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ABSTRACT
Gene duplication with subsequent divergence plays a central role in the acquisition of genes with novel

function and complexity during the course of evolution. With reduced functional constraints or through
positive selection, these duplicated genes may experience accelerated evolution. Under the model of
subfunctionalization, loss of subfunctions leads to complementary acceleration at sites with two copies,
and the difference in average rate between the sequences may not be obvious. On the other hand, the
classical model of neofunctionalization predicts that the evolutionary rate in one of the two duplicates is
accelerated. However, the classical model does not tell which of the duplicates experiences the acceleration
in evolutionary rate. Here, we present evidence from the Saccharomyces cerevisiae genome that a duplicate
located in a genomic region with a low-recombination rate is likely to evolve faster than a duplicate in
an area of high recombination. This observation is consistent with population genetics theory that predicts
that purifying selection is less effective in genomic regions of low recombination (Hill-Robertson effect).
Together with previous studies, our results suggest the genomic background (e.g., local recombination
rate) as a potential force to drive the divergence between nontandemly duplicated genes. This implies
the importance of structure and complexity of genomes in the diversification of organisms via gene
duplications.

GENE duplication has long been thought to be one ficity in gene expression after duplication by the comple-
mentary loss of their cis-regulatory elements in each ofof the principal engines powering the evolution

of protein function, allowing for increases in genomic the copies (Force et al. 1999). Subfunctionalization can
also occur at the protein function level and can leadcomplexity (Ohno 1970). Because a duplication event

creates two fully functional overlapping copies, one of to functional specialization when one of the duplicate
genes becomes better at performing one of the originalthe two paralogs may evolve in a neutral manner right

after duplication due to functional redundancy. In most functions of the parental gene (Hughes 1999; Zhang
2003).cases, this duplicated gene accumulates deleterious loss-

of-function mutations and becomes a pseudogene. Increasing evidence from genomic data indicates that
asymmetric sequence divergence of duplicate genes isThere is a small chance that directional selection will

lead it to acquire some novel function (Ohno 1970). quite common. Kondrashov et al. (2002) analyzed 39
genomes from eubacteria, archaea, and eukaryotes andHowever, this classical model predicts only an equal

chance of evolutionary rate acceleration for each dupli- found asymmetric divergence in �5% of the 101 dupli-
cated gene pairs analyzed, whereas Van de Peer et al.cate. Unless there is a selection pressure for overexpres-

sion of the genes, the two genes with identical functions (2001) found that half of the 26 duplicated gene pairs
in zebrafish showed evidence of asymmetric divergence.cannot be stably retained in the genome (Nowak et

al. 1997). Force et al. (1999) explained the selective More recently, a study by Zhang et al. (2003) examined
the evolutionary patterns for 250 duplicated gene pairsmaintenance of both paralogs by subfunctionalization.

The model suggests that each daughter gene adopts in the human genome by using the corresponding or-
thologs from the mouse genome as the outgroups andpart of the function of the parental gene. That is, each

developing member of the gene family acquires speci- found that nearly 60% of duplicated pairs have evolved
in an asymmetric divergent manner at the amino acid
level. Moreover, Conant and Wagner (2003) found
that 20–30% of duplicated gene pairs from four com-1Corresponding author: School of Biosciences, University of Bir-

mingham, Birmingham B15 2TT, United Kingdom. pletely sequenced eukaryotic genomes showed asym-
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metric evolution at the amino acid level. Although the or low-recombination locus within a gene family, one
was randomly selected for further analysis.classical model of neofunctionalization predicts acceler-

ation in the evolutionary rate in one of the two dupli- We then searched for the corresponding orthologous
sequence for each of the selected paralogs from thecates, the model does not indicate which of the dupli-

cates experiences the acceleration. In fact, it assumes Candida albicans genome data as a reference for the
relative rate test between nontandem paralogs afterimplicitly an equal chance of acceleration between the

two copies. Mounting evidence indicates that most du- gene duplication (Figure 1; Wu and Li 1985). Because
S. cerevisiae and C. albicans diverged �140–330 MYAplicated genes are not redundant from the start because

of selection for increased dosage (Force et al. 1999; (Seoighe et al. 2000), it should be reasonable to use
the ortholog from C. albicans as a reference for theGraur and Li 1999; Kondrashov et al. 2002). If this is

a rule rather than an exception, both copies are subject relative rate test. The C. albicans genomic data (contig
version 6) were downloaded from http://www-sequence.to purifying selection after duplication (Kondrashov

et al. 2002). As purifying selection intensity is stronger stanford.edu/group/candida/. We used two paralog se-
quences of each pair as queries to carry out the FASTAin a high-recombination environment (Hill and Rob-

ertson 1966; Carvalho and Clark 1999; Comeron amino acid sequence similarity searches against C. albi-
cans genomic data. The ortholog that the two copieset al. 1999), we would expect that the rate of protein

evolution should be lower in regions of high recombina- had the same best hits and that showed �40% amino
acid identity to the two copies was selected as the out-tion.

In this article, we compare evolutionary rates for the group, because outgroup with shorter branch lengths
yields more trustworthy divergence estimates (Conantduplicated genes with different local recombination

rates by the analysis of the Saccharomyces cerevisiae ge- and Wagner 2003). For a few pairs, the two copies had
different best hits. Then we looked at the InParanoidnome. It is well known that the arrayed structure of

duplicated genes in the genome also affects their evolu- database that provides orthologous sequence cluster in-
formation between organism pairs of S. cerevisiae andtionary pattern. Tandemly duplicated genes usually

evolve in a concerted manner due mainly to unequal Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis
thaliana, Mus musculus, and Homo sapiens (Remm et al.crossover and gene conversion mechanisms (Li 1997).

In contrast, nontandemly duplicated genes are less af- 2001) to find the appropriate outgroups. Finally, we
found 30 duplicate pairs that have proper outgroups.fected by gene conversion (Drouin 2002) and evolve

in a divergent manner (Rooney et al. 2002). Thus, this All the protein alignments were produced using
CLUSTAL X (Thompson et al. 1994). Sequence align-study into the evolution of nontandemly duplicated

genes may provide us with some clues for understanding ments were edited with BioEdit (Hall 1999) and only
unambiguously aligned regions were used for furtherthe evolution of new function through gene duplication

and subsequent divergence. Our results examining non- analysis. Finally, the RRTree was applied to all the edited
alignments that contain the appropriate outgroups fortandemly duplicated genes clearly show that the acceler-

ation of evolutionary rate in one copy depends on the the relative rate tests (Robinson-Rechavi and Huchon
2000). All the alignments are available from the authorslocal recombination rate. This also implies that genomic

background may drive the fate of the nontandemly du- upon request.
Because most duplicate gene pairs are very old, synon-plicated genes.

The data set used in this article consists of the S. ymous substitutions between the two copies are almost
saturated. Therefore, we focused on the difference incerevisiae gene duplication database (http://wolfe.gen.

tcd.ie/). The Smith-Waterman algorithm was used to the evolutionary rate of amino acid sequence between
the two copies. Table 1 compares KDH, the branch lengthsearch for paralogs. As most duplicate genes occurred

a long time ago [�100 million years ago (MYA)], re- of a copy at a high-recombination-rate region, with KDL,
that of another copy at a low-recombination-rate regionsulting from whole-genome duplication in S. cerevisiae

(Wolfe and Shields 1997), it is important to focus on (Figure 1). The average of the difference was �0.129
and the t value was 2.325 (d.f. � 29), suggesting a sig-duplicated genes with a high signal-to-noise ratio. To

minimize the potential effect of different amino acid nificantly lower rate of the copies at higher-recombina-
tion-rate regions (P � 0.014). We found that 14 of thecompositions, gene lengths, or selective constraints on

the relation between recombination and evolutionary 30 (46.6%) duplicate gene pairs showed asymmetry in
the evolutionary rate of amino acid sequence (Tablerate, a very stringent threshold with an expectation value

of zero was chosen (Pearson 1991; J. A. Birdsell, per- 1). Among the 14 duplicated gene pairs showing asym-
metric evolution, 11 experienced an acceleration in thesonal communication). Of the detected paralogs, we

selected 47 sets of paralogous genes, 1 of which is in a evolutionary rate of the copy in the region of low recom-
bination (Table 1). This proportion is significantlyhigh-recombination locus and the other in a low-recom-

bination locus (Gerton et al. 2000; Birdsell 2002). higher than one-half (�2 � 4.28, P � 0.05). This evi-
dence that the paralog in a region of low recombinationMost genes had only one paralog; however, a few had

multiple paralogs. When there was more than one high- rate is more likely to evolve faster than the paralog in
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TABLE 1

Comparison of the rates of evolution between the copies in high-recombination regions and those in
low-recombination regions

K
High Low High vs. low
recombinationa recombinationa Outgroup K DH K DL recombination

YAL012w (1.989) YGL184c (0.981) ZK1127.10 (C. elegans) 0.7016 1.08 **
YAL036c (1.849) YGR173w (1.117) T28D6.6 (C. elegans) 0.4348 0.6535 **
YAL038w (3.139) YOR347c (1.370) Orf6.5754 (C. albicans) 0.3289 0.4525 **
YAL061w (2.081) YAL060w (1.430) Orf6.3669 (C. albicans) 0.7965 0.7906 NS
YAL062w (1.819) YOR375c (0.936) Orf6.3152 (C. albicans) 0.3231 0.3077 NS
YBL016w (2.081) YGR040w (1.067) F43C1.2a (C. elegans) 0.7505 0.6827 NS
YBR241c (2.27) YGL104c (0.90) Orf6.5168 (C. albicans) 0.8161 0.9358 *
YCL040w (1.633) YDR516c (1.254) Orf6.6009 (C. albicans) 0.6680 0.7076 NS
YDL155w (1.447) YLR210w (0.981) Orf6.8086 (C. albicans) 0.8947 0.8414 NS
YDR188w (2.363) YDL143w (1.284) F01F1.8a (C. elegans) 0.5948 1.4311 **
YER145c (1.809) YER207w (1.174) Orf6.8119 (C. albicans) 0.5417 0.8731 **
YFR024c (1.977) YHR016c (1.32) Orf6.2516 (C. albicans) 0.8334 0.7132 �
YHR096c (1.754) YHR094c (1.09) Orf6.2379 (C. albicans) 0.6004 0.6391 NS
YIL053w (1.664) YER062c (0.932) Orf6.8673 (C. albicans) 0.7316 0.7316 NS
YIL118w (1.516) YPR165w (0.96) Orf6.4937 (C. albicans) 0.7424 0.2081 �
YIL123w (1.62) YNL066w (1.058) Orf6.2071 (C. albicans) 0.5533 0.5533 NS
YJL026w (2.001) YGR180c (1.48) Orf6.6635 (C. albicans) 0.2544 0.6139 **
YJL052w (1.97) YGR192c (1.497) Orf6.8817 (C. albicans) 0.2501 0.2580 NS
YJL116c (1.27) YKR042w (1.25) Orf6.7977 (C. albicans) 0.5360 0.5565 NS
YJR049c (1.46) YEL041w (1.01) Orf6.8553 (C. albicans) 0.8267 0.9153 NS
YJR077c (2.103) YER053c (1.016) Orf6.3051 (C. albicans) 0.2497 0.9708 **
YKL035w (1.594) YHL012w (1.064) Orf6.1349 (C. albicans) 0.2402 0.9356 **
YLR188w (1.719) YPL270w (0.874) Orf6.4270 (C. albicans) 0.7841 0.9364 **
YLR350w (2.317) YGR038w (1.221) Orf6.2090 (C. albicans) 0.7098 0.6312 NS
YLR378c (2.18) YBR283c (1.039) Orf6.5379 (C. albicans) 0.3924 1.197 **
YMR056c (2.43) YBL030c (1.374) Orf6.8179 (C. albicans) 0.2845 0.1746 �
YOL059w (2.321) YDL021w (1.031) Orf6.4093 (C. albicans) 0.5373 0.5058 NS
YOR173w (1.943) YLR270w (1.173) Orf6.7165 (C. albicans) 0.7168 0.6688 NS
YOR374w (1.797) YER073w (1.011) Orf6.6640 (C. albicans) 0.4880 0.4446 NS
YPL048w (1.683) YKL081w (1.114) Orf6.3352 (C. albicans) 0.5763 0.6180 NS

NS, not significant. * and ** indicate that the duplicates with low-recombination rates evolved significantly
faster than the corresponding paralogs with high-recombination rates at 5 and 1% probabilities, respectively.
� and � indicate that the duplicates with high-recombination rates evolved significantly faster than the
corresponding paralogs with low-recombination rates at 5 and 1% probabilities, respectively.

a The numbers in parentheses are the recombination rates from Gerton et al. (2000).

an area of high-local-recombination rate is consistent rate between the two groups (P � 0.18 for t-test), the
group showing evolutionary symmetry has a higher aver-with population genetics theory, which predicts that

purifying selection is less effective in genomic regions age of KDH than the group with the pattern of evolution-
ary asymmetry. The GC3 contents of copies with higherof low recombination (Hill and Robertson 1966; Car-

valho and Clark 1999; Comeron et al. 1999). As most recombination rates were examined for the two groups.
They had very similar average GC3 contents (0.461 andamino acid changes tend to be deleterious (Li 1997),

relaxation of the purifying selection to favor the copy 0.465, respectively). Therefore, different evolutionary
patterns of two groups do not appear to be due to basein areas with a low-local-recombination rate allows for

their accumulation over those located in a region of composition. Probably this is because the duplication
events and divergence between S. cerevisiae and C. albi-high-local-recombination rate.

We did not detect a significant difference in the evolu- cans are too old to guarantee sufficient power of the
relative rate test. Alternatively, some of them may havetionary rate between the two copies for 16 of the 30

(53.4%) duplicate gene pairs. The averages of KDH for been in the process of subfunctionalization, during
which the sites of the two copies experienced comple-the groups for which two copies show evolutionary

asymmetry and symmetry after duplication are 0.522 mentary acceleration. As a result, the different rates
were cancelled out over the sites.and 0.622, respectively (Figure 1 and Table 1). Although

there is no significant difference in average evolutionary Wolfe and Shields (1997) found �55 duplicate
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observations may be explained by natural selection fa-
voring those new retrogenes that moved to autosomes
and thus avoided X inactivation in spermatocytes and
suggest the importance of genome position for the ori-
gin of new genes. More recently, Zhang and Kishino
(2004) presented an example in which changes in local
recombination rate drove the divergence at synonymous
sites between the duplicated amylase genes in Dro-
sophila.

In this study, we found a significant effect of recombi-
nation on divergence in protein evolution between the
two duplicates in different recombination rate regions.
Differences in purifying selection intensity triggered by
differences in local recombination rate can explainFigure 1.—A tree for the relative rate test to detect the
these observations. When genome data from manydifference in evolutionary rate between the high- and low-

recombination duplicates in the S. cerevisiae genome using the closely related species become available, it will be inter-
ortholog from C. albicans as a reference. The approximate esting to examine the site-specific asymmetry of dupli-
duplication time, 100 MYA, is from Wolfe and Shields cate genes (Gu 1999; Knudsen and Miyamoto 2001;(1997), and the splitting time of S. cerevisiae and C. albicans,

Wang and Gu 2001; Knudsen et al. 2003). Together140–330 MYA, is from Seoighe et al. (2000).
with previous studies, the results suggest that genomic
background (e.g., local recombination rate) has a poten-
tial to drive divergence between nontandemly dupli-blocks in the S. cerevisiae genome. To contrast the above

result with a negative control, we randomly selected 40 cated genes, although it may act through different
mechanisms. This also implies that the genomic back-duplicate gene pairs of which two copies of each pair

have similar recombination rates and come from differ- ground should be taken into account to better under-
stand the evolution of duplicated genes.ent paralogous blocks in the S. cerevisiae gene duplica-

tion database (http://wolfe.gen.tcd.ie/). Of 40 dupli- We thank J. A. Birdsell for kindly sending us sequence data of S.
cate pairs, 8 were found to show asymmetric evolution cerevisiae duplicated genes and for helpful discussions. This study has

been supported by the Institute for Bioinformatics Research and De-(results not shown). This proportion (20%) is much
velopment, Japan Science and Technology Agency.lower than that (46.6%) of duplicate pairs, which have

very different recombination rates. This suggests that
recombination rate may be a potential force to drive
the divergence of duplicate genes. LITERATURE CITED
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