophin and
sarcoglycans, as well as laminin o2 itself, cause
muscular dystrophies. Components of the dys-
troglycan complex have conserved C. elegans
orthologs, for example, dystroglycan::T21B6.1,
o/e-sarcoglycan::H22K11.4,  B-sarcoglycan::
KO1A2.1 and +/8-sarcoglycan::FO7HS.2, dys-
trophin::F15D3.9/F32B4.3 (dys-1), and various
syntrophins. Family T07D3.4 encodes ho-
mologs of the secreted protein fukutin, implicat-
ed in Fukuyama-type congenital muscular dys-
trophy (25).

What extracellular matrix proteins are not
found in nematodes? Like connective tissue
itself, interstitial matrix polymers, such as
elastin, fibrillar collagen, and fibronectin, are
generally absent in C. elegans, suggesting
that these genes were elaborated within the
vertebrate lineage. Fibrillar collagen genes
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occur in other invertebrates, however, indi-
cating that this and perhaps other matrix com-
ponents have been lost in the nematode lin-
eage (26).

Cell Adhesion Molecules

We classified cell adhesion molecules and
other receptors into superfamilies on the basis
of their NH,-terminal domains, which are
largely responsible for ligand recognition.
The five largest superfamilies (27) begin
with CA, EG, IG, LA, or LR repeats [(/4),
Web table 1 and Web figure 1 (/3)]. For
convenience, we refer to these proteins col-
lectively as cadherins, EgfCAMs, IgCAMs,
LdICAMSs, and LrrCAMs, respectively. Fi-
nally, several well-known cell adhesion mol-
ecules that defy easy classification have ap-
parent orthologs, for example, chondroitin
sulfate proteoglycan NG2::C48E7.6, poly-
cystins::ZK945.10/.9 (lov-1) and Y73F8A.B,
selectin::C54G4.4, and syndecan::F57C7.3.

IgCAMs. Twenty-six genes encode pre-
dicted transmembrane or GPI-anchored pro-
teins with extracellular IG modules (Web
figure 1). With the exception of Lrr(Ig)
CAMs (discussed below), the IG domain is
located at the NH,-terminus. Thirteen pro-
teins, Ig(F3)CAMs, have one or more fi-
bronectin III (F3) modules after their IG do-
main, whereas one protein, UNC-5::B0273 4,
has thrombospondin 1 (T1) modules instead.
Two neuregulin-like proteins, F28E10.2 and
F48C5.1, contain an EG module after their IG
domain. The intracellular domains of the
transmembrane IgCAMs have characteristic
enzymatic and binding functions. Six addi-
tional genes encode extracellular matrix pro-
teins with IG domains.

The IgCAMs are principal mediators of cell
recognition and adhesion in the developing ner-

vous system and other tissues (28). These pro-
teins act combinatorially among themselves,
and with receptors from other structural fami-
lies, to pattern cell movements and attachment.
In particular, GPI-anchored, or small soluble
IgCAMs (discussed below), might directly
modulate the ligand specificities of transmem-
brane IgCAMs. Whereas IG and F3 motifs are
found in a few yeast proteins (2), the combina-
tion of these motifs and their recruitment for
cell adhesion occurred within the metazoan lin-
eage. The immunoglobulin superfamily has re-
mained static in the nematode lineage, Nine of
the thirteen Ig(F3)CAMs in C. elegans have
known orthologs in insects and vertebrates. We
predict the various new IgCAMs identified in
this species have yet undiscovered orthologs in
other animals.

An ancient mechanism evolved for adhe-
sive recognition, IgCAMs and their effectors
were adapted for antigen recognition in the
vertebrate immune system. In lymphocytes,
antigen receptors signal through fyn and re-
lated src family protein tyrosine kinases to
elicit cellular responses. In neurons, L1 and
neural cell adhesion molecule (NCAM) can
signal through these same nonreceptor ty-
rosine kinases (29). Covalent association of
antibody heavy and light chains contributes
to the specificity and versatility of antigen
recognition. Reminiscent of these light chains,
C. elegans has seven secreted proteins compris-
ing just two tandem IG modules. Conceivably,
these chains complex with membrane-associat-
ed IgCAMs to form functional receptors.

Semaphorins and plexins. Five genes en-
code proteins with a semaphorin domain at
their NH,-terminus including three sema-
phorins, semaphorin I::Y54ESB.1, sema-
phorin 11::Y71G12A_05.G and D1037.2, and
two plexins, K04B12.1 and Y55F3B_45.A
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Fig. 1. Organization of selected basement membrane molecules.
Lettered boxes represent identified protein motifs; numerals indicate
the lengths of uncharacterized sequences (not drawn to scale). Extra-
cellular modules and catalytic domains are described online (56).
Other features, including intracellular domains, are abbreviated: C4
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(oo IEENEE WIEENEET /6] To1D36

Fa1G3.8

IEE] F54F3.1 (nid-1)

(collagen IV COOH-terminus), C18 (collagen XV/XVIII COOH-termi-
nus), Ca** (calcium-binding domain), CC (coiled-coil domain), and 7S
(collagen IV NH,-terminus). The suffix “#n" indicates the number of
genes with thls same organization. Cell adhesion molecules are
available in Web figure 1 (73).
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(Web figure 1). Semaphorins are guidance
cues in the developing nervous system,
whereas plexins, acting as semaphorin re-
ceptors, mediate growth cone collapse (30).

LrrCAMs. Twenty-three genes encode
proteins with an extracellular LR-repeat
domain at their NH,-terminus including ap-
parent orthologs of slit::C26G2.C/F40E10.4,
peroxidasin::K09C8.5 and ZK944.4/.3,
chaoptin::C56E6.6, 18-wheeler::TOSA1.3,
and FSH/TSH-receptor::C50H2.1 (Fig. 1).
Three of these proteins, designated Lrr(Ig)
CAMs, have one or more IG modules fol-
lowing their LR-repeat domain, for exam-
ple, GACI1::F20D1.7 and LIG-1:T21D12.9.
Several LirCAMs have been implicated in ad-
hesive recognition in the nervous system, in-
cluding regulation of synapse formation (37).
Additional genes encode proteins with intracel-
lular LR-repeat domains, which are possibly
unrelated motifs that converged onto a similar
protein fold (32).

Cadherins, latrophilins, and neurexins.
Ten genes encode classical cadherins with a
CA repeat domain at their NH,-terminus;
three more genes encode FAT-related cad-
herins where a crumbs-like region of alternat-
ing EG and laminin G (LG) modules follows
the CA domain. Classical and FAT-related
cadherins are implicated in both general ad-
hesion between cells and specialized junc-
tions, for example, adherens, desmosomes,
and synapses (33). One additional cadherin,
CELSR1::F15B9.7, has a FAT-related NH,-
terminus followed by laminin epidermal
growth factor-like (LE) repeats and a latro-
philin-related COOH-terminus (Web figure
1); a mammalian ortholog is expressed in the
nervous system (34).

Latrophilin and neurexin are presynaptic
membrane proteins identified as receptors for
latrotoxin, a neurotoxin from black widow spi-
der venom that triggers massive, unregulated
exocytosis of synaptic vesicles from nerve ter-
minals (35). Like CELSR1, latrophilins are
members of the secretin receptor family, an
ancient branch of serpentine receptors implicat-
ed in secretory coupling. Two genes encode
latrophilins, B0286.2 and B0457.1, and three
more genes encode secretin receptor—related
proteins without large extracellular domains.
These proteins could play roles in synapse for-
mation, triggering exocytosis in response to
potential synaptic targets, or synapse mainte-
nance (36). Finally, five genes, including
axotactin::W03D8.6, crumbs::F11C7.4, neur-
exin  IIVIII::C29A124  and  neurexin
IV::F20B10.1, encode crumbs-like receptors
with alternating EG and LG repeats.

New Proteins Combine Novel Modules
and Select Old Parts

New genes arise from specific, often novel,
feedstock, which changes over time, suggest-
ing that not all regions of eukaryotic genomes

SCIENCE'S COMPASS

are equally available for gene invention.
Some motifs used for gene invention in early
metazoans seem inert today, whereas once
minor or entirely novel sequences have be-
came important within the nematode or chor-
date lineages. We identified more than 40
ancient protein motifs [(/4) and Web table
1], clearly predating the metazoan radiation,
found in the extracellular domains of C. el-
egans proteins (27). By far the most promis-
cuous extracellular module, epidermal
growth factor (EG) appears in 30 distinct
structural contexts. At the other extreme, the
LN motif, implicated in polymerization, oc-
curs at the NH,-terminus of laminin chains
and netrin but nowhere else. Remarkably,
most ancient motifs occur in a stable set of
contexts from nematodes through chordates.
However, some have been used for new
“gene shuffling” within specific lineages. For
example, CK, FC, FS, KR, SR, and VD
motifs are more promiscuous in vertebrates
than nematodes (37). By parsimony, those
contexts shared with nematodes likely reflect
the ancestral functions of these domains.
Conversely, CL and KU modules have been
recruited for many novel contexts in nema-
todes (Web figure 1).

Some extracellular motifs present in ver-
tebrates are apparently absent in C. elegans,
and vice versa, suggesting new protein mod-
ules have been invented more or less contin-
uously throughout eukaryote evolution (2, 6,
38). Twenty nematode-specific protein mo-
tifs were found in the extracellular domains
of C. elegans proteins (12). Most of these
motifs are present in only one or two struc-
tural contexts and may have duplicated quite
recently. However, DC, SX, and CT modules
are more promiscuous and presumably ex-
panded early within the nematode lineage.
The DC module, a 45-residue motif with six
conserved cysteines, occurs in more than 60
secreted or membrane proteins representing
nine distinct structural contexts (Web figure
1). It is interesting that these proteins contain
various ancient modules, i.e., EG, IG, F3,
KU, TY, and WA, intermixed with apparent-
ly nematode-specific motifs. Although these
observations suggest a relatively ancient ori-
gin, the DC module is not currently repre-
sented in any human gene or EST sequence.
By inference, this module, rare or absent in
our common nematode-chordate ancestors,
expanded greatly in early nematodes. Secret-
ed proteins with SX (SXC) modules include
nematode surface coat components and sev-
eral enzymes possibly involved in cuticle
maturation (6). Finally, the CT (cuticulin)
module occurs in proteins found at the apical
surface of nematode epidermis and mucosa,
as well as a transmembrane protein from
Drosophila epidermis (39). Expression and
phenotype studies suggest a role in epithelial
morphogenesis.

New Genes Arise in Specific Regions

Many new genes have arisen within the C.
elegans lineage since the metazoan radiation.
Some arose through duplication of known
genes; others were apparently invented with-
in the nematode lineage itself. We examined
gene families and superfamilies of various
ages to learn whether new genes arise evenly
throughout the genome, and to gain insight
into possible mechanisms. The immunoglob-
ulin superfamily, which has remained re-
markably static within the nematode lineage,
is dispersed throughout the genome as single
genes, or rarely, pairs, in regions overall en-
riched in adaptive, often highly expressed,
genes (Fig. 2). The younger superfamilies DC
and CT, which we suggest expanded compar-
atively early within the nematode lineage,
have a similar genomic organization. The SX
superfamily comprises both dispersed genes,
mostly encoding proteins with catalytic do-
mains, and several local gene clusters (dis-
cussed below) encoding simpler proteins with
SX modules alone (6).

Remarkably, a majority of potentially
nematode-specific genes occur in large fam-
ilies, some with over 200 members in C.
elegans (I, 3-9). Several gene families are
implicated in structures and processes impor-
tant to all nematodes, for example, collage-
nous cuticle. Although these families clearly
expanded within the nematode lineage, until
other complete genomes are available for
comparison, it remains possible that their
founding members originated earlier. Indeed,
several of the largest families in C. elegans
are evidently recent expansions of individual
members of more ancient families, for exam-
ple, chitinase, glutathionine-S-transferase,
nuclear receptor, SCP (TPX), serpentine re-
ceptor, and UDP-glucuronyl transferase.

Cuticle collagens form one of the largest,
and possibly oldest, nematode-specific gene
families (40). Most of these 160 genes are
represented in C. elegans EST databases and
many have known mutations affecting body
morphology. The family is dispersed through-
out the genome, no cluster larger than four
genes, at 128 sites. The flanking regions are
enriched in highly expressed genes and mutant
loci (Fig. 2). Why so many genes? Many iso-
forms are expressed in characteristic order dur-
ing each molt cycle to create a layered cuticle;
others provide stage- or region-specific modifi-
cations. Requirements for rapid, synchronous
synthesis of large amounts of mRNA may se-
lect for increased copy number. Why are the
gene products so similar? Requirements of tri-
ple-helix formation and polymerization may
impose structural constraints on these chains
that belie their true age. Like the DC and CT
superfamilies, we suggest the cuticle collagen
gene family expanded early in nematodes and is
now maintained largely by independent selec-
tion on each member.
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Most multigene families in C. elegans are
strongly clustered within the genome. Selecting
highly similar gene pairs, Semple and Wolfe (9)
compared the relative spacing and orientation
for 2929 duplicated genes representing 655
families in Wormpep release 12. Local gene
clusters with mixing and inversion (discussed
below), not pure tandem repeats or unlinked
duplications, dominate the aggregate distribu-
tion of gene families in this large sample. Using
dot-matrix and BLAST comparisons, we exam-
ined several large gene clusters in detail, find-
ing frequent examples of recent gene duplica-
tion or conversion. Two representative gene
families, CO1B7.7 and M176.8 (chitinase), are
summarized in Figs. 2 and 3. Compared with
cuticle collagens and various superfamilies,
these apparently younger families are less even-
ly dispersed through the genome, occurring in a
few large clusters, often with some isolated
members (47). Within a cluster, repeated genes
tend to have common orientation and regular
spacing, but frequently, this pattern is disrupted
by partial gene duplications and inversions. Se-
quence comparisons indicate these families ex-
panded primarily through some mechanism of
local duplication, i.e., adjacent genes were gen-
erally more similar than distant pairs, but se-
quences sometimes move to farther sites or
even separate clusters. Often two or more un-
related gene families are intermixed within a
single cluster. Examples of very recent dupli-
cations or conversion suggest genes but not
intergenic regions were moved. Robertson (8)
found a very similar pattern of gene expansion
and movement, supported by comparisons with
Caenorhabditis briggsae, in a study of serpen-
tine receptor families.

What molecular processes and selective
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forces shape the evolution of gene families?
Contrary to previous belief, random gene du-
plication followed by independent, divergent
evolution of the copies cannot explain the
distribution of gene families and superfami-
lies in C. elegans. As they obtain more chanc-
es for duplication and divergence, this model
predicts older gene families should tend to be
larger, more divergent in structure and func-
tion, and more dispersed in the genome, than
younger families. Eventually, such processes
would produce protein superfamilies sharing
only limited regions of homology. Contrary
to these predictions, many old superfamilies
appear relatively static, whereas large gene
families are often young and dynamic.

What mechanisms are responsible for
clustering of young gene families? Unequal
crossovers and sequence drift could create
tandem duplications where adjacent repeats
are more similar than distant sequences (42).
Occasional duplication or conversion to dis-
tant sites might drive concerted evolution of
an entire family (43). We favor a role for
mRNA intermediates. Gene clusters would
expand through integration of cDNAs made
from nascent transcripts in the same region.
Similar chromosome-associated reactions, or
RNA-mediated integration, have been pro-
posed for retrotransposition of non—long ter-
minal repeat (non-LTR) retrotransposable el-
ements, short interspersed nuclear elements
(SINEs) and processed pseudogenes in other
eukaryotes (44). Frequent precise loss of in-
dividual introns during gene duplication (8),
could be explained by limited processing of
mRNAs before reverse transcription. Inter-
mixing of gene families, inversions, and
movements to farther sites might occur if the

coupling of transcription and integration sites
were relaxed. Indeed non-LTR retrotrans-
posons can mediate gene movement and exon
shuffling in cultured somatic cells (45). Fi-
nally, our model, which explains why gene
duplications and conversions rarely extend
into intergenic regions (9), suggests that tran-
scribed and regulatory sequences generally
have independent origins (46).

Is It Heterochromatin?

Eukaryote genomes are generally packaged into
euchromatin and heterochromatin where the
former regions are enriched in expressed genes
and contain most known mutant loci (47). Can
we identify bona fide euchromatin in the C.
elegans genome sequence? Most members of
the immunoglobulin superfamily have a single
representative in C. elegans. In many cases,
these proteins have been shown to be adaptive
(conferring increased fitness) in insects or ver-
tebrates, if not nematodes themselves. By infer-
ence, the C. elegans orthologs must be located
in transcriptionally active regions of the ge-
nome, presumably euchromatin. Inspection of
the regions flanking these genes reveals an as-
sortment of structurally unrelated, often unique,
genes of comparatively ancient origin (48).
Consistent with the notion that these regions
represent euchromatin, many of the flanking
genes are themselves highly expressed, or else
known through mutation to be adaptive (Fig. 2).
Extrapolating to similar regions, most cuticle
collagen genes are likely contained in euchro-
matin, and similarly for the DC superfamily,
although no mutants have been found in the
latter.

The fraction of predicted protein genes on
each chromosome with known visible muta-

Fig. 2. Genomic re-
gions of selected gene
families and super-
families illustrating an
inverse relation be-
tween gene expres-
sion and clustering.
Regions from gene
families and super-
families  representa-
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tions correlates strongly, but negatively, with
the fraction of genes in multigene families (9,
49). Inspection of these families reveals that
clustered genes, which are found rarely, if at
all, among characterized C. elegans mutants,
account for this bias (Fig. 2). Moreover, they
are highly underrepresented in the EST data-
bases (1, 8, 17); this effect is not absolute as
nearly all clusters examined have occasional
EST hits (Fig. 3). The simplest explanation
for these observations is that most local gene
clusters are transcriptionally silent, but these
data do not preclude significant levels of gene
expression in a few cell types (50), or under
unusual conditions, combined with functional
redundancy among the gene products. Regard-
less, expression and selection of genes evolv-
ing in clusters must be qualitatively different
from “typical” adaptive genes as described
above.

Heterochromatin was first described cyto-
logically as regions of late replicating DNA
that remain condensed during interphase
(47). Genetic studies indicated these same
regions were impoverished in adaptive genes
and undergo little recombination during mei-
osis. Early in situ hybridization studies re-
vealed that heterochromatin is often enriched
in simple repeated sequences, or “satellite”
DNA. These observations lead to hypotheses
that all heterochromatin might have a com-
mon, rather simple, sequence organization,
and moreover, specific sequence repeats
might themselves direct heterochromatin for-
mation. However, subsequent studies, includ-
ing recent analyses of long, representative
genomic sequences, shown that heterochro-
matic regions are highly dynamic and re-
markably heterogeneous in sequence. Several

Fig. 3. Chitinase gene

C. elegans, two local vorBoRIITS

gene clusters on chro- 0 °

A 4 1 0 0 2
clusters. (A and B) In 3 4 8 a2

SCIENCE'S COMPASS

classes of transposable elements, including
non-LTR  retrotransposons and related
SINEs, occur preferentially in heterochroma-
tin (57). Moreover, clusters of recently dupli-
cated genes or pseudogenes have been found
in pericentromeric and subtelomeric hetero-
chromatin of human chromosomes (52); it is
unclear whether these duplicated genes are
generally expressed or adaptive. Finally, jux-
taposition or insertion into heterochromatin
can silence otherwise active genes. In both
insects and mammals, local duplication of
transgenes or endogenous chromosomal se-
quences can itself cause heterochromatin for-
mation and gene silencing (53).

Interphase nuclei in C. elegans have nu-
merous regions of condensed heterochroma-
tin, but little is known about their chromo-
somal arrangement. Does the genome se-
quence provide clues to chromatin organiza-
tion at this level? In this species, spindle
microtubules tether along the length of the
chromosome during mitosis, rather than at a
localized kinetochore (54); this distribution
of kinetochore function could reflect a dis-
persal of centromeric heterochromatin along
the chromosome. Unexpectedly, local gene
clusters have several characteristics better as-
cribed to heterochromatin than euchromatin.
Unlike dispersed gene families and super-
families, most clustered genes predicted by
genomic sequencing potentially fail two im-
portant criteria for adaptive genes, namely,
expression of RNA products and observable
phenotypes. Averaging only 2 to 3 kb in
length, these repeated sequences generally
form complex mixed arrays at multiple chro-
mosomal sites (Figs. 2 and 3). Nonhomolo-
gous exchanges between inverted or unlinked

5 0 2 0 0 0 0 0 0

kin-15 kin-16 8 3 - S |
M176::R09D1

duplications common in local gene clusters
are a potential source of chromosome rear-
rangement. Although no studies have mea-
sured recombination rates within gene clus-
ters, the stability of C. elegans chromosomes
might be explained by the suppression of all
recombination within these regions.

Like heterochromatin, local gene clusters
are dynamic with frequent sequence move-
ment through duplication or conversion (§).
By contrast, the local arrangement of genes
appears relatively stable in other regions of
the C. elegans genome (55). Regions of syn-
teny with C. briggsae, which separated 10 to
100 million years ago (6), have genome or-
ganization we ascribe to euchromatin, i.e., an
assortment of structurally unrelated genes of
comparatively ancient origin, many of which
are highly expressed, or known through mu-
tation to be adaptive. The unc-4 egl-43 re-
gion, shown in Fig. 3, illustrates these fea-
tures. Whereas this region has undergone
large rearrangements, including inversion
and translocation, there has been little local
movement or duplication of sequences.

Conclusion

The C. elegans genome contains both ancient
regions enriched in adaptive genes and more
dynamic regions associated with emerging
gene families. The expansion and collapse of
complex gene clusters could reflect an an-
cient evolutionary process for the invention
of new, potentially adaptive genes. Can con-
certed evolution speed acquisition and fixa-
tion of adaptive alleles or the elimination of
useless members? Despite considerable inter-
est, the molecular processes and selective
forces underlying concerted evolution remain

mosome |l, separated

by 320 kilobase pairs,
contain 25 chitinase
genes or pseudogenes
of the M176.8 family
(red arrows), inter-
mixed with seven
members of the kin-
15 protein tyrosine ki-
nase family (green ar-
rows). Arrows show
gene orientation and
extent of the predict-
ed protein coding se-
quence; gene names
and number of report-
ed cDNAs in EST data-
bases are shown be-
low and above these

arrows, respectively. The 3’ portions of RO9D1.6 and R09D1.8 differ at
just one nucleotide among 1497 base pairs, suggesting local sequence
movement, possibly gene conversion, is an ongoing evolutionary process
within these clusters. (B) The unc-4 egl-43 region, presumptive euchro-
matin immediately downstream of the chitinase clusters, encodes three
acid phosphatases (blue arrows) and other, structurally unrelated genes
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(black arrows), many of which are highly expressed. (C) C. briggsae
orthologs of unc-4, egl-43, and nine other genes from this region,
lettered for purpose of comparison, are contained in the genomic contig
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orientation and spacing of genes labeled “c to i” and “o to r” have been
conserved between these species (large arrows).
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uncertain (43). The C. briggsae genome se-
quence, when completed, should help the in-
terpretation of recent genome changes, in-
cluding mutational mechanisms. We must
also learn more about gene expression and
function to understand the selective forces on
genes evolving in families. Only selection on
expressed sequences, whether direct or indi-
rect, allows conservation of genes and exons.

We propose a simple, testable model for
gene invention, namely, that heterochromatin
is continually expanding through incorpora-
tion of cDNAs, creating local gene clusters,
tandem protein repeats, and sometimes new
exon combinations. At the euchromatin
boundary, these sequences must succeed as
adaptive genes, or more often, disappear
completely. If heterochromatin is the primary
site of gene invention today, was it always an
organelle of chromosome growth? An attrac-
tive hypothesis is that heterochromatin arose
during the transition from RNA- to DNA-
based life as a mechanism for incorporating
c¢DNA into chromosomes (46). In primitive
chromosomes, the chromatin structure and
enzymatic activities needed for converting
RNA-to-DNA and incorporating the product
were concentrated at specialized regions that
persist today, near telomeres and centro-
meres, as heterochromatin (56).
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