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ABSTRACT
Several neutrality tests use outgroups to infer the ancestral and derived states for polymorphism data.
However, homoplasy can result in the incorrect inference of the derived variant. We show that empirically
derived rates of misorientation strongly influence Fay and Wu’s FH-test, especially when the sample size is large.

NTRASPECIFIC polymorphism data are usually ana-
lyzed within the framework of the neutral Wright-
Fisher model, which (besides the absence of selection)
assumes a randomly mating population of constant size.
Departures from this model are typically attributed to
selective or demographic effects. A rarely considered
alternative explanation is that the mutational process
can cause or at least contribute to such departures (see,
however, ROGERs 1992). Indeed, the neutral model can
be applied to various mutational models. For sequence
data, the expectations are usually derived from the infi-
nite sites model (KiMmUuRrA 1969; WATTERSON 1975). This
model assumes that each mutation occurs on a different
site; ¢.e., homoplasy is ignored. Numerous statistics have
been developed to test whether an observed pattern
of polymorphism is expected under the infinite sites
neutral model (reviewed in WALL 1999; DEPAULIS et al.
2004). Among these statistics, several use an outgroup
to infer the derived and ancestral states of polymorphic
sites (Fu and L11993; Fay and Wu 2000). These statistics
are potentially sensitive to the presence of multiple hits,
due to the long branch leading to the outgroup where
mutations can be superimposed. In this article, we esti-
mate the level of homoplasy (including parallelisms and
reversions) in empirical data sets and we use coalescent
simulations to assess the influence of these homoplasy
levels on the tests with outgroups.

Three neutrality tests with an outgroup have been
proposed. Each one compares a pair of unbiased esti-
mates of the mutational parameter of the population
(8 = 4N, for an autosomal marker). Fu and L1’s (1993)
D- and Ftests rely on standardized statistics:

! Corresponding author: Université Pierre et Marie Curie, Laboratoire
d’Ecologie, CNRS UMR 7625-EPHE, case 237, bat A, 7 quai St. Ber-
nard, 75252 Paris Cedex 05, France. E-mail: fdepaulis@snv.jussieu.fr

Genetics 165: 1619-1622 (November 2003)

D=7Ae“’_ Qe and F=—""Tk_ (1
G(ew - ne) O'(TI' - nc)

They compare WATTERSON’s (1975) 6, estimator,
which is based on the total number of polymorphic
sites, and TAjiMA’s (1983) diversity m (respectively) to
M., the number of derived unique mutations (mutations
on external branches of the tree). They are, thus, highly
sensitive to the relative proportion of the latter muta-
tions. Fay and Wu’s (2000) H-test,

H=m— 0y, (2)

compares T to Oy, an estimator weighted by the homozy-
gosity of the derived variants. It is, thus, primarily sensi-
tive to the relative proportion of high-frequency-derived
variants. The H-test was designed to specifically detect
positive selection in the presence of recombination (with
recombination occurring between the region surveyed
and the selected site during the selective stage). Since
its introduction, an unexpectedly large number of sig-
nificant A values have been reported in humans and
Drosophila (PRzEwoORrskr 2002). PRzEwORskr (2002)
suggested that this excess could be caused by population
structure or by our incorrect modeling of the way posi-
tive selection operates. Alternatively, incorrect model-
ing of the mutational process could contribute to the
observed departure from the neutral model.

In practice, an outgroup is used to identify the derived
and ancestral variants of a polymorphic site. This infer-
ence can be incorrect if an undetected second mutation
occurred at the same site on the outgroup branch, i.e.,
if multiple hits are present. FAy and Wu (2000) consid-
ered this possibility and computed the probability of
misorientation, assuming a constant mutation rate and
a finite site model. They proposed to incorporate this
rate in the null hypothesis, but this is virtually never
applied in practice. Furthermore, substitution rates usu-
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ally vary among sites, suggesting a similar variation in
neutral mutation rates (e.g., NACHMAN and CROWELL
2000). Such heterogeneity of neutral mutation rates
should substantially enhance the frequency of second-
ary mutation on variable sites (e.g., the extreme case
of mutation hot spots) and the corresponding rate of
misorientations. This heterogeneity is, however, difficult
to estimate precisely. In the absence of more informa-
tion, a gamma distribution is generally assumed for sub-
stitution rates (e.g., Gu and ZHANG 1997). To avoid
making assumptions about the distribution of mutations
across sites, we used an empirically derived estimator of
Py, the average probability of misorientation per site.
We first estimated P, the probability that a polymorphic
site shows a detected second mutation on the outgroup
branch, by determining the proportion of polymorphic
sites for which the outgroup shows a third state. If all
mutations were equally likely, then the rate of (unde-
tected) misinferred sites Py would just be half of F;.
However, in all genomes examined, transitions occur
at a higher rate than transversions (YANG and YODER
1999), thereby increasing the rate of undetected misin-
ferred sites. Let a be the rate of each possible transition
and B that of transversions (Kimura’s two-parameter
model; Kimura 1980). We computed the relative rates
of undetected over detected multiple hits (two-state vs.
three-state sites), given that a second mutation occurred
on the outgroup branch. We neglect the possibility of
more than two mutations.

If the first mutation, which produces the polymorphic
site, is a transition (probability o), then the second
mutation on the outgroup branch is undetected if it is
also a transition (probability o) and it is detected if it
is a transversion (probability 2[3 since there are twice as
many possible transversions as transitions). If the first
mutation is a transversion (probability 23), the second
mutation is undetected only if it is the same type of
transversion (probability ) and it is detected if it in-
volves the other type of transversion or a transition
(probability a + ). Hence, the ratio of undetected to
detected multiple hits is
Py aXa+2BXB

= or M

Py, aX 2B+ 2B(a + B)

_ o + 2p2 »
B2+ B)
(3)

In practice, we simply estimated « and 3 for each data
set by counting the proportions of sites with transitional
and transversional differences between the sequences in-
cluding all polymorphisms and fixed differences. Given the
relatively low level of divergence between the sequences
considered here (<9%, see below), this should provide a
reasonably accurate approximation (YANG and YODER
1999). Refinements of (3) are possible to correct the corre-
sponding estimator. However, simulations suggest that, for
instance, the bias introduced by the ratio is negligible
compared to the main source of imprecision lying in the
generally low (or null) values of A, (results not shown).
We then estimated the probability of misorientation

in data sets from three species that are frequently the
focus of sequence polymorphism studies: Homo sapiens,
Drosophila simulans, and Arabidopsis thaliana. Patterns of
polymorphism in a population can be affected by several
factors, including demographic history. To minimize
this effect, we chose surveys of loci with comparable
sampling schemes within a species. FRISSE et al. (2001)
analyzed 10 noncoding regions in three human popula-
tions and used chimpanzee as an outgroup. BEGUN and
WHITLEY (2000) collected data from 29 loci in a North
American population of D. simulans (outgroup D. mela-
nogaster). Finally, we used polymorphism data from 12
loci of A. thaliana (outgroup A. lyrata or A. gemmifera).
This data set was collected by different researchers, but
very similar samples composed of worldwide A. thaliana
ecotypes were used in all studies. In the 10 human data
sets, we did not observe any site with three states. Our
estimate of Py is therefore 0 for all loci (Py is likely to
be a poor estimator for low P, values). In the D. simulans
data sets, Py varies between 0 and 10.6% (mean 3.3%).
This is in agreement with INNAN and Tajima’s (1997)
suggestion that sites with more than one mutation are
likely to be present in comparison between D. melanogas-
terand D. simulans. In the A. thaliana data set, Py ranges
from 0 to 19.1% (mean 5.1%). These differences in the
average probability of misorientation probably reflect
the difference in divergence between the studied species
and the outgroup, which are, respectively, 1.1, 2.6, and
8.8% for human, D. simulans, and A. thaliana (average
divergence considering all sites, with JUKES and CANTOR
1969 correction). The average estimates of probability
of misorientation that we observed in D. simulans and
A. thaliana are higher than that obtained following Fay
and Wu’s (2000) procedure (3.3 wvs. 0.9 and 4.7 vs.
2.9% in the two species, respectively). The difference
probably reflects heterogeneity of the neutral mutation
rates across sites. In contrast to Fay and Wu’s approach,
our model implicitly takes this heterogeneity into ac-
count. Such heterogeneity should explain the relatively
high P, rates observed. A significant negative correlation
was observed between Hand Py in A. thaliana (Pearson’s
R* = 0.33, P = 0.047), suggesting that H is influenced
by homoplasy in these data sets (Figure 1). We did not
observe such a correlation in the D. simulans data sets,
possibly because of the lower average value of Py or
because of small sample sizes of these data (average =
7.3) leading to reduced power. No correlation was ob-
served in any data set between Fu and L1’s (1993) tests
and Py.

To study the effect of misorientation ranging from 0
to 20% (the observed range in the analyzed data sets)
on tests with an outgroup, we used genealogies gener-
ated by a standard coalescent algorithm (Hupson 1993).
First, we generated the critical test values (5% signifi-
cance level, two-sided for Fand D, one-sided for H as in
the original procedures) by simulations of the standard
neutral model with a fixed number of segregating sites,
no misorientation, and no recombination. Second, we
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Ficure 1.—Standardized Fay and Wu’s H-tatistics against
probability of misorientation of the derived polymorphic state
for 12 A. thaliana genes. The standardization allows comparisons
between genes, as the variance of H increases with the number
of segregating sites in a sample. Pearson’s R* = 0.33, P = 0.047.
Polymorphism data are from KawaBE and MivasHiTa (1999),
KurtTiNEN and AGUADE (2000), SAVOLAINEN el al. (2000),
AGUADE (2001), MivasHiva (2001), and OLSEN et al. (2002).

simulated data sets in the presence of misorientation by
exchanging the frequency of the derived and ancestral
variant, with probability given by the misorientation pa-
rameter for each segregating site. This implicitly as-
sumes that the rate of multiple hits is independent of
the polymorphism frequency, as seems reasonable if
such mutations principally occur on the branch con-
necting the root of the intraspecific tree to the out-
group. The proportion of simulations with a value of
the statistics more extreme than the critical value (s) was
recorded. Fifty thousand simulations were performed
for each combination of parameter values.

The F- and D-statistics were found to be minimally
affected by the presence of homoplasy (Figure 2). With
levels of misorientation up to 20%, the null model is
rejected <8% of the time for all sets of parameter values
(sample sizes and numbers of segregating sites each
ranging from 10 to 100; results not shown). On the
contrary, H is very sensitive to the presence of homo-
plasy. For example, if Py = 0.15 with a sample size of
50, the null model will be rejected ~25% of the time.
The effect markedly increases with sample size (Figure
2), but is virtually insensitive to the number of segregat-
ing sites (results not shown). The difference of suscepti-
bility of I~ and D-tests vs. the H-test can be understood
by considering the unfolded frequency spectrum of
polymorphic sites. Unique variants are frequent under
the neutral model, while high-frequency-derived vari-
ants are very scarce (Figure 3). Thus, in most cases,
homoplasies transform a unique variant into a high-
frequency one, which produces a large excess of such
variants (Figure 3). Misorientation therefore strongly
affects the H-test, which is designed precisely to detect
an excess of high-frequency-derived variants (FAy and
Wu 2000). On the other hand, Fu and Li’s tests are
primarily sensitive to unique external mutations, which

Note
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FIGURE 2.—Probability of rejection of the null model against
rate of misorientation of the derived polymorphic state for
Fay and Wu’s H-test (solid lines). The number of segregating
sites is § = 50, the sample sizes range from 10 to 50. Very
similar results are obtained for values of Svarying between 10
and 100 (results not shown). For each data point, 50,000
coalescent simulations were run. For comparison, the dashed
curve indicates equivalent results for Fu and Li’s D (all curves
for Fu and Li’s statistics were superimposed).

are diminished by only a fraction when homoplasy oc-
curs at a reasonable rate.

Our results suggest that, in species where a relatively
divergent outgroup is commonly used, like D. simulans
or A. thaliana, misorientation of the derived state of
variants can produce significant values of the H-test with
appreciable frequency. This effectis likely to be underes-
timated in our study since more distant outgroups are
sometimes used (e.g., D. yakuba for D. melanogaster or
gorilla for humans). On the contrary, the use of a very
closely related outgroup could lead to yet another source
of misorientation due to the occurrence of ancestral
polymorphisms. Using several outgroups could poten-
tially help. (To our knowledge, this is not done in prac-
tice when applying the test.) It does not, however, fully
solve the problem since adding more outgroups, espe-
cially more distant ones, increases the probability of
getting multiple hits. Our approximation that neglects
higher-order mutations then becomes inappropriate.
Using several outgroups can reduce the fraction of mis-
oriented sites, but would correspondingly increase the
number of sites that cannot be oriented. These sites
would have to be removed from the analyses, thereby
reducing the power of the test. The issue becomes a trade-
off between power and robustness to homoplasy. Finally,
two outgroups are typically far from being independent:
a large part of the lineage linking an outgroup to the
intraspecific tree is generally shared between two out-
groups, thus providing little additional information. If
several outgroups are to be used, our approach can still
be applied by replacing the outgroups with an estimate
of the ancestral sequence on the node that links the
outgroups to the intraspecific tree, e.g., with maximum-
likelihood methods (YANG et al. 1995).

Any additional mutational bias (e.g., base frequency
heterogeneity) should increase the undetected over de-
tected multiple-hit ratio. This is the case particularly for
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Frcure 3.—Unfolded frequency spectrum expected under
neutrality when misorientation is absent (gray line) or when
the probability of misorientation is 15% (black line). The
sample size is 50 and the number of segregating sites is 50.

data from coding regions where twofold degenerate
sites tend to show high transition:transversion bias since
only transitions are synonymous. This is taken into account
in our average estimate of transition:transversion ratio,
but we implicitly assume that this ratio is constant over
sites, an assumption that may induce a slight bias. For data
in coding regions, a rough correction can be performed
by removing all twofold degenerate sites before estimating
a, B, and B, and deriving Py with (3). The assumption of
constant a over 3 ratio between replacement and silent
polymorphisms becomes more realistic once those sites
are removed. Then Py should be corrected by the factor
L/ (L — Lyy), with L the total length of the sequence and
L,y the number of twofold degenerate sites. The rationale
is that twofold degenerate sites cannot lead to detected
multiple hits for synonymous polymorphisms.

In the above discussion we considered only misorien-
tations caused by homoplasy effects but misorientations
could also result from other type of biases such as poor
alignment with the outgroup sequences when indels are
frequent. Finally, in the presence of recombination, the
use of critical values for the case of no recombination
is overly conservative at the expense of a drastic reduction
in the power of the tests (WAaLL 1999). The homoplasy
effect is likely to be much stronger when the tests are
applied with recombination and thus have much tighter
confidence intervals. More generally, we conclude that
when a significant F-test is observed, misorientation effects
should be considered if the test is to be applied in the
standard way. Alternatively, a misorientation rate should
be incorporated in the null hypothesis with estimators
more conservative than those proposed in the original
procedure (Fay and Wu 2000).
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