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ABSTRACT

Interlocus gene conversion can homogenize DNA sequences of duplicated regions with high homology.
Such nonvertical events sometimes cause a misleading evolutionary interpretation of data when the effect
of gene conversion is ignored. To avoid this problem, it is crucial to test the data for the presence of gene
conversion. Here, we performed extensive simulations to compare four major methods to detect gene
conversion. One might expect that the power increases with increase of the gene conversion rate.
However, we found this is true for only two methods. For the other two, limited power is expected when
gene conversion is too frequent. We suggest using multiple methods to minimize the chance of missing

the footprint of gene conversion.

NTERLOCUS (ectopic or nonallelic) gene conver-
sion occurs between paralogous regions such that
their DNA sequences are shuffled and homogenized
(PeTES and HirLL 1988; HARRIS et al. 1993; GOoLDMAN
and LicHTEN 1996). As a consequence, the DNA
sequences of paralogous genes become similar (i.e.,
concerted evolution, OHTA 1980; DOVER 1982; ARNHEIM
1983). This homogenizing effect of gene conversion
sometimes causes problems in the inference of the
evolutionary history of duplicated genes or multigene
family. Common misleading inferences include an
underestimation of the age of duplicated genes (Gao
and INNAN 2004; TesHIMA and INNAN 2004). This is
largely because the concept of the molecular clock is
automatically incorporated in most software of phylo-
genetic analyses, and those software are frequently
applied to multigene families without careful consider-
ation of the potential effect of gene conversion.

To understand the evolutionary roles of gene duplica-
tion, itis crucial to date each duplication event. To do this,
we first need to know precisely the action of gene
conversion among the gene family of interest. There have
been a number of methods for detecting gene conversion,
but their power has not been fully explored. Here, we
systematically compare their performance by simulations
to provide a guideline on which method works best under
what condition. Our simulations show that some methods
have a serious problem that causes a misleading interpre-
tation: they do not detect any evidence for gene conver-
sion when the gene conversion rate is too high. Thus, as is
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always true, lack of evidence is no evidence for absence,
and we must be very careful about this effect when an-
alyzing data with those tests, as is demonstrated below.
There seem to be four major ideas behind the
methods for detecting gene conversion, which are
summarized below. A number of methods have been
developed to detect interlocus gene conversion, and
they belong to one of these four broad categories.

i. Incompatibility between an estimated gene tree and
the true duplication history: Figure 1A illustrates a
simple situation of a pair of duplicated genes, X and Y,
thatarose before the speciation event of species A and
B. The upper tree of Figure 1A shows a tree represen-
ting the true history. When a gene tree is estimated
from their DNA sequences, it should be consistent with
the true tree when genes X and Y have accumulated
mutations independently. Gene conversion potentially
violates this relationship. When genes X and Y are
subject to frequent gene conversion, the two paralo-
gous genes in each species should be more closely
related, resulting in a gene tree illustrated in the
bottom tree in Figure 1A. Thus, incongruence between
the real tree and an inferred gene tree can provide
strong evidence for gene conversion (unless there is no
lineage sorting or misinference of the gene tree).

It should be noted that a single gene conversion
event usually transfers a short fragment. Consequently,
it occasionally happens that incongruence is detected
onlyin a part of the duplicated region. Thus, searching
local regions of incongruence has been a well-recog-
nized method for detecting nonvertical evolutionary
events such as recombination, gene conversion, and
horizontal gene transfer (FArris 1971; BROWN et al.
1972), and some computational methods based on this
idea have been developed (BALDING et al. 1992).
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FIGURE 1.—Summary of the simulations in the two-species two-locus model. (A) Illustration of the model. (B-E) The power of
the four approaches. The average gene conversion tract length (1/¢) is assumed to be 100 bp. See Figure S1 for the results with

1/¢ = 1000 bp.

ii. Incompatibility of gene trees in different subregions:
The idea of (i) can work even without knowing the
real history. As mentioned above, incompatibility in
the tree shape between different subregions can be
evidence for local gene conversion because those
subregions should have different histories of gene
conversion (SNEATH ef al. 1975; STEPHENS 1985). A
number of statistical algorithms incorporate this idea
(e.g., JAROBSEN el al. 1997, McGUIRE el al. 1997,
WEILLER 1998).

iii. GENECONV: A local gene conversion also leaves its
trace in the alignment of sequences. GENECONV is
a software developed by Sawyer (1989) to detect
such signatures (http:/www.math.wustl.edu/~sawyer/
geneconv/). GENECONYV looks at an alignment of
multiple sequences in a pairwise manner and
searches unusually long regions of high identity
between the focal pair conditional on the pattern of
variable sites in the other sequences, which are
candidates of recent gene conversion (a similar idea
is also seen in SNEATH el al. 1975). The statistical
significance is determined by random shuffling of
variable sites in the alignment.

Shared polymorphism: Suppose polymorphism data

are available in both of the duplicated genes. Then,

with gene conversion, there could be polymorphisms
shared by the two genes, which can be evidence for
gene conversion (INNAN 2003a). It should be noted
that parallel mutations can create shared polymor-
phism even without gene conversion, but the chance
should be very low when the point mutation rate is
usually very low. Polymorphism data usually have
tremendous amounts of information on very recent

iv.

events and can be a powerful means to detect gene
conversion (e.g., STEPHENS 1985; BETRAN et al. 1997;
InnaN 2002).

In this study, we investigate and compare the perfor-
mance of the methods based on these four ideas with
simple settings. It should be noted that because our
primary focus is on interlocus gene conversion, we ig-
nore methods that can be used for detecting only allelic
gene conversion, such as FEARNHEAD and DONNELLY
(2001), Hupson (2001), and GAy et al. (2007).

MODELS AND RESULTS

Two-species two-locus model: To assess the power of
these four approaches, we first simulated the evolution
of DNA sequence of a pair of duplicated regions (X and
Y, each is L = 5000 bp long) along the history illustrated
in Figure 1A (two-species two-locus model). This model
assumes that the ancestral population consists of random-
mating N = 50 diploids. Biallelic states (0 and 1) are
allowed at each site, and the point mutation rate per site
is assumed to be u =5 X 107 per generation; therefore,
the population mutation parameter is 0 = 4Nu = 0.01
per site. To investigate the effect of interlocus gene
conversion alone, homologous recombination (cross-
ing over) is ignored. The age of the X/Y duplication is
set, such that the expected divergence between the
duplicates is roughly 20% if there is no gene conversion.
The ancestral population splits into two species, A and
B, so that the divergence between the orthologous pairs
from the two species is expected to be roughly 10%.
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Gene conversion is incorporated as a “copy-and-
paste” event by following TEsHIMA and INNAN (2004).
In brief, a copying event at any nucleotide position
initiates at rate g per duplicated region, and the
elongation of the copied tract can be terminated at rate
g and transferred to the corresponding position of the
paralog. In this setting, the tract length follows a
geometric distribution with mean 1/¢, and the gene
conversion rate per site (¢) corresponds to ¢ = g/ (qL)
and the population rate is denoted by C = 4N
The average tract length is assumed to be 1/¢ = 100
and 1000 bp. This is consistent with empirical estimates
of tract length; the average could range from the order
of 10 to 10® (PETES and HrLL 1988; COLLIER e/ al. 1993;
HARRIS el al. 1993; CHEN el al. 2007), but occasionally
very large tracts are detected.

The power of each method is measured as the
proportion of simulation runs with evidence for gene
conversion in 10,000 independent replications. In the
four approaches described above, we simply define that
there is evidence for gene conversion with the follow-
ing conditions. In (i), a gene tree is estimated by the
neighborjoining method (Sarrou and Ner1 1987) using
the distance matrix of the entire simulated region, and
we consider that there is evidence for gene conversion
when the estimated tree is inconsistent with the true
tree. This method can also be applied to local regions of
the simulated region. We divided the entire region into j
subregions with equal length (L./jbp), and a gene tree is
estimated for each region. Then, we consider that there
is evidence for gene conversion if at least one of the j
local gene trees is inconsistent with the true tree. In
(ii), inconsistency in the tree shape is examined for all
possible pairs of j subregions (i.e., (;) pairs), and we
consider that there is evidence for gene conversion if at
least one pair exhibits inconsistency. The presence of
evidence for gene conversion for (iii) is defined such
that at least one significant conversion trace (the global
Pvalue < 5%) is detected by the GENECONYV software
with the default setting (no gene conversion between
different species is assumed to be consistent with our
modeling). For (iv), because multiple hits of point
mutation create a small number of shared polymorphic
sites even without gene conversion, we define the
presence of evidence when the proportion of shared
polymorphic sites in all variable sites is significantly larger
than expected without gene conversion. For this, prior to
the power simulation, it is necessary to determine the
95% confidence limit by a simulation without gene
conversion. The sample size of 10 is assumed.

The power of detecting interlocus gene conversion is
presented against the gene conversion rate (C) in
Figure 1, in which the results for the mean tract length
of 100 bp are shown. One should desire that the power
increases as the gene conversion rate increases. We
found that this holds for the two approaches, (i) the
gene tree vs. true tree comparison and (iv) shared

polymorphism, but not for the other two, (ii) the gene
tree vs. gene tree comparison, and (iii) GENECONYV,
where the power decreases when C becomes too large.
In other words, there is an optimum gene conversion
rate to detect evidence for gene conversion. Thus, there
seem to be two major patterns in the relationship
between Cand the power.

For (i) the gene tree vs. true tree comparison (Figure
1B), the power simply increases with increasing C. With
the parameter set used, the power is almost 100% for C=
0.1. As is statistically obvious, more power is expected
when we look for local violation of the real history (j =5,
10) than when using the tree based on the entire region
(j=1), but we need to be careful about false positives for
averylarge jbecause of alack of information (see below).

For (ii) the gene tree vs. gene tree comparison
(Figure 1C), the power is maximized around C = 0.03,
and almost no power is expected when C= 0.3. This lack
of power for a large C may be easily understood. Figure
1A illustrates a typical gene tree of the four sequences
when the gene conversion rate is very high (bottom
tree), which supports the relationship ((Xa, Ya),(Xp,
Yg)) because the two paralogs in the same species are
more closely related. If gene conversion is very frequent
over the entire duplicated region, all local gene trees
would support this relationship. In this situation, all
local trees are inconsistent with the real tree, but
consistent with one another.

Likewise, a lack of power is observed for (iii)
GENECONV (Figure 1D) when C is large. To explore
the reason for this, additional simulations were per-
formed. As GENECONV identifies candidate local
regions that underwent recent gene conversion events,
we designed the simulations to investigate how well
GENECONYV infers converted regions. In practice, the
gene conversion tract length was fixed to a particular
length rather than using random variables from a
geometric distribution. We here considered two fixed
tract lengths, ¢ = 100 or 1000 bp. Figure 2A shows the
average number of detected gene conversion tracts per
replication as a function of the initiation rate of gene
conversion event, g, which is directly related the number
of gene conversion events occurred in the past. The
relationship between gand Cis given by ¢ = 100 X g
when ¢ = 100 bp and by ¢= 1000 X gwhen ¢= 1000 bp.
In agreement with Figure 1, there is an optimum g to
maximize the power. This observation is related to the
average tract length of detected gene conversion, which
is shown in Figure 2B. One might predict that the tract
length of detected gene conversion should somehow
reflect the real length, but this is not the case here. The
average tract length is in a strong positive correlation
with g This is because the statistical process incorpo-
rated; GENECONYV detects long stretches of identical
sequences in the alignment. Figure 2, C and D,
illustrates the outputs of GENECONV for 10 indepen-
dent replications of the simulations when ¢ = 1000: five
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very few nucleotide differences between X, and Xy due
to the homogenizing effect of gene conversion, and they
distribute almost randomly. Therefore, only extremely
long regions (e.g., the ~3 kb region in the second part)
can be significant by a randomization test. This is why
GENECONYV detects a small number of very long tracts
when the gene conversion is high, as is shown in Figures
2, A and B. Thus, the length of detected tracts reflects
the gene conversion initiation rate rather than the real
tract length, and GENECONYV has very limited power
when gene conversion is very frequent.

It should be noted that the observed lack of power for
alarge Cis not due to our arbitrary choice of the setting
of GENECONV. We used the default setting of the
“gscale” option (gscale = 0). With this most strict
setting, GENECONYV identifies only monomorphic
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regions, within which no variable sites are allowed,
and this condition can be relaxed by changing the
gscale option so that some minor variable sites are
allowed. To investigate the effect of the gscale option on
the power, additional simulations were performed and
the results are shown in Figure 3A. The power was
evaluated with the parameter sets that are identical to
those used in the simulations for Figure 1, except for the
gscale setting. In comparison with the results with the
“strict” default setting (gscale = 0, open bars), we found
no significant changes in the power with two levels of
gscale settings “relaxed” (gscale = 1) and “intermedi-
ate” (gscale = 2) in Figure 3A. In contrast, the setting
directly affects the length of the identified regions
(Figure 3B), which is easily predicted from the role of
the gscale option in the algorithm.

The power of (iv) shared polymorphism is in a clear
positive correlation with the gene conversion rate
(Figure 1E). This is because the proportion of shared
polymorphic sites simply increases with increasing C
(Figure 4). However, the total number of variable sites
decreases as C increases; therefore, it is expected that
the statistical power might decrease with an extremely
(and unrealistically) high gene conversion rate al-
though we do not observe such a reduction in the
simulated range of C. Note that our simulated range is
up to C = 10 (C/6 = 1000), which should cover a
reasonable range of the gene conversion rate according



Detecting Gene Conversion 521

[ Strict (default)
I Intermediate
[ Relaxed

FiGure 3.—Power of
GENECONV under differ-
ent settings. (A) The effect
of the “gscale” setting on
the number of detected
tracts. (B) The effect on
the length of detected tracts.

A 77 B 2500,
g [ Strict (default) =

k=) " I |ntermediate £ 2000}

2% 57 [ Relaxed £

EL 41 5 1500}

e | -

c 8 -

87T 3¢ g

g2 £ 1000}

=D @

T 21 o

< Z 500
i z
NI =0l B m )

0 10°° 10 1078 102

to the estimates for Drosophila, humans, and yeast (C/0
might be up to several hundreds; INNAN 2003a,b; Gao
and INNAN 2004; THORNTON and LoNG 2005).

One-species four-locus model: Next, we consider a
case with four duplicated genes in a single species (one-
species four-locus model, Figure 5A). We simulated the
evolution of DNA sequences of four genes, X, Y, Z, and
W, along the duplication history illustrated in Figure bA.
The procedure of the simulation basically follows that
for the two-species two-locus model (Figure 1). The
times of the three duplication events were set such that
the expected divergences between X and Y, between Z
and W, and between X/Y and Z/W are 10, 15, and 25%,
respectively, if there is no gene conversion. There seem
to be two major differences in comparison with Figure 1.
First, as C increases, the power of (i) increases, but it
does not necessarily increase to 100% (Figure 1B). This
is because the expected tree shape of the four genes is
almost identical to the complete star shape when gene
conversion is very frequent so that the three possible
patterns of unrooted trees, ((X,Y),(Z,W)), ((X,2),(Y,W)),
and ((X,W),(Y,Z)), appear almost randomly with equal
probabilities (i.e., '5). Therefore, the probability that a
gene tree is inconsistent with the real tree ((X)Y),(Z,W))
is %5, and the upper limit of the power is given by 1 — /.
In other words, we can consider that there is strong
evidence of gene conversion when the proportion of
inconsistent trees is close to the upper limit. The upper
limits for j = 1, 5, and 10 are given by 66.7, 99.6, and
99.998%, respectively.

This logic also works to explain the second major
difference: the power of (ii) has a similar pattern to that
of (i) and the power simply increases with increasing C
and saturates for alarge C (Figure 5C). The saturation of
the power of (ii) is because the tree shape is almost
random for a large C as mentioned above. The upper
limit of the power of (ii) is given by 1 — 15 =", which is
66.7, 98.8, and 99.995% for j= 2, 5, and 10, respectively
(Figure 5C). Thus, the patterns of tree-based methods
are quite different depending on whether multiple
species are included or not, in agreement with DROUIN
et al. (1999).

It should be noted that (i) requires the assumption
that the shape of the real tree is known. In practice, this
assumption may not be very reasonable in this evolu-

tionary model, because it is usually difficult to resolve
the historical relationship among multiple paralogs
from a single genome without any genomic information
of close relatives. Nevertheless, we used this assumption
to be consistent with other models. This setting provides
the optimum situation to evaluate the power, and the
power and accuracy would be decreased if the tree is
misinferred by gene conversion.

Four-species two-locus model: We further extended
our simulation to a fourspecies two-locus model as
illustrated in Figure 6A. The overall patterns (Figure 6)
are similar to those of the two-species two-locus model
(Figure 1), because the model includes multiple species.

DISCUSSION

Power comparison of the four methods: We in-
vestigated the power of the four major approaches to
detect interlocus gene conversion under various con-
ditions. One might expect that the power would in-
crease with increasing the gene conversion rate, but this
generally holds for only two approaches, (i) and (iv).
The power and Care in a simple positive correlation for
(ii) only when the data are from a single species. For (iii)
GENECONYV, there seems to be an optimum gene
conversion rate to maximize the power. In other words,
GENECONYV has very limited power when Cis large.

Note that these general trends should hold for wide
ranges of parameters, although the results of simula-
tions under limited conditions have been thus far
shown. We here provide additional simulation results
to confirm our observed patterns. First, the effect of the
average length of gene conversion tract (1/q) was
considered. In Figures 1, 5, and 6, 1/q = 100 bp was
assumed, but essentially the same results were obtained
with 1/¢= 1000 bp (see supporting information, Figure
S1, Figure S2, and Figure S3). Second, we confirmed
that recombination between the two copies has very
little effect on the results, by additional simulations with
recombination (data not shown). Third, different
histories of speciation and duplication were assumed
by changing the branch lengths in the two-species two-
locus model, and we found only quantitative changes in
the power. In Figure 7A, the ratio of the time to
speciation and that to duplication is fixed and the
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entire branch length is changed. All other settings are
identical to those of Figure 1 except for branch lengths.
Overall, it seems that the power is high when the branch
length is long for (i), (iii), and (iv), but the relationship
may be complicated for (ii). In Figure 7B, the paralo-
gous divergence is fixed to be 20%, and the orthologous
divergence is changed. The patterns for (i) and (ii) are
similar to those in Figure 7A. Relatively small effects of
the orthologous divergence are observed for (iii) and
(iv), because these two methods are based on intraspe-
cific comparison of sequences alone. In Figure 7C, the
length of analyzed regions is changed. One would
expect more power with more information (longer
region), and this holds for (iii) and (iv). For (i) and
(ii), the power is higher when the length is shorter, but
the inflation of the power should be considered due
merely to a high rate of false positives, which is obvious
from the results of C= 0.

Thus, it can be summarized that while there are a
number of factors to determine the power to detect
interlocus gene conversion, it is clear that there are two
major patterns in the relationship between the gene
conversion rate and power. The pattern observed in (i)
and (iv) is simple and intuitive; the power has a simple
positive correlation with the gene conversion rate. The
pattern is more complicated in (iii) and in (ii) when
data from a single species are used; the power is low
when the gene conversion rate is too high. This loss of
power is caused by the fact that these two methods de-
pend on heterogeneity of tree shapes among the dupli-
cated region. Figure 8 shows the proportion of sites that
are compatible (open) and incompatible (solid) with
the real history in the two-species two-locus model; the
proportion of compatible sites increases with increasing
C. It is clearly demonstrated that the range of C where
methods (ii) and (iii) have the highest power overlaps
the range where compatible and incompatibles sites are
present in intermediate frequencies.

It is difficult to quantitatively compare the power of
the four methods because of two major reasons. First,
the amounts of data used in the four methods are
different. For (i), (ii), and (iii), we used one individual
from each species, while polymorphism data (multiple
individuals from a single species) were used for (iv).
Furthermore, there is a difference in the amount of
information that is required prior to the analysis. In (i),
we assumed that we know the real phylogenetic re-
lationship of the duplicated copies, but not in the
others. Thus, it is difficult to compare the power of the
four methods with equivalent amounts of data and
information.

Second, the four methods have different levels of false
positive rates. We set methods (iii) and (iv) such that the
false positive rates are 5%; therefore, the power of the
two methods can be fairly compared with the same rate
of false positives. However, the false positive rates for (i)
and (ii) largely depend on the real history of duplica-
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Ficure 4.—The numbers of shared (A) and other variable
sites (B) in polymorphism data from a pair of duplicated
genes in a single species. The sample size is assumed to be
n = 10. The average numbers per replication in the simula-
tion under the two-species and two-locus model are shown.

tion and speciation. With sufficient amounts of paralo-
gous and orthologous divergence, these methods are
very powerful and reliable, as is shown in Figures 1, 5,
and 6, where the false positive rates are very low.
However, these two tree-based methods have quite high
false positive rates when sufficient information is not
available (e.g., Figure 7C).

The false positive rate provides crucial information
when these methods are applied to genomic data, which
usually have a number of paralogous regions. In such a
case, it is necessary to take into account the effect of
multiple testing. If a number of independent statistical
tests are performed with a P-value cutoff (or the false
positive rate) of 5%, we expect 5% of the tests to exhibit
significant results under the null model. This problem
of multiple testing is usually corrected by the false
positive rate (e.g., Bonferroni correction), and it is an
advantage for (iii) and (iv) that we can set any arbitrary
value to the false positive rate. In contrast, the false
positive rates for the tree-based methods, (i) and (ii),
depend on the species divergence time and the age of
duplication. Therefore, it is necessary to determine
their false positive rates perhaps by simulations as-
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suming a realistic history of speciation and duplica- output of GENECONV. The major problem seems to be
tion. The application of these two tests to genomic the lack of power when the gene conversion rate is very
data may not be powerful when the false positive rates high. This is because the frequent homogenization by
are high. gene conversion causes a serious reduction in (1) the
Interpretation of the results of GENECONYV: Be- number of variable sites and (2) heterogeneity of the
cause GENECONV is very frequently used for detecting configurations at variable sites across the region (Figure
interlocus gene conversion between paralogous re- 8). Another interesting behavior of GENECONV is that
gions, we summarize some caveats in interpreting the the length of gene conversion tracts detected by
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FIGURE 6.—Summary of the simulations in the four-species two-locus model. (A) Illustration of the model. (B-E) The power of
the four approaches. The average gene conversion tract length (1/¢) is assumed to be 100 bp. See Figure S3 for the results with
1/¢ = 1000 bp.
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GENECONV is strongly correlated with g, the gene
conversion initiation rate, rather than the true tract
length.

On the basis of these observations, we have to be
careful about at least two things when we interpret the
output of GENECONV. First, when GENECONYV detects
few regions, it could mean either that gene conversion is
not very active or that gene conversion is very frequent.
The possibility of the latter might be large if the length
of detected tracts are large (Figure 2). This is because
repeated gene conversion can create a long stretch of
region with very few mismatches. When GENECONV
detects a number of converted regions, the rate of gene
conversion should be intermediate. In such a case, it is
likely that the old gene conversion tract should be
further broken down by subsequent gene conversion so
that the detected tracts can be a part of the initially
converted tract. In other words, the true converted tract
should be longer than the detected tracts. Thus, with
any rate of the gene conversion rate, the lengths of
converted regions detected by GENECONV may not
directly reflect the real length of gene conversion
events. Therefore, for estimating gene conversion tract
length, direct methods to measure spontaneous muta-
tions (e.g., pedigree-based methods and sperm typing;
COLLIER et al. 1993; HARRIS et al. 1993; JEFFREYS and
May 2004) should be more informative than reliance on
GENECONV (e.g., DROUIN 2002; MONDRAGON-PALOMINO
and Gaut 2005; BENovoy and DrouiN 2009; MCGRATH
et al. 2009).

It should be pointed out that this article focuses on
the performance of GENECONYV for inerlocus (non-
allelic) gene conversion between paralogous regions,
and our results cannot be applied to allelic gene
conversion. GENECONYV was originally developed for
detecting recombination or allelic gene conversion in
polymorphism data, by extending the theory of cluster-

- - Power of method (ii)

PA Power of method (jii)

[ ] Proportion of compatible sites

|:| Proportion of incompatible sites

Ficure 8.—Relationship be-
tween the power of methods (ii)
and (iii) and the heterogeneity
in the proportions of compatible
and incompatible sites.

Gene tree vs. Gene tree

GENECONV

ing of polymorphic sites with the same configuration
(STEPHENS 1985). Recombination and allelic gene
conversion do not decrease the level of polymorphism;
they only change allelic combinations. Therefore,
GENECONYV should not suffer from a lack of poly-
morphic sites caused by high rates of recombination or
allelic gene conversion. However, the caveat on the tract
length might apply to the case of recombination and
allelic gene conversion; the candidate regions of allelic
gene conversion identified by GENECONV does not
reflect the real converted region when the rate is so high
that the region has been repeatedly experienced gene
conversion. See Posapa and CranparLL (2001) and
Posapa (2002) for power comparisons of various
methods for detecting recombination.

Conclusions and implications: Our systematic evalu-
ation of the four major approaches to detecting inter-
locus gene conversion revealed that there are two major
patterns in the relationship between the gene conver-
sion rate and the power. The power increases with
increase of the gene conversion rate for (i) and (iv), but
the other two methods, (ii) and (iii), have little power
when the gene conversion rate is very high. This can
cause disagreement between the results of different
methods. In other words, occasionally one method can
detect gene conversion while others do not, especially
when the gene conversion rate is very high. One
example is the Han and Bdllchen genes in Drosophila
simulans (ARGUELLO et al. 2006); GENECONYV did not
find any evidence for gene conversion, but a number of
shared polymorphic sites were detected.

It is suggested that the most problematic case may be
when the gene conversion rate is so large that the
sequences of paralogs are very similar. This is a typical
situation for young duplicates, although evidence for
long-term frequent gene conversion is available for
ancient duplicates (>100 million years; GA0 and INNAN

F1GUrE 7.—The effects of entire branch length, orthologous divergence, and the length of the analyzed region on the power of
the four approaches. Simulations were performed under the two-species two-locus model. The star represents the parameter used

in Figure 1.
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2004; SuciNo and INNAN 2005). Interlocus gene con-
version requires some level of paralogous homology at
the DNA level when it transfers DNA fragments between
paralogs. Consequently, the rate should decrease if the
paralogous divergence becomes large. Therefore, a
typical process of the paralogous divergence between
duplicated genes involves a certain length of a phase of
concerted evolution in which the divergence is main-
tained very low by frequent gene conversion, followed
by a phase of rapid divergence that is nearly free from
gene conversion (TEsHIMA and INNAN 2004). The
length of the phase of concerted evolution largely
depends on the gene conversion rate. The rate may be
high for closely located duplicates (e.g., tandem dupli-
cates; Ezawa et al. 2006; OsapA and INNAN 2008), butin
yeast very frequent gene conversion occurs between
paralogs on different chromosomes (GAO and INNAN
2004). If one uses data of duplicates in the phase of
concerted evolution, it is likely that the heterogeneity-
based methods (ii) and (iii) miss the footprint of gene
conversion because the entire duplicated region is
highly homogenized.

To avoid the problem of missing the footprint of
interlocus gene conversion, itis desirable to use multiple
approaches to test the presence of active gene conver-
sion. It is very important to check if there is gene con-
version between paralogs before the basic concept of
molecular evolution of orthologs (i.e., molecular clock)
is applied to the paralogs. Careful prior analysis to
minimize the chance of missing the footprint of gene
conversion will improve our understanding of compli-
cated evolution of paralogs.
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