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ABSTRACT
A simple method to distinguish hitchhiking and background selection is proposed. It is based on the

observation that these models make different predictions about the average level of nucleotide diversity
in regions of low recombination. The method is applied to data from Drosophila melanogaster and two
highly selfing tomato species.

ONE of the signatures of genome-wide selection is modes of selection also creates a positive correlation
between recombination rate and levels of variation (Kimthe positive correlation between the amount of poly-

morphism and recombination rate, which was found and Stephan 2000). However, the relative importance
of these two models is not well understood and stillin Drosophila (Begun and Aquadro 1992), humans

(Nachman 2001), the partial selfer Caenorhabditis elegans vigorously debated (reviewed in Andolfatto 2001). In
this note, we present an approach to distinguish the(Cutter and Payseur 2003), and several outcrossing and

partially selfing plant species (reviewed in Nordborg two selection models on the basis of data of levels of
DNA polymorphism and recombination rates.and Innan 2002), including wild tomatoes (Stephan

and Langley 1998). Hitchhiking (HH) and background Theoretical studies have shown that, in a diploid pop-
ulation (with constant effective size Ne) undergoing re-selection (BS) are considered as the most important

forces causing this positive correlation. Under the HH current hitchhiking events or background selection, the
expected degree of reduction in neutral polymorphismmodel, adaptive fixations of strongly favored mutations

reduce the level of variation, because such fixations (f ) is a function of �, the recombination rate per site
per generation. That is, the expectation of the amountsweep out neutral polymorphisms in the surrounding

region while some of them “hitchhike” with the favored of variation in a region with a local recombination rate
� is given bymutations (Maynard Smith and Haigh 1974; Kaplan

et al. 1989). The BS model considers negative (purify-
E(�) � f�neu,ing) selection against deleterious mutations as the cause

of the reduction of the amount of variation (Charles- where �neu � 4Ne� and � is the neutral mutation rate
worth et al. 1993). Negative selection works to elimi- per generation. On the basis of the work of Kaplan et al.
nate deleterious mutations together with linked neutral (1989) and Stephan et al. (1992), Wiehe and Stephan
variants. Recombination is a very important factor in (1993) obtained a simple formula for f in the HH model,
determining the degree of reduction in the amount of

f � �/(� � a), (1)neutral variation in both models. The lower the recom-
bination rate is, the more variation is swept out by a where a is a parameter that depends on the product
single adaptive fixation. The probability that a neutral of the population selection parameter (population size
polymorphism is eliminated by a single deleterious mu- times selection coefficient) and the rate of sweeps per
tation also increases as the recombination rate de- generation. It should be noted that this equation has
creases. Thus, the two modes of selection may explain several assumptions. First, �neu and a are constant over
the positive correlation between the level of variation the genome. Second, the equation considers only selec-
and recombination rate. There is no doubt that both tive sweeps but other types of selection (e.g., negative
selection processes occur. The joint action of the two selection, balancing selection) are neglected. Third, the

local recombination rate � has a uniform distribution
(i.e., recombination hot and cold spots are ignored).
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Figure 1.—(A) Genetic variation f as a function of the recombination rate � for the HH and BS models. The solid curve is
for the HH model obtained from (1) with a � 5 � 10�9, and the broken curve is for the BS model obtained from (2) with u �
4 � 10�9. It should be noted that (1) and (2) are not very good approximations when � is very small (those parts of f are shown
by thin lines). (B) Genetic variation f as a function of the recombination rate � for the HH and BS models in regions of low
recombination (� � 3 � 10�9). a � 5 � 10�9 and u � 2.4 � 10�9 are assumed. (C–F) Distributions of the correlation of coefficient
r under the HH (solid bars) and BS (open bars) models. See text for details.

rate is very small due to interference among them. Kim equations (1 and 2) produce similar functional relation-
ships for a wide range of �. In Figure 1A, the solid curveand Stephan (2003) showed that if the asymptotic value

of f, f|��0, is �0.1, then (1) holds for all � values such that represents the function of f for the HH model obtained
from Equation 1 with a � 5 � 10�9, which is an estimatef 	 0.1. Furthermore, if f|��0 	 0.1, (1) holds approxi-

mately for all � values for which f 	 f|��0. for Drosophila melanogaster (Stephan 1995). Figure 1A
also shows that we can generate a very similar curveUnder the BS model and the assumption that recom-

bination rate is not extremely low, f is approximately using Equation 2 with u � 4 (or 5) � 10�9 (broken
line). In the case of HH, f converges to 1 � a/� whengiven by
� gets large, while for BS f converges to 1 � u/� for

f � exp(�u/�), (2) large �. That means for a � u the two functions are
asymptotically identical. Therefore, given a data set ofwhere u is the deleterious mutation rate per site per
levels of DNA polymorphism and recombination rates,generation (Hudson and Kaplan 1995). This equation
we can fit both Equations 1 and 2 to the data. For thisconsiders the effect of negative selection alone and also
reason, it is impossible to distinguish the two selectionrequires assumptions of constant �neu and u values and

a uniform distribution of �. It is known that these two models on the basis of these types of data for large � values.
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However, a close examination reveals a difference �BSi and SD k�BSi, where �BSi is the expectation of �i under
the BS model given �i according to Equation 2.between the two functions in regions of low (but not

too low) recombination rates such that both equations Figure 1, C and D, shows the results of the distribu-
tions of r. Figure 1, C and E, investigates the distributionsare still valid (see above). Figure 1B shows f under the

two models with a � 5 � 10�9 for the HH model and when regions of high recombination are studied, and
Figure 1, D and F, is for regions of low recombination.u � 2.4 � 10�9 for the BS model. Although the two

parameters are chosen to give the same average level a and u in Figure 1, C and E, are the same as in Figure
1A, while in Figure 1, D and F, we use the same a andof f for 1 � 10�9 � � � 3 � 10�9, it is evident that the

shapes of the two curves are different. The curve of the u as those in Figure 1B. We consider n � 20 loci, whose
recombination rates are assumed to be �i � (i � 5) �HH model is convex in this parameter range while that

of the BS model is concave, suggesting that polymor- 10�9 so that the range of � is 6–25 � 10�9 in Figure 1,
C and E. In Figure 1, D and F, �i is assumed to be (i �phism data from regions of low recombination might

be useful to distinguish the two selection models. Focus- 10) � 10�10 so that �i ranges from 1.1 � 10�9 to 3 �
10�9. Figure 1, C and D, studies a case of small k (k �ing on this difference between the two functions, we

propose a simple method with which to distinguish the 0.1), while k � 1 is assumed in Figure 1, E and F.
First, we consider Figure 1D, which shows the distribu-two selection models. The idea is from Stephan (1995),

who suggested applying Equation 1 to data by trans- tions of r when regions of low recombination are studied
and k is small. The distribution of r under the HH modelforming it into the following linear regression formula:
is nearly symmetrical and the average is �0.33, while r
under the BS model has a relatively narrow distributionE(�) � �neu � a

E(�)
� . (3)

close to �1. This result indicates that r might be a useful
summary statistic to distinguish the HH and BS modelsSuppose now that polymorphism data from n indepen-
since the distributions of r are completely different indent loci (DNA regions) are available from a single
the two models. However, it should be noted that thisspecies. Let �̂i be the estimated amount of DNA polymor-
method does not work when applied to regions of highphism (�̂) at the ith locus (i � 1, 2, 3, . . . , n). Let �i
recombination. As shown in Figure 1C, the two distribu-be the recombination rate (�) at the ith locus. We as-
tions of r are very similar as expected (discussed above).sume that recombination rates are known. Equation 3

The power of this method to distinguish the two mod-indicates that �̂ has a negative linear correlation with
els depends on k. Figure 1, E and F, shows the results�̂/�. That is, the correlation coefficient between �̂ and
of the same analysis as those in Figure 1, C and D,�̂/� is �1 if �̂i � �HHi at all the loci, where �HHi is the
respectively, but k � 1 is assumed instead of k � 0.1.expectation of �̂i under the HH model given �i (obtained
The two distributions of r for the case of low recombina-from Equation 1). On the other hand, we expect that
tion are quite similar, although not identical (Figurer is relatively close to �1 under the BS model because
1F). Figure 1E shows the distributions of r when regionsof the concave behavior of f in regions of low recombi-
of high recombination are investigated. The two distri-nation.
butions are very similar again, except that the meansIn practice, �̂ is never exactly the same as the theoreti-
have moved to �0.7. These results suggest that the twocal expectation due to genetic drift. Therefore, we inves-
selection models can be best distinguished under thetigate the distribution of the correlation coefficient (r)
following two conditions: (1) Polymorphism data frombetween �̂ and �̂/�, taking the variance of �̂ into account.
regions of low (but not too low) recombination areFirst, the distribution of r is investigated under the HH
available; (2) the variances of the estimates of variationmodel assuming �̂i has a normal distribution with mean
are sufficiently small.�HHi and standard deviation (SD) k�HHi , where k is a con-

Next we discuss how this method may be applied tostant value. A computer simulation is carried out in the
data. Suppose that we have a data set of estimates of �following way:
from n independent loci and that we know the local
recombination rates for the n loci. First, the correlation1. Determine �neu, a, and k.

2. Simulate � for the n loci. �i is assumed to be a random coefficient between �̂ and �̂/�, robs, is calculated, and
then robs is compared with the null distributions of rvariable on the basis of a normal distribution with

mean �HHi and SD k�HHi. If �i 
 0, �i � 0 is set. under the HH and BS models. The procedure described
above is modified because we need to estimate a, u, and3. Calculate the correlation coefficient, r, between �

and �/� using the simulated � for the n loci. k from the data. That is, step 1 in the procedure should
be replaced by the following two steps:

Steps 2 and 3 are repeated 10,000 times and the distri-
bution of r is obtained. The procedure to obtain the 1a. Determine �neu.

1b. For the HH model, find a, which gives the best fitnull distribution of r under the BS model is almost
identical to this. That is, �i is simulated as a random of Equation 1 to the data by a least-squares method,

which also gives an estimate of k. In a similar way,variable on the basis of a normal distribution with mean
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dominant force creating the pattern of standing poly-
morphism on the X chromosome of D. melanogaster.
This is consistent with the conclusion of Andolfatto
and Przeworski (2001), who used a different way to
distinguish the two selection models.

Other interesting species to study are partially selfing
plants, in which recombination is “effectively” reduced
in the whole genome. We use two tomato species, Lyco-
persicon pimpinellifolium and L. chmielewskii, whose selfing
rate (S) is �0.9 (Rick 1966, 1983). The polymorphism
data are from Miller and Tanksley (1990; also summa-
rized in Table 1 of Stephan and Langley 1998). They
studied restriction fragment length polymorphism in
�40 loci of nine tomato species including the two highly
selfing species mentioned above.

Nordborg (1997) suggested that population genetics
theory for outcrossing species can be easily applied to
partially selfing species by rescaling parameters using
the inbreeding coefficient, F � S/(2 � S). That is, the
recombination rate is decreased to � � (1 � F)�, the
effective population size decreases toNe � Ne/(1 � F ),
and selection intensity increases by a factor 1 � F when
the effect of selection is additive. Then, f is defined as
the reduction of the amount of polymorphism in com-
parison with the rescaled neutral expectation, �neu �
�neu/(1 � F). Note that the rescaled parameters areFigure 2.—Application of the test to Drosophila.
represented by a bar. Thus, plugging these rescaling
coefficients into (1) and (2), we can study the joint
effects of the two mechanisms, selfing and selection,for the BS model, u is estimated using Equation 2
both of which decrease the level of polymorphism.together with k.

Then, we apply our method to L. pimpinellifolium and
Then, we can follow steps 2 and 3. L. chmielewskii. To avoid the problem that Equations 1

We apply this method to the data of D. melanogaster and 2 are invalid when recombination rate is very small,
from Andolfatto and Przeworski (2001). We use the we use only 29 loci of Miller and Tanksley’s (1990)
10 X-linked loci with � 
 7 � 10�9 [yellow and su(s) are data set, excluding loci of very low recombination. �̂
excluded because of too low recombination rates; see and � for the 29 loci are according to Table 1 in Stephan
Table 2 in Andolfatto and Przeworski (2001) for and Langley (1998). �̂ ranges from 0 to 0.0275 in L.
details]. Figure 2A shows the observed levels of polymor- pimpinellifolium and from 0 to 0.0143 in L. chmielewskii.
phism in the 10 loci scaled by �neu, which is assumed The recombination rates are rescaled to per site per
to be 0.03 (e.g., Andolfatto 2001; Andolfatto and generation values by multiplying them by a factor of
Przeworski 2001). The correlation coefficient of this 12.1 � 10�8. This factor results from the fact that the
data set is robs � 0.40. Following the procedure described tomato genome size is �950 Mb (Sherman and Stack
above, we found the best-fit functions of Equations 1 1995; Pillen et al. 1996). The recombination rates for
and 2 when a � 2 � 10�8 and u � 0.8 � 10�8, respectively the investigated 29 loci are in the range 1.1 � 10�8 �
(solid and dashed lines in Figure 2A). Figure 2B shows � � 2.7 � 10�8 (or 2 � 10�9 � � � 4.9 � 10�9). Then,
the null distributions of r under the HH and BS models we obtain the correlation coefficient robs � 0.945 and
with these estimated a and u. The null distribution of 0.949 for L. pimpinellifolium and L. chmielewskii, respec-
the HH model has a relatively wide range and robs is tively. These very high values of r seem to favor the BS
almost in the middle of the distribution. On the other model.
hand, the BS model predicts a narrow distribution of r To test this possibility, we investigate null distributions
around �1 and robs is too small (P 
 0.0001). Similar of r under each selection model. We use a relatively
results are obtained when �neu � 0.02 and 0.04. These wide range of �neu since it is very difficult to estimate
results indicate that the observed distribution of the �neu for highly selfing species in which the level of poly-
amount of variation in the 10 loci is explained better morphism is reduced in the whole genome. The proba-
by a convex function than by a concave one, suggesting bilities that r exceeds the observation (robs) are shown
that it is very difficult to explain the observation by in Table 1. These probabilities are relatively low under

the HH model for the two species, suggesting that robsbackground selection alone. Hitchhiking might be the
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TABLE 1

Application to tomatoes

HH model BS model

�neu �̂/�neu
a f b P(r � robs) f b P(r � robs)

L. pimpinellifolium (robs � 0.945)
0.02 0–1.38 0.303–0.523 0.015 0.227–0.555 0.035
0.025 0–1.10 0.232–0.431 0.008 0.167–0.491 0.064
0.03 0–0.92 0.197–0.381 0.009 0.111–0.418 0.168
0.04 0–0.69 0.140–0.291 0.020 0.067–0.341 0.362
0.05 0–0.55 0.109–0.235 0.013 0.044–0.290 0.585
0.06 0–0.46 0.089–0.198 0.023 0.033–0.257 0.745

L. chmielewskii (robs � 0.949)
0.01 0–1.43 0.197–0.381 0.068 0.123–0.435 0.312
0.015 0–0.95 0.131–0.275 0.073 0.060–0.328 0.594
0.02 0–0.72 0.093–0.206 0.103 0.033–0.257 0.866
0.025 0–0.57 0.075–0.170 0.088 0.022–0.218 0.940

a Range of �̂ from data scaled by �neu (based on data).
b Range of E(�) scaled by �neu predicted by Equations 1 and 2 under the HH and BS models, respectively.

may be too big to be expected under the HH model, system between animals and plants (e.g., Baudry et al.
especially for L. pimpinellifolium. P(r � robs) seems to be 2001). Plant populations (especially highly selfing spe-
quite robust to �neu. Under the BS model, P(r � robs) is cies) are generally more structured and selective sweeps
relatively sensitive to �neu. This may be because f under in such a structured population might not occur as
the BS model can be either concave or convex de- quickly as in a random-mating population (e.g., Cherry
pending on �neu. The two models can be distinguished and Wakeley 2003; Whitlock 2003).
well for �neu values that generate a concave shape of f. However, there are some potential problems in the
robs for the two species may be in the acceptable range application of our method to the currently available
under the BS model unless a very small �neu is assumed. data sets:
For example, robs � 0.945 of L. pimpinellifolium could be

1. It was not possible to obtain correct estimates of �neu,too big even under the BS model if �neu � 0.02 is as-
especially in the highly selfing tomato species.sumed, but this small value of �neu seems to be quite

2. The variance of �̂ is relatively large, which decreasesunrealistic because �̂ can be as large as 1.38 � �neu in
the power of the test. Also, our assumption of a nor-this highly selfing species. Thus, the results of Table 1
mal distribution of �̂ may not be adequate. Theseseem to suggest that background selection has played
problems could be fixed for Drosophila and othera larger role than hitchhiking in shaping genome-wide
outcrossing species if data from very long regions ofpatterns of variation in the history of these two tomato
low recombination rates are available, together withspecies.
data from regions of high recombination to estimateIn this note, we proposed a method to distinguish
�neu. For highly selfing species, even with such data,the HH and BS models. Since the test looks at whether
it is very difficult to estimate �neu because the levelthe level of polymorphism is a convex or concave func-
of polymorphism is reduced in the whole genome.tion of the local recombination rate, we should have

3. The theory assumes an unstructured population ofdata from multiple regions in which the recombination
constant size. The relationship between levels of vari-rate is low (but not too low). The test is very powerful
ation and recombination rate should also be studiedwhen the variance of �̂ is low, indicating that � should
in other population models (see also Andolfattobe estimated from sufficiently long regions (such that
and Przeworski 2001).the variances of �̂ are reduced due to intragenic recom-

4. The theory assumes constant values of a and u inbination). Innan et al. (2003) showed that the distribu-
Equations 1 and 2 across the genome. Variation intion of �̂ from 500-kb fragments on human chromosome
these parameters could increase the variance of the21 is very similar to a normal distribution with a quite
observed amounts of polymorphism, reducing thesmall SD. The application of our method to Drosophila
power of the test. In such a case, problem 2 becomesand tomatoes led to different results. That is, the HH
more serious.model is preferred in Drosophila while the BS model

could better explain the observation in tomatoes. This We thank Yuseob Kim for his stimulating study of the hitchhiking
process with interference among adaptive fixations. We also thankmight be due to the difference in life style and mating
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