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ABSTRACT

Interlocus gene conversion is considered a crucial mechanism for generating novel combinations of
polymorphisms in duplicated genes. The importance of gene conversion between duplicated genes has been
recognized in the major histocompatibility complex and self-incompatibility genes, which are likely subject
to diversifying selection. To theoretically understand the potential role of gene conversion in such situations,
forward simulations are performed in various two-locus models. The results show that gene conversion could
significantly increase the number of haplotypes when diversifying selection works on both loci. We find that
the tract length of gene conversion is an important factor to determine the efficacy of gene conversion:
shorter tractlengths can more effectively generate novel haplotypes given the gene conversion rate persite is
the same. Similar results are also obtained when one of the duplicated genes is assumed to be a pseudogene.
Itis suggested thata duplicated gene, even after being silenced, will contribute to increasing the variability in
the other locus through gene conversion. Consequently, the fixation probability and longevity of duplicated
genes increase under the presence of gene conversion. On the basis of these findings, we propose a new
scenario for the preservation of a duplicated gene: when the original donor gene is under diversifying

selection, a duplicated copy can be preserved by gene conversion even after it is pseudogenized.

NTERLOCUS gene conversion plays significant roles
in shaping the pattern of polymorphism and di-
vergence in duplicated genes (OnTA 1980; L1 1997,
InnAN 2003; TeEsHIMA and INNAN 2004). Gene conver-
sion exchanges DNA segments between duplicated
genes, which is usually described as a copy-and-paste
event (Figure 1). With this mechanism, duplicated genes
undergo nonindependent molecular evolution. There
are at least two major outcomes of gene conversion,
which seem somewhat conflicting. One is the phenom-
enon called “concerted evolution,” in which gene
conversion reduces sequence variation between dupli-
cates (OHTA 1980; ZIMMER et al. 1980; DovER 1982; L1
1997). The other is that gene conversion creates and
enhances genetic variation within a gene family (MryaTa
et al. 1980; BALTIMORE 1981; OnTa 1991, 1992, 1997).
This discrepancy between the two conflicting outcomes
can be explained when considering the role of selection
and how “genetic variation” is defined.

Concerted evolution is the outcome that can be more
intuitively understandable, because it is obvious that a
gene conversion event makes the sequence identical
for the converted region regardless of its tract length
(Figure 1). When gene conversion occurs frequently,
the sequence identity between duplicated genes is likely
high, while there would be some divergence from their
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orthologous genes in a different species. This phenom-
enon was first observed in the YDNA genes (BROWN et al.
1972; CoEN et al. 1982), and the genomewide signifi-
cance of the role of gene conversion has been recently
emphasized in many organisms (SEMPLE and WOLFE
1999; Gao and INNAN 2004; EzawaA et al. 2006; WANG
et al. 2007). Theoretically, the gene conversion rate is
the major factor to determine the identity level of DNA
sequences under neutrality (NAGYLAKI and PETES 1982;
OHTA 1982; NAGYLAKI 1983; INNAN 2002, 2003).

Thus, gene conversion indeed reduces the variation
between duplicates, when it is defined as the average
nucleotide divergence between paralogs. However, the
situation would be different if genetic diversity is
measured in terms of haplotype or a stretch of DNA
sequence. Suppose that we define haplotypes on the
basis of the sequences in a particular region (the boxed
regions in Figure 1). In the right side of Figure 1, a gene
conversion event creates a new chimeric haplotype
because the gene conversion occurs within the boxed
region. On the other hand, when the gene conversion
tract completely covers the boxed region as illustrated in
the left side of Figure 1, it does not introduce any new
haplotypes into a population. It should be noted that in
both cases, the average divergence is reduced by gene
conversion. Nevertheless, the gene conversion event
introduces a novel variant (haplotype) in the popula-
tion in the former case (rightside in Figure 1). This role
of creating new haplotypes is emphasized at a locus
where a high level of haplotype diversity is required,
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such as animal major histocompatibility complex
(MHC) genes (BartiMore 1981; OnmTa 1991, 1997;
ParHAM and OHTA 1996; MARTINSOHN et al. 1999) and
plant self-incompatibility (SI) genes (SaTo et al. 2002;
CHARLESWORTH et al. 2003). In those loci, it is well
known that strong selection prefers a large amount of
genetic variation at the haplotype level. In such a
situation, haplotype variation can be enhanced by gene
conversion especially when the gene conversion tract
length is small.

In this article, we focus on the second outcome of
gene conversion, thatis, creating novel haplotypes. Our
purpose is to elucidate the advantageous effect of gene
conversion for loci under diversifying selection. We are
especially interested in the effect of gene conversion
tract length, as we predict that smaller conversion tracts
can create new haplotypes more efficiently. We first
consider a two-locus model in which a pair of duplicated
loci is stably maintained in a population (model I). We
also use a model that allows copy-number variation
(model II): the first locus is fixed in the population,
while the second locus can appear and disappear by
mutations (duplication and loss). The second locus can
be either functional or a pseudogene. In either case, we
predict gene conversion between duplicates has an
advantageous effect in terms of creating haplotype
variation. Therefore, it might be expected that having
a duplicate is advantageous for the population even
when it is a pseudogene as long as gene conversion is
active between them. Using these two models, we
investigate the effect of gene conversion tract length
on the following quantities: quantity (Q)1, haplotype
variation maintained in the population in model I; Q2,
the fixation probability of a duplicated gene in model II;
and Q3, the longevity of a fixed duplicate in model II.

The first quantity, the number of haplotypes and
haplotype diversity, has been investigated by OHTA
(1991, 1997). She used a nine-locus model to make
the situation similar to the human MHC genes. It is
assumed that each gene consists of 50 infinite-allele sites
and that the average gene conversion tract length is
fixed to be half of the gene length (i.e., 25 sites). In this
article, on the basis of our prediction, we use various
tract lengths to investigate their effect, although we
specify the models to be two-locus ones.

More importantly, the second and third quantities are
investigated for addressing the questions on the main-
tenance mechanism of duplicated genes. Various sce-
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Ficure 1.—Illustration of gene conversion
events. See text for details.
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narios for the preservation of duplicated genes have
been proposed; i.e., one of the duplicated genes loses its
function (pseudogenization or nonfunctionalization),
one obtains a novel function (neofunctionalization),
and both copies are preserved to complement the
ancestral function (subfunctionalization) (for a review,
see WALsH 2003). It is believed that the major fate of a
duplicated gene is the first one: the extra duplicated
copy is pseudogenized shortly after duplication and
disappears from the genome. Here, we show that in a
special occasion where the original donor gene is under
diversifying selection, a duplicated copy can be pre-
served even after it is pseudogenized. This is based on
our prediction that when a gene is under diversifying
selection, having an extra copy would be advantageous
because the duplicated copy could enhance the varia-
tion in the original gene through gene conversion. For
this purpose, it should not matter whether the duplicate
is a functional gene or a pseudogene. The new scenario
is supported by our large amount of simulations under
various conditions.

GENETIC VARIATION AND HAPLOTYPE STRUCTURE
IN THE MHC AND SI LOCI

This section shows that gene conversion plays signif-
icant roles in shaping the standing haplotype variations
in the MHC and SI genes, classic example genes of
diversifying selection (e.g., WRIGHT 1939; TAKAHATA
1990). In both cases, very strong balancing selection is
operating to maintain a number of haplotypes in a
species. In the next section, we design simple two-locus
models according to the observations introduced here.

MHUC genes in primates: The MHC is a large genomic
region containing multiple MHC genes, which play the
major role in the immune system of vertebrates. The
proteins encoded by the MHC genes are involved in
the immune response to various pathogens. The MHC
genes are classified into two classes, the class I and class
IT MHGs. Both classes of MHC genes have a peptide-
binding region (PBR) of ~50 amino acids in the second
exon for class II and in the second and third exons for
class I, which recognizes nonself peptides. It has been
considered that overdominant selection is operating in
the PBR because individuals having various kinds of
recognition specificity to outsider peptides would be
selectively advantageous (DOHERTY and ZINKERNAGEL
1975a). Therefore, those genes typically exhibit excep-
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F1GURE 2.—Amino acid sequence alignments of alleles in duplicated DRB genes in humans and chimpanzees. Data are from the
IMGT/HLA and IMGT/MHC databases (RoBINSON et al. 2003). The open circles indicate amino acids involved in peptide-bind-
ing regions (PBRs) in humans (BROWN et al. 1993). The solid circles represent shared polymorphic sites, which is a strong sig-
nature of gene conversion (INNAN 2003). Putative gene conversion tracts are boxed. (A) DRBI vs. DRB3 in humans. (B) DRBI vs.

DRB6 (pseudogene) in chimpanzees.

tionally high levels of nucleotide variation (DOHERTY
and ZINKERNAGEL 1975b; KLEIN 1986; HUGHES and NEI
1988; GAUDIERI et al. 2000).

Human MHC genes are referred to as the HLA
(human leukocyte antigen) genes. There are at least 9
protein-coding genes and 17 pseudogenes for the class I
HLA, which are designated as HLA-A-HLA-Z. There are
atleast 15 coding genes and 9 pseudogenes for the class
II HLA, denoted by, for example, HLA-DRA, HLA-DRBI,
and HLA-DQAI (ROBINSON et al. 2003; HORTON et al.
2004). Several lines of evidence show that gene conver-
sion occurs frequently between the class II HLA genes
(GorskIl and MacH 1986; WU et al. 1986; PARHAM and
OmnTA 1996), although clear evidence is not available for
the class I HLA loci (HucHEs and NE1 1989; NE1 et al.
1997). To demonstrate the point, HLA-DRBI and -DRB3
are used as examples, which are those with particularly
high levels of polymorphism in the HLA-DRB cluster.

Figure 2A shows the multiple alignment of various
haplotypes in the second exon of the two genes. It is
shown that a number of polymorphic sites at the
nucleotide level are shared by the two genes, indicating
the role of interlocus gene conversion (INNAN 2003).
The observed number of such shared polymorphic sites
is far beyond that explained by multiple mutations.
There are a number of shared polymorphic sites among
other HLA-DRBgenes (notshown), indicating that gene
conversion has been active in the HLA-DRB cluster,
thereby contributing to the introduction of new types of
PBR.

Very similar patterns are also observed in other
primates (Go et al. 2003; ABBOTT et al. 2006; DoX1ADIS
et al. 2006). Of particular interest is chimpanzee’s
ortholog of HLA-DRB6 (represented by Pair-DRBO),
which has a very high level of variation, although itis a
pseudogene. This gene has a number of shared poly-
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morphic sites with other functional genes such as Patr-
DRBI (Figure 2B), indicating that gene conversion is
heavily involved in shaping the observed pattern of
polymorphism. A similar pattern also holds for mac-
aque’s DRB6 (data not shown), while the amount of
variation is not very high in humans.

SI genes in plants: SI is a mechanism for preventing
selffertilization in plants. SI is controlled by two tightly
linked SI genes. The two SI genes encode the molecules
for pistil- and pollen-side self recognitions. Since both
genes have multiple alleles and recombination between
the two genes is strongly suppressed, the specific term,
“Shaplotype,” is commonly used instead of the classical
terminology, “S allele” (NASRALLAH and NASRALLAH
1993). The interaction between the pistil and pollen
molecules encoded by the same S haplotypes prevents
fertilization. Under this system, individuals with minor S
haplotypes have high mate availabilities, and therefore a
very large number of $ haplotypes can be maintained in
the population by frequency-dependent selection
(WRIGHT 1939).

In Brassica, the pistil-and pollen-side recognitions are
controlled by two tightly linked genes, SRK (STEIN et al.
1991; Takasaxki et al. 2000) and SP11 (also named SCR)
(SCHOPFER et al. 1999; SUzUKI et al. 1999), respectively.
The SRK gene possesses a hypervariable (HV) region of
~100 amino acids, in which a number of nonsynon-
ymous variations are likely observed. This HV region is
considered to be involved in recognition specificity
(STEIN et al. 1991; HINATA et al. 1995).

It is known that in Brassica SRK has a tightly linked
paralog called SLG. SLG is a partial duplicate of SRK
because it has only the 5" half of the coding region
(including the HVregion) of SRK. While the expression
of SLG has been confirmed, SLG may not be directly
involved in the SI reaction (Suzuxr et al. 2000). There-
fore, we can consider that SLGis a nonfunctional gene
in terms of the function of SI (it does not matter whether
SLGhas other functions), and we callita pseudogene for
simplicity. The situation could be similar to that of the
DRBI-DRB6 (pseudogene) pair in chimpanzees (Figure
2B). Thelevel of nucleotide variation in the HVregion in
the functional gene, SRK, is very high, and its putatively
nonfunctional duplicated copy, SLG, also has a high
level of variation in the corresponding part of the HV
region perhaps through gene conversion (SATO et al.
2002). The action of interlocus gene conversion can be
clearly demonstrated in the allelic trees in Figure 3. For
two Brassica species (Brassica rapa and B. oleracea), we
determined the sequences for several strains, and these
data are pooled with publicly available data for the
construction of the allelic trees (see supplemental
material for details). § haplotypes, for which the
sequences of both SRKand SLG are available, are used.
It is found that for roughly half of Shaplotypes, the two
paralogs are most closely related to each other (empha-
sized by thick lines in Figure 3), which is a typical

observation for gene pairs subject to gene conversion.
The data also allow us to estimate the ratio of the gene
conversion rate to the mutation rate, which turns out to
be 30-40, indicating a high gene conversion rate in these
regions. The estimation is based on two quantities: the
average pairwise nucleotide differences within and
between two loci, m, and m, (INNAN 2002). w, =
0.1741 and m, = 0.1759 for B. rapa, and m, = 0.1665
and m, = 0.1677 for B. oleracea. The original estimation
method (INNAN 2002) is designed for a neutral case, but
we believe we can apply the method to the SRK-SLG pair
as a very special case. This is because allelic genealogy
under multiallelic balancing selection can be roughly
described by a neutral coalescent process when time is
rescaled (TAKAHATA 1990). This logic should hold for
SRK and also for SLG when the two loci are completely
linked.

Assimilar pattern has been also observed in Arabidopsis
lyrata. The SRK gene in this species has multiple SLGlike
paralogs, and evidence for gene conversion among
them is available. Some paralogs would have complete
gene structures and their expression has been empiri-
cally confirmed, but there may be no evidence that
those paralogs are involved in the SI reaction and are
subject to diversifying selection, like Brassica SLG
(CHARLESWORTH et al. 2003; PriGoDA et al. 2005).

MODELS AND SIMULATION

On the basis of the observations in the MHC and SI
genes, we design two-locus models as follows (summa-
rized in Table 1). Two linked duplicated loci, A and B
(Figure 1), are considered in a random-mating popula-
tion with Ndiploids. As briefly mentioned above, model
I assumes that the two loci are fixed in the population;
that is, all chromosomes have both A and B. In model II,
it is assumed that A is fixed, while presence/absence
polymorphism is allowed for locus B. Each gene is
represented by L bp of DNA sequences, corresponding
to the PBR of the MHC genes and the HV region of SRK.
At each site, four allelic states, 0, 1, 2, 3, are allowed,
representing four nucleotides, “A,” “TI,” “G,” and “C.”
Codons (triplets of nucleotides) are assigned in the
nucleotide sequences. For simplicity, we assume any
mutation at the first and second positions causes amino
acid changes, while it does not at the third position.

To simulate the molecular evolution of the two loci,
we incorporate point mutation, recombination between
A and B, recombination within each gene, and gene
conversion between A and B as mutational mechanisms.
Point mutations are introduced with a fixed rate, where
jL is mutation rate per site. Recombination between the
two loci occurs at rate %, per diploid per generation, and
in a similar way, intragenic (allelic) recombination
within each gene is allowed at rate r, per base pair per
generation. Note that intergenic recombination can
occur in any individual, regardless of the presence of
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F1GURE 3.—Gene trees inferred from the HV regions of SRKand SLGin B. rapa (A) and B. oleracea (B). The OTUs represent the
registered names of S haplotypes. When the two duplicates in the same S haplotype are most closely related, the branch between
them is emphasized in a thick line. The bootstrap values in percentiles (>50%) are also shown. The bar represents genetic dis-

tance estimated by amino acid sequences.

locus B. On the other hand, intragenic recombination
in locus B occurs only in diploids, in which locus B is
present in both chromosomes. Gene conversion occurs
between the two loci at the same rate. We use a gene
conversion model that assumes that the gene conver-
sion tract length is a random variable from the geo-
metric distribution with parameter ¢ (Wiur and HEIN
2000; TesHiMA and INNAN 2004). A gene conversion
event can be initiated at any site in the duplicated region
atrate gper generation, so that the gene conversion rate
per site (¢, the rate that a site experiences gene con-
version defined in INNaAN 2002, 2003) is given by c= g/ Q,
where Q = ¢L. L/ Q represents the average tract length
of gene conversion. It should be noted that gene
conversion can be initiated out of the simulated region,
because our simulated region should be a part of the
duplicated region. We assume that the duplicated regions

are much larger than L bp. Table 2 summarizes the
parameters used in this study.

In our simulations, point mutation, recombination,
and gene conversion are introduced at each generation.
Then, the fitness of each diploid individual is deter-
mined (see below for details), according to which the
next generation is randomly generated under the
Wright-Fisher model. Throughout this study, we fix N
=100 and 6 (4Nw) = 0.01 because computational time
with a large Nis verylong. Nevertheless, our results hold
for a large population, which was confirmed with lim-
ited parameter sets (not shown).

Model I: Model I investigates the haplotype variation
in the simulated region when the two loci are stably
maintained in the population. The haplotype variation
is considered at the amino acid level: in our simplified
sequence model, a pair of sequences is considered as
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TABLE 1

Summary of the models and results

Model I: Model II:

Fixation probability

Case Representative Locus A Locus B Haplotype variation and longevity

I MHC Selected Selected K: Figure 4 Figure 7
H: supplemental Figure 1

II MHC Selected Pseudogene K: Figure 5° Figure 8
H: supplemental Figure 2

iy SI Selected Pseudogene K: Figure 6° Figure 9

H: supplemental Figure 3

K, number of haplotypes; H, haplotype diversity.

“Results of the simulations with deleterious mutations are shown in supplemental Figures 4 and 5.

distinct haplotypes when they have at least one hetero-
geneous sites at the first and second positions in the
codons. As a measure of haplotype variation, the number
of haplotypes (K) in a population and the haplotype
diversity (H, the probability that randomly chosen
haplotypes are different) are calculated. Throughout
this article, because the results for K and H are consis-
tent, only the results for Kare shown (see supplemental
Figures 1-3 for the results for H).

We consider two cases: in case I, the two genes are
functional, while locus B is assumed to be a pseudogene
in case II. A pseudogene is defined such that it has no
fitness effect on the host genome whether or not it is
transcribed. Both cases can be applied to the MHC types
of genes, while only case II can be applied to the SI types
of genes. We first describe the simulation procedure for
the MHC types of genes. Following the human MHC
genes, Lis assumed to be 150 bp, which is similar to the
typical length of the PBR of the MHC genes. Let i be the
number of different haplotypes in a diploid individual,

TABLE 2

Summary of parameters

L Number of nucleotides in the simulated region
representing PBD and HV

0 4Nu: population mutation parameter, where w is the
nucleotide mutation rate per site

Ns Population selection parameter, where s is the
selection coefficient

C 4Nc: population gene conversion parameter, where

¢ is the gene conversion rate per site

1/Q Expected tract length of gene conversion in units of
L bp

R, 4N,y,: population recombination parameter, where
1, is the interlocus recombination rate between
duplicated genes

R, 4Nr,: population recombination parameter, where 7,
is the intragenic recombination rate per base pair

Vv 4Nv: population deletion parameter, where v is

the rate of deletion per gene

which determines the fitness of the host individual.
Note that only haplotypes in the active genes are counted,
sothati=1,2, 3,4 for case I and i =1, 2 for case II. We
assume that the selection effect is additive; that is, the
fitness is given by

: W
in case I and
1—(2—14)s (2)

in case II.

For each parameter set, a single run of simulation is
performed. The initial state of the population is that the
allelic state is 0 at all 2 X L sites for all chromosomes. A
prerun of 5000N generations is carried out to accumu-
late variation. After the prerun, K and H are computed
in every Ngenerations. The simulation run is continued
to accumulate 10° observations (i.e., 107 generations),
from which the average Kand H are obtained for each
locus. The Kand H of the two genes for case I are almost
identical because of the symmetry of the model, while
they are different in case II where selection works only
on locus A. Therefore, we pool the data from the two
loci in case I, while in case II we investigate the levels of
variation in loci A and B separately.

Only case II may be applied to the SI types of genes
and this special case is called case II'. There are some
parameters specific to case II'. According to the Brassica
SRK genes, L = 300 bp is assumed. Because homozy-
gotes are usually lethal, s = 1 is assumed. Because the
recombination between § haplotypes is strongly sup-
pressed (reviewed in UYENOYAMA 2005), R, = R, = 01s
assumed. Brassica species employ a sporophytic self-
incompatibility (SSI) system, in which both the pistil-
and pollen-side recognition specificities are controlled
by parental diploid genotypes (TAkKaAYAMA and ISOGAI
2005). In other words, because all individuals have two S
haplotypes as heterozygotes, both pistil and pollen
exhibit two recognition specificities. Our simulation
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model follows the SSIcod model of VEKEMANS et al.
(1998). In practice, two individuals are randomly
chosen in the population of the previous generation,
representing female (pistil) and male (pollen) parents.
If the two parents share atleast one haplotype in locus A,
these two parents are discarded, and another pair of
parents is randomly chosen again. If the male and
female parents do not share any haplotype, a new
progeny is generated. This procedure is repeated until
Nprogenies are obtained. Note that our model assumes
complete codominance of the § haplotypes. The effect
of dominance among the S haplotypes is ignored for
simplicity. Although its possibility has been pointed out,
the effect on our conclusion may not be large because
our primary interest is in gene conversion. Dominance
would work to reduce the effect of selection (SCHIERUP
et al. 1997, VEKEMANS et al. 1998).

Model II: In model II, presence/absence polymor-
phism of the locus B is allowed, while all 2N chromo-
somes have locus A. The model can be applied to both
MHC and SI types of genes. The model is to investigate
the fixation probability and longevity of the duplicated
gene, locus B. To evaluate the fixation probability, a
simulation starts with the initial condition where no
chromosome in the population has locus B. After a
prerun (200N generations) for accumulating variation
in locus A, a single chromosome is randomly selected,
where a duplicate of locus A arises as locus B. Accord-
ingly, this chromosome has two copies of exactly the
same sequences, and the other 2N -1 have only locus A.
After this duplication event, no duplication or deletion
eventis incorporated, so that we are able to trace the fate
of this duplicate: fixation or extinction. From atleast 5 X
10° replications of this simulation, we obtain the fixation
probability of locus B.

Similarly we investigate how long a fixed locus B can
be maintained in the population when it is subject to
deletion. The system starts with the state where locus B is
fixed in the population. The simulation includes a
prerun (20,000N generations), the procedure of which
is the same as that of model I (no deletion occurs in the
prerun). After the prerun ends at time ¢ = 0, locus B is
subject to deletion at rate V. Then, the simulation con-
tinues until locus B becomes extinct from the popula-
tion. From a number of replications of this simulation
(10°), the average time from t = 0 to extinction is
computed.

RESULTS

Haplotype variation: We first focus on the haplotype
variation in case I in model I. In Figure 4A, the average
number of haplotypes per gene, K, is plotted against Q,
the parameter to determine the size of the gene
conversion tract: the expected length is long for a small
Q. Because the two loci are functional in this model, Kin

Figure 4A is the average over the two loci. Two selection
intensities (Ns= 5 and 1) are used, and R, =50 and R, =
0 are assumed. Four values of the gene conversion rate
are considered (C = {0.01, 0.1, 1, 10}) and C = 0 is also
included as a control. It is clearly demonstrated that
Q and the average number of haplotypes are positively
correlated for all gene conversion rates, supporting our
hypothesis of high efficacy of generating novel haplo-
types when the conversion tract is small. This positive
correlation is also observed when Ry, = 0 (Figure 4B).

Overall, the average number of haplotypes is larger
for Ns =5 than for Ns=1 (Figure 4, Aand B), indicating
that diversifying selection at the two loci works to favor a
high level of haplotype diversity, in agreement with
classic theory under a single-locus model (TAKAHATA
1990). Recombination is helpful in terms of shuffling
the variation in the two loci. Kis positively correlated with
the recombination rates between the two loci (Figure
4C) and within each locus (Figure 4D), although the
effect of the latter is weak.

The effect of the gene conversion rate on the number
of haplotypes is not simple as demonstrated in Figure
4C. When C is relatively small, K and C are positively
correlated, but they are in a negative correlation if C
exceeds a certain threshold. It seems that there is an
optimum Cin terms of enhancing haplotype variation.
The optimum C should depend on other parameters,
among which the recombination rate between the two
loci might be of special importance: the threshold is
high for a large R;,. When Cis large, the effect of gene
conversion on homogenizing haplotypes between the
two loci might be too large, so that the effect of creating
new haplotypes may be canceled out. However, even
with avery high C, Kis larger than that expected with no
gene conversion (open rectangles with shaded lines in
Figure 4, A and B).

The results in case II (Figure 5) are essentially
identical to those in case I (Figure 4), except that the
average numbers of haplotypes for the two loci (repre-
sented by Ky and Kp) are different: because of no
selection atlocus B, the expectation of Kp is smaller than
that of K. Nevertheless, Kp is much larger than that
expected without gene conversion (C= 0) because high
variability in locus A is transferred to locus B. K4 and Kp
become similar as C increases. The overall patterns
observed in case I hold in Figure 5: Ky and Ky are
positively correlated with Ns, Q, R, and R,. Again we
observe that there is an optimum C to maximize the
effect of creating new haplotypes. The optimum C is
large for a large R,

As a special case of case II, we consider case II" (Figure
6). The pattern is very similar to those observed in
Figures 4 and 5, although the effects of R, R, and Ns
are not investigated in case II' because we use fixed
values for those (R, = R, =0and s=1).

Thus, it can be summarized that there is an overall
advantage of interlocus gene conversion in creating
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Its quantitative effects are as follows: and interlocus recombination.
1. The effect of gene conversion is large when the gene These quantitative effects also hold for the haplo-
conversion tract is small (large Q). type diversity, H, as shown in supplemental Figures

2. There is an optimum gene conversion rate (C). 1-3.
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Deleterious mutations including nonsense mutations
are important factors in case II and case II', but not
incorporated in the above simulations. Such deleterious
mutations should be quickly eliminated in case I so that
their evolutionary contribution is negligible. However,
the effect cannot be ignored in case II and case II'
because it is likely that premature stop codons and
deleterious amino acids can be accumulated in locus B
(pseudogene), where there is no purifying selection.
When deleterious mutations in locus B are transferred
by gene conversion, it has a significantimpact on fitness.
It is known that a number of gene conversion-mediated

0. (C) The effects of Cand R;, on Kwhen Q=5and R,=0. (D) The

human diseases involve nonsense mutations in pseudo-
genes (CHEN et al. 2007). In the Brassica SI system, it has
been reported that gene conversion from SLG to SRK
could cause nonfunctionalization of SRK (FujiMoTO
et al. 2006). Additional simulations with deleterious
mutations are also performed, and we obtain almost
identical results (supplemental Figures 4 and 5). In all
parameter sets investigated, we confirm the above three
quantitative effects of gene conversion. We observe a
slight reduction in K and H as the effect of deleterious
mutations. This can be understood if we consider that
deleterious mutations in locus B work to reduce the
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effective gene conversion rate from B to A because of its
deleterious effect (i.e., such deleterious gene conversion
would be quickly eliminated from the population).
Note that it is obvious that gene conversion in the other
direction is neutral.

Fixation probability and longevity: It can be easily
imagined that when the duplicated gene (locus B) is
functional, there is a direct advantage of it, which offers
a potential source for having more haplotypes for the
host individual (Figure 4). More interestingly, we show
that even when locus B is nonfunctional, its existence
can help to introduce new haplotypes in locus A
(Figures 5 and 6). In this section, to investigate the
evolutionary significance of the existence of locus B, we
investigate the second and third quantities listed in the
Introduction (i.e., fixation probability and longevity) by
using model II. To demonstrate the point, intragenic
recombination and deleterious mutations are ignored
because they have minor effects (data not shown).

We first focus on case I, where both loci are func-
tional. As mentioned above, there is a direct advantage
of having the extra copy (i.e., locus B), which is seen as
elevated fixation probabilities in comparison with the
case of no selection (i.e., 1/2N = 0.005 in Figure 7, A
and B). It seems that there is almost no positive effect of
gene conversion to enhance the fixation of locus B
(Figure 7, A and B). The effect is rather negative: the
fixation probability in the cases of C> 0 is overall lower
than that of no gene conversion (C= 0, open rectangles

7 8 9 10

with shaded lines in Figure 7). This could be because the
effect of gene conversion is positive only when locus B
accumulates a high level of variation; otherwise the
other negative outcome of homogenizing variation may
dominate the positive one. Usually, the fixation process
of a new duplicate occurs in a relatively short time
(much shorter than the time required to accumulate a
high level of polymorphism). In this model, because the
fixation of locus B is already advantageous, the negative
effect of gene conversion may be emphasized.

In Figure 7, C and D, the longevity of locus B is
investigated. Overall, the effect of gene conversion is
notvery negative unless Cis very large. For some parame-
ter sets, we see a slight positive effect of gene conversion
to preserve locus B, probably because the process re-
quires a much longer time than that for the fixation
process.

In contrast, the situation is quite different in case 1II,
in which locus B is nonfunctional (Figure 8). If there is
no gene conversion (open rectangles with shaded lines
in Figure 8), there is no evolutionary advantage for
having locus B; therefore, the fixation probability is 1/
2Nand the longevity depends on the deletion rate, V. In
Figure 8, we observe the effect of gene conversion in the
positive direction for preserving locus B. The fixation
probability and longevity for C > 0 are larger than those
for no gene conversion (Figure 8). The quantitative
effects of gene conversion on these two quantities are in
agreement with the first and second points in the pre-
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FIGURE 7.—Results of simulation of case I for fixation probability and longevity of locus B. (A) The effects of C, Q, and R, on
fixation probability when R, = 0. (B) The effects of Cand R, on fixation probability when Q =5 and R, = 0. (C) The effects of C,
Q, and R, on longevity when R, = 0. (D) The effects of C and R;, on longevity when Q = 5 and R, = 0.

vious section, Haplotype variation (although the relation-
ship with the recombination rate may be complicated).
The fixation probability and longevity are positively
correlated with Q and Ns, and there seems to be an
optimum C to maximize the fixation probability and
longevity. This pattern also holds for case II' (Figure 9).

DISCUSSION

Simple two-locus models with interlocus gene con-
version are used to investigate the effect of gene
conversion on the haplotype variation in the two loci
(model I) and the fixation probability and longevity of
the second locus (model II). The models are designed
such that we can investigate those three quantities in

situations similar to the PBR in the MHC genes and the
HVregion in SI genes. For the former (MHC), we consider
two situations: (1) both of the two loci are functional
and (2) the first locus is functional and the second is
nonfunctional, while for the latter (SI), it is automati-
cally assumed that the second locus is a pseudogene
because only one copy is usually involved in the SI
system.

Ownra (1991, 1997) used similar models to our model
I and demonstrated that gene conversion works to in-
crease the number of haplotypes. Our results confirmed
her conclusion (Figures 4 and 5). Her models assume
that the average gene conversion tract length is fixed
to be a half of the gene length. Here, we extended the
models, in which the tract length follows a geometric
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distribution with parameter Q. This is because we
predict that Q is an important factor to determine the
efficacy of gene conversion on creating new haplotypes.
We find that Q and the number of haplotypes, K, arein a
positive correlation for the wide range of parameters
investigated in cases I, II, and II' (Figures 4-6), sup-
porting our prediction.

Other parameters also affect K, including mutation,
recombination, gene conversion rates, and selection
intensity (Figures 4-6). Although the population muta-
tion rate 0 is fixed through this study, itis easy to imagine
that 8 and Kshould be in a positive correlation. For the
selection coefficient, only two representative values are
used (Ns=1and 5). Itis found that Kis always larger for
Ns = b, indicating a positive effect of Nson K, which is

expected from classic theoretical results in a single-locus
model (TAkaHATA 1990). The inter- and intralocus
recombination rates (R, and R,) are also positively
correlated with K. The former works to provide new
pairs for gene conversion as theoretically demonstrated
(InNAN 2002, 2003), while the latter directly contributes
to the introduction of new haplotypes (TAKAHATA and
SatTa 1998). The relationship between Cand Kis not
simple. There seems to be an optimum gene conversion
rate to maximize its effect.

The fixation probability and longevity are also posi-
tively correlated with @, indicating that short gene
conversion tracts work efficiently to create new haplo-
types when the gene conversion rate (C) is the same.
Similar to the effect on the haplotype diversity, there
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seems to be an optimum C to maximize the fixation
probability and longevity (Figures 7-9).

It is interesting that this positive effect of gene
conversion in creating new haplotypes is observed when
one of the two loci is a pseudogene (Figures 5 and 6),
suggesting a possibility that the original functional gene
under diversifying selection can be benefited by having
an extra copy even when it is a pseudogene. As a con-
sequence, a pseudogene created by duplication can be
preserved by gene conversion and diversifying selection.
We use model II to quantitatively evaluate this possi-
bility. It is found that selection operating at locus A
enhances the fixation probability and longevity of its
nonfunctional duplicate, locus B (Figures 8 and 9). Q
and Ns are positively correlated with the fixation prob-
ability and longevity, while there is an optimum C to
maximize an advantageous effect. Itis important to note
that the fixation probability and longevity for C > 0 are
always larger than those for C = 0.

This result can be contrasted with previous theoretical
studies on the fates of duplicated genes. It is predicted
that pseudogenization is the most likely fate of dupli-
cated genes (L1 1980; OnTA 1987; LyNCcH and CONERY
2000; WaLsH 2003). It is usually considered that there is
no reason for the genome to keep pseudogenes; subse-
quently pseudogenes should be degenerated and disap-
pear relatively quickly. Our simulations demonstrate
that when diversifying selection is working in the donor
gene, there is a positive effect of having a duplicate on
the host genome, even after it is pseudogenized.

It is usually considered that having a pseudogenized
duplicate is deleterious when gene conversion occurs

2345678910

C

between them. This is because gene conversion from
the pseudogene to the functional gene could transfer
deleterious mutations accumulated in the pseudogene
(CHEN et al. 2007). A number of gene conversion-
mediated human genetic diseases involve such events.
However, when the donor gene is under diversifying
selection, our simulations suggest that the effect of gene
conversion might dominate the negative effect (supple-
mental Figures 4 and 5).

These findings should be consistent with the real se-
quence data in duplicated genes under the effect of di-
versifying selection and gene conversion. As shown in
Figures 2 and 3, the polymorphism data in the MHC and
SI genes show a number of clear footprints of gene con-
version between pseudogenes and their functional do-
nors. Our results would explain why there are a number
of pseudogenized duplicated genes in the MHC cluster.

Although we focused on the two very typical cases (the
MHC and SI genes) throughout the article, our conclu-
sion can be applied to any gene under diversifying
selection (i.e., multiallelic overdominant selection and
frequency-dependent selection). Examples include
plants’ disease-resistance genes (R genes). Similar to
the MHC genes, the Rmultigenes usually form a cluster
including many pseudogenes and gene conversion
among them has been implicated (PARNISKE el al.
1997). Various surface antigen genes in the trypano-
some could be another example, in which antigenic
variation is considered to be generated via gene conver-
sion from pseudogenes (RoTH et al. 1989) and anumber
of pseudogenes (presumably >500) are retained in its
genome (BERRIMAN et al. 2005).
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Furthermore, although our models cannot be directly
applied, the results could explain the advantage of gene
conversion in somatic cell divisions in the immunoglob-
ulin genes (MIYATA et al. 1980; BALTIMORE 1981; OHTA
1992). Immunoglobulin proteins are antibodies specific
to foreign molecules. In general, the diversities of
immunoglobulin heavy and light chains are generated
by somatic recombination among a large number of
segments (i.e., the V, D, and | segments) during the B
cell maturation. This editing process creates high levels
of variation in the antigen-binding domain of the
immunoglobulin protein. In some species including
chickens and rabbits, it is reported that pseudogenized
duplicates are involved in this process probably through
gene conversion (e.g., REYNAUD el al. 1987; THOMPSON
and NEIMAN 1987; BECKER and KNIGHT 1990; RouUX et al.
1991). It is suggested that pseudogenes play an impor-
tant role to generate somatic diversity and that selection
might be operating to maintain those pseudogenes.
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