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Abstract. A comprehensive analysis of duplication
and gene conversion for 739%daenorhabditis elegans
genes (about half the expected total for the genome)
presented. Of the genes examined, 40% are involved
duplicated gene pairs. Intrachromosomatizrgene du-
plications occur approximately two times more often
than expected. In general the closer the members of d
plicated gene pairs are, the more likely it is that gen
orientation is conserved. Gene conversion events are d

tectable between only 2% of the duplicated pairs. Even

given the excesses ofs duplications, there is an excess
of gene conversion events between duplicated pairs

on every chromosome except the X chromosome. Th
relative rates oftis and trans gene conversion and the
negative correlation between conversion frequency an

DNA sequence divergence for unconverted regions o
converted pairs are consistent with previous experimen
tal studies in yeast. Three recent, regional duplications

each spanning three genes are described. All three ha
already undergone substantial deletions spanning hu
dreds of base pairs. The relative rates of duplication an
deletion may contribute to the compactness of @e
elegansgenome.
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Introduction

i . .
iis more genomic sequence has become available ge
Iauplication has become a common observation across

diverse range of organisms spanning bacteria (Labed:
and Riley 1995; Brenner et al. 1995; Coissac et al. 1997

east (Wolfe and Shields 1997), plants (Ahn and Tank
sley 1993; Frugoli et al. 1998), and mammals (Holland €

e_

al. 1994). TheCaenorhabditis elegangenome sequenc-

Ing project, although unfinished, has already reveale
that many genes are found as members of families, she
ing similarity with other members (Waterston and Suls:
on 1995; Sonnhammer and Durbin 1997; Robertso

%998). Closely relate@. elegangienes, with up to 98%

NA sequence identity, have been described (Wilson e
al. 1994; Waterston et al. 1997). Some duplicates occt
close together in tandem arrays (Waterston and Sulstc
1995).

Once a gene duplication has generated two ‘“daugt

?iér” sequences, they can either diverge in sequenc

Sometimes aquiring different functions, or undergo con
certed evolution. Gene conversion and unequal crossir
over are the two most important mechanisms generatir
concerted evolution (reviewed by Li 1997). Gene con
version, which can be defined as the nonreciprocal tran:
fer of information between two sequences, is involved ir
the homogenization of small tracts of DNA, usually be-
tween several and several hundred base pairs (Petes et
1991). Gene conversion leaves nonidentical flankin
DNA on either side of the event. The homogenization o
larger arrays of repetitive DNA is generally believed to
involve unequal crossing-over (Szostak and Wu 1980
although more recent work in yeast (Gangloff et al.
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Table 1. Observed duplications and numbers of genes involved

Proportion of all

Approximate Number of Proportion of duplications involving
physical size mapped genes that this chromosome

Chromosome (Mb) genes are duplicated (number}

| 15.40 236 0.31 0.02 (376)

Il 18.27 1,488 0.39 0.22 (3,404)

1 13.46 1,385 0.32 0.13 (2,032)

\Y 18.08 1,161 0.45 0.19 (3,028)

\Y 24.23 1,243 0.51 0.23 (3,573)

X 20.96 1,881 0.36 0.21 (3,245)

Total 110.40 7,394 0.40 1 (15,658)

aCis (intrachromosomal) duplications are counted as two events involving the chromosome on which they occur.

1996) and lizards (Hillis et al. 1991) has suggested thaDetermination of Genomic Map Coordinates

gene conversion is the dominant mechanism here too.

The extent of gene conversion is therefore important inrhe 1283 sequenced cosmids were linked together where possible :

understanding the evolution of multigene families. cording to _their GenBank annotation, which details théirahd 3
There are many well-documented examples of gené;verlaps with other sequenced cosmids. Where gaps between cosm

L. It families including th tt existed their size was estimated from the ACeDB physical map. Th
conversion in mulugene families including the yeast tan-g ;.ome was a set of sequences corresponding to the central, gene-ri

dem rDNA array (Gangloff et al. 1994, 1996), the pri- sequenced sections of the Sixeleganshromosomes (Waterston et al.
mate visual pigment genes (Shyue et al. 1994; Zhou an@997). Each sequenced cosmid was assigned approximate (due to-

Li 1996) and the silkmoth chorion genes (Hibner et al.presence of unsequenced gaps) beginning and end coordinates base!
1991). InC. eleganggene conversion has been shown toits position on the chromosome, from which chromosomal positions o

be i ved in th uti fh hock . the genes were calculated. Of the 12,178 proteins in Wormpep12, tt
e involved in the evolution of heat shock protein genespna sequences coding for 7394 were assigned map coordinates, bas

(Russnak and Candido 1985) and collagen genes (Pakkon their presence within mapped and sequenced cosmids. Some p
and Kramer 1990). teins were omitted, as only one protein product (the first variant listec

Gene conversion events are often inferred S|mp|y byn Wormpepl2) was taken to represent each alternatively spliced gen

visual inspection, though statistical tests for their deteC_Certam cosmids could not be assigned positions because of the lack

. . . ] . sequenced neighbouring cosmids or physical map estimates. Most
tion are available (Stephens 1985; Sawyer 1989; He”?ne analysis in this study is based on the subset of 7394 proteins wi

1993; Jakobsen et al. 1997). Sawyer’s is the more gernmown gene locations. The densities (number of genes per kilobase)
eral statistical test and, for a sample of three or moreyenes assigned positions for each autosome were similar (I, 0.238;

Coding Sequences’ Considers Only the po'ymorphic Syn0.209; 111, 0.205; IV, 0.212; V, 0.23) and suggest ‘that the |-OW numbel
onomous sites which vary between them. Thus structurg mapped genes on chromosome | (Table 1) is due simply o th

e f binati ¢ be identified {resence of larger unsequenced regions than on other chromosomes
arising irom recombination events can be Iaentied, aS,,mmon with other studies (Waterston et al. 1997) the gene density ¢

opposed to that which arises from regions with differenthe x chromosome (0.153 gene per kb) was found to be lower than th
mutation rates (Sawyer 1989; Maynard Smith 1992). on the autosomes.
The aim of this study was to broadly survey the extent

of gene duplication across the sequenced parts o€the - )

eleganggenome and examine the role of gene conversiofdentification of Duplicated Genes

in the maintenance of sequence similarity among dupli-

cated members of gene families. Each of the 12,178 proteins was searched against all others usil
BLASTP (Altschul et al. 1990) with the BLOSUM®62 substitution ma-

trix and the SEG filter, which masks regions of low compositional

complexity (Wootton and Federhen 1993). All protein pairs with

BLASTP scores greater than 150 (corresponding t® aalue of

<10 were defined as the products of putatively duplicated genes

Using an absolute threshold for BLASTP similarity instead pfualue

means that longer genes are more likely to exceed the threshold and

Data classed as duplicated. However, examination of the lengths of dupl
cated versus nonduplicated genes showed no significant difference.

Materials and Methods

The source of data was version 4.3 of ACeDB running data release
WS2.4-17 [aC. elegansdatabase compiled by Durbin and Thierry- . .
Mieg (1996)]. The data analyzed comprised 1283 sequenced cosmio@eteCtIon of Gene Conversion Events

(totaling about 70 Mb of the estimated 100 Mb genome), version 12 of

Wormpep [the database of 12178 predicted proteins, which is approxiThe coding sequences of each duplicate gene pair were aligned usi
mately 87% of the expected total (Waterston et al. 1997), and physicaCLUSTALW version 1.4 (Thompson et al. 1994) with default settings.
mapping data (Coulson et al. 1986). The alignments were then analyzed for evidence of gene conversic
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using Sawyer’s (1989) method, performed by his program VTDIST3
(http://lado.wustl.edlisawyer/mbprogs/). This method involves the
comparison of two sequences to an outgroup. Because many of the
duplicated genes i€. elegandacked an outgroup, it was necessary to
use two modifications of Sawyer's method. The basis of the method is
the identification of silent sites (synonymous codon positions) at which
two DNA sequences agree (but differ from the outgroup) and the seg-
mentation of the sequences according to contiguous stretches of these
sites. Gene conversion increases the lengths of the stretches. The sig-
nificance of these lengths is then estimated by comparison with values 50
obtained from 10,000 artificial data sets constructed by randomly per-
muting the silent polymorphic sites. However, with a data set of only %
two sequences, each polymorphism distinguishes the two sequences bigt
provides no other information. As a result all permuted scores are theg 40
same as the observed scores and no measure of significance can fe
made. e
The first modification to Sawyer’s method (proposed by S. Sawyer, £
personal communication) compensates for the lack of an outgroup by"é 30
introducing an artificial sequence into the data set. This artificial se-Z
quence is distinct from the other two at all the silent sites at which they
are monomorphic. As a result of the modification all silent sites in the
two real sequences are treated as potential polymorphisms and the 29
program discovers pairwise fragments between them. This modifica-
tion means the method (in common with any comparison between only
two sequences) cannot control for regions of similarity produced by
selection or mutational “cold spots.” 10
The second modification to Sawyer’s (1989) method (proposed
here) was the use of chi-square testing to verify the gene conversion
breakpoints identified. This is related to Maynard Smith’s (1992)
method. Chi-square tests were performed for each event on the ob- 0 - UL LTI
served and expected (on the basis of the proportions outside the puta- 03 6 9 12151821 24273033 3639424548 66 96 99
tively gene converted region) numbers of identical and differing bases. Family Size
All events were verified by visual inspection of the alignments from
which they were generated, and the thresholg®& 55 was chosen  Fig. 1. Sizes of multigene families (mean number of memberg;
arbitrarily on the basis that putative events with lower scores wereSD = 10). Multigene families were defined on a “single-link” basis.
unconvincing. The chi-square test requires substantial lengths of botfror example, if protein A hit proteins B and C with BLASTP scores of
converted and unconverted sequence within a gene so that this methétd50, then A, B, and C were included in the same family regardless
is biased against both very long and very short gene conversions anidne score for the comparison of B and C.
the resulting data set is a conservative one.

N\ 4465
5\ 341‘\9

\

teins) using a more sensitive method which assigned pr

Results teins to families according to the Pfam motifs they
contain (Sonnhammer et al. 1998). Our method of defin

o ing the members of multigene families was designe
Duplications only to allow the associations in the present data to b

. ) d ibed, but I ist with Sonnh
Using a SEG-filtered BLASTP score of 150 as a thresh- escrive ut Some overiaps exist wi onnhammi

d f imilarity. 7829 putativelv duplicat dand Durbins’ (1997) results. For example, several o
old for sequence simrarity, putalively duplicated , ., descriptions of apparently nematode-specific fami
gene pairs (i.e., significant hits between pairs of genes

were found. These pairs had a mean DNA sequence idenl?s match families identified here.

tity of 54% (range, 35%—-99%) and a mean protein se-

quence identity of 62% (range, 32-100%). The 7829 hitg_ocation of Duplicated Genes

involved only 2929 of the mapped genes because groups

of duplications with shared member genes were comThe numbers of duplications varied across chromo
mon: 314 multigene families were identified (with be- somes, as did the proportion of genes involved (see Tab
tween 3 and 100 members), as well as 341 gene pairs arlg. If duplicates were located at random in the genome
4465 (60%) singleton genes (Fig. 1). This is a conservathat is, if their location were dependent only on the num
tive estimate of the real sizes @. elegansmultigene  ber of mapped genes on each chromosome, then 19%
families and an overly generous estimate of the numbeduplicate pairs would be expected to be on the sam
of small families since the definition of a duplication chromosome and 81% on different chromosomes (w
used here was reasonably stringent. In particular, ourefer to these asis andtransduplications, respectively).
criteria are more stringent than those of Sonnhammeihe observed proportion ofis duplications (43%) is
and Durbin (1997), who reported 84 families with be- much higher than expected. Dot-matrix plots show the
tween 1 and 203 members in Wormpepll (7299 proimany of theseis duplications are closely spaced repeat:
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- expectedtrans duplications occurred between chromo-
zoe” some IV and chromosome V and between chromosorr
B ) IV and chromosome Il (data not shown). In order to
oL e el discover the reason for the departures from expectation
PR P the data were reanalyzed with certain categories of dt
plication omitted.

Exclusion of all pairs less than 100 genes apart fron
U the analysis was necessary to remove the excesss of
L e duplications from chromosomes Il and IV but it was
necessary to remove all those less than 500 genes ap
: from the data to obtain the same effect for V and X. Thu:
the excess otis duplications was not simply a result of
tandemly duplicated arrays of genes; more dispersed d
plications over substantial fractions of the chromosom
length are also involved. The observed values di
duplications remained greater than expected even whe
all duplications involved in multigene families were re-
moved from the analysis.

Chromosome V Position (Mb)

0 = T T T
0 2 4 6

Chromosome V Position (Mb)

Orientation of Duplicated Genes

Approximately 50% of the genes on each chromosom
R : . . occur on each strand. It follows that if the mechanisn
0 T : T T responsible for gene duplication were unbiased with re
spect to the orientation of the resulting duplicate, one
Fig. 2. Dot-matrix plots of the positions of duplicate pairs, where would expec'g transcriptional ,Onent"’_‘tlon to be Co,nserve'
both members are on chromosoméA) and where one member is on  90% Of the time. Across altis duplications the figure
V and the other is on I(B). Self-hits have been removed in A so that was 61%. This compared with 80% of the neighborinc
the points near the main diagonal represent tandem gene duplicationgluplications and 84% of the tandems. In general th
closer the members of pairs were, the more likely it wa:
that orientation was conserved (Fig. 3C).

Chromosome II Position (Mb)

Chromosome V Position (Mb)

(Fig. 2). Of all the duplications, 976 (13%) were desig-
nated “neighboring,” where the pair is separated by five
or fewer intervening genes, and of these, a subset of 43Regional Duplications

(6%) was designated “tandem,” with no intervening

genes between the members of the pair. Tandem dupliAnalysis of the yeast genome revealed large region:
cations involved 721 genes (10% of all mapped genes)duplications of groups of neighboring genes (Wolfe anc
Generally the distance (kb) between members of gen&hields, 1997). Dot-matrix analysis indicated that sucl
pairs showed a strong bias to short distances, such thaluplications are not present@ elegansalthough there
29% of all cis duplications were categorized as neigh-was evidence for three small, regional duplications. Th
boring or nearer (Fig. 3A). Correction of these data forregional duplications found occur within chromosomes
the presence of multigene families made no difference t&/ and X and between chromosome Il and chromosom
the shape of the distribution. The distances betwaen V, each involving three duplicated gene pairs with nc
pairs expressed in terms of the number of interveningntervening genes (Fig. 4). The regional duplication
genes shows the same bias, with 32% of pairs separatedithin chromosome X is inverted and the two regions ar
by <10 genes (Fig. 3B). The high proportion of closely separated by 33,540 bp which spans five genes. Tt
spaced pairs means that the number of duplications alonggional duplication within chromosome V is also in-
the chromosomes is variable. This may reflect the presverted but the distance between the two regions is ur

ence of “hot spots” for duplicative activity.
Expected frequencies ofs andtransduplications for

known, as sequencing in this area of the chromosome
unfinished, however, it exceeds 140 kb. In all three case

each chromosome were calculated assuming that théne DNA sequence identity between the duplicated re

probability of a duplication beingis or trans was de-

gions is close to 100%, indicating that these duplication

pendent only on the number of mapped genes availablare recent events and at least one end point is locat
on each chromosome. There was found to be a signifiinside a gene. All three duplicated regions also contai
cant excess otis duplications on every chromosome deletions of between 100 and 1500 bp involving intronic
except | and Il (Table 2). The excess for chromosomeexonic, and intergenic DNA. There have been at lea:
IV was large enough to obscure the fact that more tharseven deletions involving genes and at least three ind
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Number of Intervenine Genes duplicated pairs (mean, 7783 bp; SD, 9665

bp). Distances were measured as the
shortest possible distances between
09 members of pairs. For example, the
Jj O distance between the stop codon of the 5
gene and the start codon of the@ene is
o measured for genes lying in a head to tall
o configuration.B Number of intervening
07 O genes betweeanis duplicated pairsC
o Distance between duplicated pairs versus
proportion of pairs in which transcriptional
orientation is conserved (= 0.88,p <
s} 0.001). Duplicate pairs were pooled into
03 n ' T 1000-bp intervals and the proportion with
0 5000 10000 15000 20000 . .
conserved orientation was plotted for those
Distance between Duplicated Pair (bp) containing more than five gene pairs.

0.6 — -

Proportion with Conserved Orientation

Table 2. Observed numbers afis andtrans duplications, with expected numbers in parenthesesyfaiésts with 1 df)

[ [ 1 \Y v X
cis 712 846  (515) 314 (322) 562 (387) 895  (450) 723 (474)
trans 362 (357) 1712 (2043) 1404  (1396) 1904 (2079) 1783 (2228) 1799 (204
Total 369 2558 1718 2466 2678 2522
X2 1.99 267.02 0.23 93.66 528.37 160.47

events involving intergenic DNA. It is likely that the It is possible to test whether the number of putatively
duplicated genes which have decreased in length (beduplicated regions in the genome is significantly in ex-
cause of being incompletely duplicated or partly deleted)cess of that expected by chance, that is, if duplicate
are pseudogenes. This has been the fate of one-third gfenes were distributed randomly (Wolfe and Shields
the genes involved in the duplicated regions: W07G4.3,1997). The results of such a test suggested that the o
ZC317.6, C33D12.3, and MO2F4.6 have lost exonic andserved distribution of duplicated pairs was significantly
intronic sequences from theif Bnds; C33D12.2 has lost different from that expected by chance. In 773 simula
exonic and intronic sequences from it$ &nd; and tions the locations of genes were shuffled and the
ZC317.1 has undergone various small deletions shortersearched for regional duplications. The following criteria
ing both exons and introns. This agrees with the obserwere used to define duplicated regions: at least thre
vation that 29% of genes in a lar@® elegansnultigene  pairs of duplicated genes had to be involved, gene
family are pseudogenes (Robertson, 1998). within each region had to be separated by no more the
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A I modification of Sawyer's (1989) method described in
M;T \ﬂl‘;‘ T WA Materials and Methods. Due to multiple events involving
A A A some genes, these conversion events involved only 2:
1005 100% 10b,  100% glf*% genes. Most (78%) of the duplicated pairs showed ev
: : | dence of more than one conversion event so that tt
v v v mean number of events per gene pair was 3.75. This m:
v \\_;7‘ \L”“;I [o7ia be an artifact of Sawyer's method which identifies re-
~ gions of complete sequence identity and does not allo
for the possibility that nucleotide substitutions could oc-
B cur subsequent to gene conversion. The method is al:
5" G ZENE incapable of distinguishing recently produced chimeric
genes (resulting from exon shuffling, for example) from
| 100% L, 100% | ok gene conversion events. As expected, given the high pr
918/°l 1' § portion of genes in multigene families, the majority of
_Vm Y, Y duplicated pairs that underwent gene conversion (85%
) A i were members of families. There was a significant nege
tive correlation between multigene family size and gen
conversion frequency (data not shown). This reflects in
C creasing sequence divergence between members
5" G MO2F4 4 larger families due to the “single-link” method of con-
A N A structing multigene families. Melamed and Kupiec
1d00100% 1})9% 100% 9:9% kb (1992) have demonstrated.thaF fora givgn yeast gene, t
\V \ v frequency of gene conversion is proportional to the num
D s W ber of homologous sequences available for conversiol

3 ' This effect might have been evident as a positive corre
lation between gene conversion frequency and the nun
e ber of BLASTP hits for the genes in the present data. |
Fig. 4. The three regional duplications shown to sca#lethe dupli- fac.t there was a significant negatlve. correlation (Fig. 5A
cation between chromosome Il and chromosomé\he duplication which was also seen when more stringent BLASTP scor
within chromosome VC the duplication within the X chromosome. thresholds were applied (data not shown).
All genes in the regions are shown lagxes with trianglesindicating Gene conversion events were assumed to exceed t
their orientation.Dz_ashe(_j arro_wdink pute_ltive hom_ologues and show phoundaries of a gene if they continued to the last bas
percentage DNA identitySolid arrowslink putatively homologous pair of that gene. Of all the conversion events, 97% di
intergenic spaces and indicate percentage DNA identity. All percentag . .
identities refer to the sequence available for alignment allowing for 0t €xceed the boundaries of the two genes involved. T
gaps.Jagged linesindicate genes that have been truncated. The ap-mean genomic conversion tract length for these gene
proximate distance between duplicated regions and their relative ordefyas 117 bp but it varied widely, from 12 bp to 2958 bp
al_on_g the chromosome are also shown_for the _duplic_:ation_s occurring{Fig. 6). The fact that so few events exceeded the boun
within chromosomes V and X. The putative functions listed in ACeDB * . . .
for these genes are as follows (other genes have no predicted fun@1€S of the genes involved may also be an artifact of th
tions): (A) WO7A12.3 and WO07G4.4, cytosolic aminopeptidases; method of identification, since nucleotide substitutions
W07G4.3, protein kinase; W07G4.5, collagen; (B) ZC317.1 and occurring within the converted sequences are interprete
C14C11.6, helicases; (C) MO2F4.5 and C33D12.3, potassium channelgg the ends of converted tracts. The distribution of trac
?gg_zr';f;ejﬁogimz'z’ weak similarity to hemolysins; C33D12.3, )0 ihs is biased toward small sizes, with 65% of tract
being <80 bp long in spite of the fact that the number o
10 intervening genes, and gene order and orientation haglvents <20 bp was reduced by the failure of such sho
to be conserved between each of the two regions. Tesvents to reach statistical significance during chi-squar
simulations produced one regional duplication each, andesting. It should be noted, however, that since gene co
all these involved unique genes interspersed among thragersion events were detected by analysis of coding re
duplicated pairs. No simulations produced more than ongjions, our method is biased toward detecting event
regional duplication. The observed regional duplicationsspanning exons rather than introns. Most gene conve
are therefore highly unlikely to be artifacts, particularly sion events detected (85%) did not span introns, althoug
given the conservation of intergenic DNA in addition to the number of introns involved in events ranged from (
coding sequence. to 9.

Since gene conversion is a form of homologous re
combination, one might expect that the probability of
A total of 526 gene conversion events were detected ingene conversion would be increased between pairs
volving 143 (2%) of the 7829 duplicated pairs, using thegenes that are more similar. To correct for the presenc

Gene Conversion
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duplications and conversion events were too small t
estimate ratios reliably; for this reason, the data show
are for those events less than 9 kb. Frequency of col
version is negatively correlated with distance betwee
gene pairs (Fig. 5C). However it should be noted tha

o o o none of these conversion frequencies are normalized fi
" g oo oo o a the degree of divergence between converted pairs
° oo genes.

Number of hits

o n
T T T T T

0 0.1 0.2 03 04 0.5 0.6

Percent DNA Sequence Divergence in Unconverted Regions

Similar numbers of duplicated pairs involved in gene
conversion events were detected on each chromoson
apart from chromosome | (Table 3). Expected probabili
ties ofcisandtransgene conversions were calculated for
each chromosome assuming that the events were depe
dent only on the number dfis and trans duplications
involving each chromosome. It was found that ever
given the excesses ofs duplications shown already on
every chromosome, there was an excessisitonver-
sion events (Table 3). This excess was statistically sic
nificant for chromosomes I, lll, IV, and V. As with the
data for the location of duplications, the conversion ever

data were reanalyzed with certain categories of duplice
tion omitted. Thecis conversion excess on chromosomes
I, 1, IV, and V was found to be attributable to gene
conversion events between closely spaced duplicate
gene pairs (<5 genes apart on Il, <10 genes apart on |
<15 genes apart on IV, and tandem duplications on V]
The higher frequency ofis gene conversion may be a
result of lower sequence divergence between the dup!
cated genes involved.

Conversion Frequency

; HHHHHW

3 4
Distance (kb)

Fig. 5. Gene conversion frequency adnumber of BLASTP hits

(with genes binned on the basis of their number of hits) plotted for each

bin with >100 duplicated gene pairs € —0.54,p < 0.01),B percent-

age DNA sequence divergence of unconverted regions pooled into bi”biscussion
of 10 gene pairsr(= —0.78,p < 0.001), andC distances between gene

converted pairs in 1 kb intervals plotted for all intervals in which there

were >20 duplicated gene pairs € 0.82,p < 0.01). In each case the our analysis indicates that tie elegansgenome con-
gene conversion frequency was measured as the number of gene co

verted pairs divided by the number of duplicated gene pairs in eaclfains an unexpectedly high number of intrachromosom:
interval. or cisgene duplications: approximately twice the numbe
expected if duplicates were located at random. The e
cess ofcis duplications involved tandemly duplicated
of multigene families, the number of conversion eventsarrays of genes as well as widely dispersed duplicate
with a given percentage sequence identity was dividegajrs separated by as much as half the total mappe
by the total number of BLASTP hits showing this level chromosome length. A statistically significant excess
of |dent|ty ThIS CorreCtion was Carried out for SUCCGSSiVQNaS seen Wlthln each Chromosome except the two sma
bins of 10 genes with increasing sequence divergencest ones: chromosomes | and IIl. It is not possible t
The percentage DNA sequence divergence between Cogretermine the cause of these differences between chi
verted pairs of genes in unconverted regions was founghosomes from the present data. The small physical siz
to correlate negatively with the corrected frequency ofof chromosomes | and 1l could be a consequence of th
conversion events (Fig. 5B). deficits of cis duplications seen on these chromosome
relative to the other four. This conclusion is consisten
with the finding that genome size is a function of the
extent of gene duplication (Coissac et al. 1997).
For cis gene conversion events it was possible to calcu- Tandem duplications involved 10% of all mapped
late the genomic distances between the pairs of gengwoteins in this study and 29% of atiis duplications
involved. To correct for the presence of multigene fami-were categorized as neighboring or nearer. The excess
lies, the number of conversion events at a given distancelosely spaced pairs, even when a correction for multi
was divided by the total number of BLASTP hits for that gene families is made, suggests that the origin of thes
distance. At distances greater than 9 kb the numbers ajenes was through a slippage mechanism rather th

Location of Gene Conversion Events
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Fig. 6. Genomic length (i.e., including
introns) of gene conversion tracts pooled into
20 bp intervals. Mean lengthk 117 bp;
Genomic Length (bp) median= 58 bp; SD= 205.
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Table 3. Observed numbers of gene conversions, with expected numbers in parentheg&sett with 1 df)

I I I v v X

Cis 0(0) 25 (11.58) 22 (6.03) 21 (9.57) 20 (10.36) 16 (11.76)
Trans 0 (0) 10 (23.45) 11 (26.97) 21 (32.43) 11 (20.64) 25 (29.25)
Total 0 35 33 42 31 41

X2 0 23.27 51.72 17.67 13.47 2.15

transposition. However, it should be noted that chimericduplications in the genome suggests that translocatiol
genes may also have been categorized as duplicated are not frequent. However, the presence of deletior
this study if they show sufficiently strong similarity to a spanning hundreds of base pairs in each (apparently r
related gene. Wolfe and Shields (1997) have argued thatent) regional duplication suggests that deletions ma
gene duplications in the yeast genome were formed sibecome fixed at rates exceeding those of such duplici
multaneously through tetraploidy and then redistributedtions. This discrepancy may contribute to the compact
throughout the genome by translocation and deletion. Ihess of theC. eleganggenome (Waterston et al. 1997).
is impossible that the same phenomenon underlies th&he absence of older regional duplications, despite th
duplications described here, given the high frequency otvidence that regional duplications are formed (Fig. 4)
closely spacedis duplications. In agreement with this, suggests that they tend to decay into pseudogenes mc
analysis of dot-matrix plots failed to reveal widespreadrapidly than they can be recruited to new functions.
regional duplications of groups of adjacent genes. In contrast to the widespread evidence for gene du
There was evidence for three small but statisticallyplication, gene conversion events were detected betwe
robust regional duplications within chromosomes V andonly 2% of duplicated pairs and involving only 212
X and between chromosome Il and chromosome V. Allgenes. Although gene conversion has been demonstrat
three showed high levels of protein sequence similarityin various organisms, it has only been investigated e»
and contained no intervening, unduplicated genes; it iperimentally in detail only in yeast. These studies hav
therefore likely that they are recent duplications. Two of provided information on spontaneous rates, tract length
the three regional duplications involved genes that arand other characteristics (Petes et al. 1991). Our da
thought to be members of operons, on the basis of theirepresent the gene conversion events that remain dete
proximity to trans-splice sites. However, this represents able after the effects of genomic rearrangements and s
only 4 genes of 18 involved in the duplicated regions,lection, so inferences cannot be made about spontar
which is perhaps unsurprising since about 25%Cof ously occurring characteristics of gene conversion
eleganggenes are expressed in operons (Blumenthal antlowever, there are interesting parallels between our re
Steward 1997). The fact that no older duplicated regionsults and those of previous studies. For example, the ra
were found suggests two possibilities. It may be thatof intrachromosomal ocis gene conversion has been
regional duplications have been rare in the evolutionaryestimated to be about three times thatrains or inter-
history of C. elegansia second possibility is that geno- chromosomal gene conversion in yeast (Petes and H
mic rearrangements or deletions are fixed at a suffi-1988), and in our data the ratio is 3.7. As with yeas
ciently high rate to remove the evidence for regional(Harris et al. 1993) we found that the frequency of gent
duplications. The presence of many closely spagied conversion correlates negatively with DNA sequence di
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vergence of the template sequences. Little is known map of the genome of the nematddeelegansProc Natl Acad Sci
about how the physical separation or the relative orien- USA 83:7821-7825 _
tations of the sequences involved effect gene conversioR“M R. Thierry-Mieg J (1996) In: The ACEDB Genomic Database,

. World Wide Web. [URL: ftp://ftp.sanger.ac.uk/pub/acedb]
frequency (Petes and Hill 1988)' Our results suggest thagrugoli JA, McPeek MA, Thomas TL, McClung CR (1998) Intron loss

the frequency of conversion is negatively correlated with  and gain during evolution of the catalase gene family in angio
the distance between gene pairs and that gene conversion sperms. Genetics 149:355-365

events are more likely between genes with the same oriGangloff S, Lieber MR, Rothstein R (1994) Transcription, topoisom-
entation erases and recombination. Experientia 50:261-269

. angloff S, Zou H, Rothstein R (1996) Gene conversion plays the
It has been shown that the rate of gene conversion fo(r; major role in controlling the stability of large tandem repeats in

a given gene increases in proportion to the number of yeast EMBO J 15:1715-1725
available, identical donor sequences (Melamed and KuHarris S, Rudnicki KS, Haber JE (1993) Gene conversions and crossir
piec 1992). By extension, one might assume that the over during homologous and homeologous ectopic recombinatio
larger the multigene family to which a gene belongs, the ~in Saccharomyces cerevisig8enefics 135:5-16 _
more likely it would be to undergo gene conversion. OurHem, J (1993) A heuristic me_thoc_i to reconstruct the history of se:
. . . N guences subject to recombination. J Mol Evol 36:396-405
results show the opposite (Fig. S5A). Family size is negay e, g1 Burke WD, Eickbush TH (1991) Sequence identity in an
tively correlated with conversion frequency because early chorion multigene family is the result of localised gene con-
larger families contain more divergent members. It  version. Genetics 128:595-606
would seem that the degree of sequence identity betweetllis DM, Moritz C, Porter CA, Baker RJ (1991) Evidence for biased
divergent members is inadequate as a substrate for gene gene conversion in concerted evolution of ribosomal DNA. Science
conversion. Alternatively, it may be that as the number 251:308-310
N Holland PW, Garcia-Fernandez HJ, Williams NA, Sidow A (1994)

of donor sequences increases so does the frequency o Gene duplications and the origins of vertebrate development. De
gene conversion but it becomes more difficult to detect velopment (Suppl):125-133
substantial tracts. Jakobsen IB, Wilson SR, Easteal S (1997) The partition matrix: ex

In conclusion, there are substantial areas of agreement ploring variable phylogenetic signals along nucleotide sequenc
between previous laboratory work on gene conversion 2lignments. Mol Biol Evol 14:474-484

and the analvsis presented here. The relative rateis of Labedan B, Riley M (1995) Gene products B$cherichia coli:se-
y P ) guence comparisons and common ancestries. Mol Biol Evol 12

andtrans gene conversion and the negative correlation ggg_gg7
between conversion frequency and DNA sequence diven-i W-H (1997) Concerted evolution of multigene families. In: Li W-H
gence for unconverted regions of converted pairs are (ed) Molecular evolution. Sinauer Associates, Sunderland, MA, p

consistent with previous studies. Other results, on the 309

. - . - : Maynard Smith J (1992) Analyzing the mosaic structure of genes.
physical separation and relative orientations of gene con Mol Evol 34:126-129

Yerted sequences COUI(_:] be tested u_smg existing metho%ﬁelamed C, Kupiec M (1992) Effect of donor copy number on the rate

in yeast (Petes and Hill 1988). This demonstrates that of gene conversion in the yeg&accharomyces cerevisiddol Gen

sequence analysis can complement the laboratory find- Genet 235:97-103

ings in this field. Park Y-S, Kramer JM (1990) Tandemly duplicat@delegansollagen
genes differ in their modes of splicing. J Mol Biol 211:395-406

Petes TD, Hill CW (1988) Recombination between repeated genes |
microorganisms. Annu Rev Genet 22:147-168

Petes TD, Malone RE, Symington LS (1991) Recombination in yeas
In: Broach J, Jones E, Pringle J (eds) The molecular and cellule
biology of the yeastSaccharomycesgenome dynamics, protein
synthesis and energetics, Vol I. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, p. 407

Robertson HM (1998) Two large families of chemoreceptor genes i
the nematode€. elegansand C. briggsaereveal extensive gene
duplication, diversification, movement and intron loss. Genome

Ahn S, Tanksley SD (1993) Comparative linkage maps of the rice and Res 8:449-463
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