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Manuscript received August 15, 1999
Accepted for publication February 14, 2000

ABSTRACT
Recombination is a main factor determining nucleotide variability in different regions of the genome.

Chromosomal inversions, which are ubiquitous in the genus Drosophila, are known to reduce and redistrib-
ute recombination, and thus their specific effect on nucleotide variation may be of major importance as
an explanatory factor for levels of DNA variation. Here, we use the coalescent approach to study this effect.
First, we develop analytical expressions to predict nucleotide variability in old inversion polymorphisms that
have reached mutation-drift-flux equilibrium. The effects on nucleotide variability of a new arrangement
appearing in the population and reaching a stable polymorphism are then studied by computer simulation.
We show that inversions modulate nucleotide variability in a complex way. The establishment of an
inversion polymorphism involves a partial selective sweep that eliminates part of the variability in the
population. This is followed by a slow convergence to the equilibrium values. During this convergence,
regions close to the breakpoints exhibit much lower variability than central regions. However, at equilib-
rium, regions close to the breakpoints have higher levels of variability and differentiation between arrange-
ments than regions in the middle of the inverted segment. The implications of these findings for overall
variability levels during the evolution of Drosophila species are discussed.

CHROMOSOMAL inversion polymorphisms have and Wayne 1994; Depaulis et al. 1999), because, by re-
ducing recombination, inversions can act as amplifiersbeen a cornerstone in the study of evolution all
of the effects on nucleotide polymorphism of selectivethrough the history of population genetics. Since the
phenomena such as hitchhiking with favorable muta-establishment of the modern synthesis, inversions have
tions (Kaplan et al. 1989; Aquadro and Begun 1993;been a privileged system to study such diverse subjects
Aquadro et al. 1994) or deleterious background selec-as phylogenies, geographical clines, temporal cycles,
tion (Charlesworth et al. 1993; Charlesworth 1994;meiotic drive, and, of course, to look for evidence of
Hudson 1994; Hudson and Kaplan 1995).natural selection (see Krimbas and Powell 1992 for a

Recombination affects levels of nucleotide polymor-review). In fact, the first studies on the role of natural
phism. In Drosophila, it accounts for one-quarter ofselection in the maintenance of genetic polymorphisms,
the variance among genes in nucleotide diversity (seeeither in nature or in experimental populations, used
Moriyama and Powell 1996 for a review) and an in-inversions because they could be detected by means
creasing amount of evidence of the same trend is beingof simple cytological techniques and their frequency
gathered in other organisms, such as Mus domesticuschanges could easily be followed through the genera-
(Nachman 1997), several species of the genus Lycoper-tions (Dobzhansky 1970; Lewontin 1981). The onset
sicon (Stephan and Langley 1998), and humansof electrophoresis and the allozymes era was followed
(Nachman et al. 1998). It is also well established thatby an intense search for linkage disequilibria between
recombination rates are strongly influenced by inver-allozyme loci associated with inversion polymorphisms
sions (Sturtevant and Beadle 1936), the main reasonand between allozyme loci and the inversions them-
being that, in the heterokaryotypes, crossing-over eventsselves, because they were thought to be generated by
within the inversion loop give rise to nonfunctional orepistatic selection (Prakash and Lewontin 1968;
nonviable aneuploid meiotic products, and recombina-Zapata and Álvarez 1987, 1992, 1993; Krimbas and
tion results only from multiple crossovers and gene con-Powell 1992). Now, in the DNA era, inversions may
version. Also, inversions are ubiquitous in Drosophila:still be useful places to look for selection (Kreitman
more than three-quarters of all the species in the genus
are polymorphic for paracentric inversions (Sperlich
and Pfriem 1986; Krimbas and Powell 1992). It is,Corresponding author: Arcadio Navarro, Institute of Cell, Animal and
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Ruiz 1997; Navarro et al. 1997). Hence, the dynamics the effect on variability of inversions themselves. We
focus on the two most common measures of DNA vari-of selective sweeps and background selection in chromo-

somes segregating for different arrangements may be ability: the number of segregating sites and the average
number of pairwise differences in a sample of DNAdifferent—and their effects conceivably larger—than in

chromosomes without inversions. Second, recombina- sequences (Watterson 1975; Tajima 1983, 1993). We
study these two variability measures in a population oftion is not uniformly distributed along chromosomes

(Lindsley and Sandler 1977; Ashburner 1989; True DNA sequences linked to a chromosome segregating
for two arrangements. First, we develop analyticallyet al. 1996) and when inversions change the position of

genes, they are also changing their recombinational equations for the mutation-drift-flux equilibrium case,
in which the inversion polymorphism is precisely bal-context in homokaryotypes. Third, because inversion

polymorphisms are maintained by balancing selection anced (i.e., inversion frequencies do not change from
one generation to another). It is assumed that the poly-(Dobzhansky 1970), they will increase the average life

expectancy of nucleotide variability linked to them morphism was established enough time ago for the DNA
variability in the population to have reached mutation-(Strobeck 1983; Hudson and Kaplan 1988; Kaplan

et al. 1988). Finally, the latter effect can be just the drift equilibrium. Second, we explore by means of com-
puter simulation cases in which DNA variability is notopposite with new inversions. A recently appeared inver-

sion increasing its frequency may produce a selective at equilibrium because the inversion polymorphism was
recently established. Changing the age of the polymor-sweep that can potentially eliminate variability in large

segments of the chromosome. All these different factors phism in the simulations allows us to study the approach
to the equilibrium values of DNA variability previouslymay have powerful and contradictory effects on variabil-

ity. The aims of this work are to obtain theoretical pre- derived using analytical methods.
dictions concerning the amount and pattern of nucleo-
tide variability associated with inversion polymorphisms

MODELS AND METHODS
and to shed some light on the overall effect of inversions
on the level of nucleotide variability within species. We study the properties of a sample of n DNA se-

quences at a locus linked to a chromosome segregatingThe basic tools to carry out such studies have been
developed in recent years using the coalescent ap- for two arrangements, Standard (St) and Inversion (In), at

frequencies p and q, respectively. The two arrangementsproach. Theoretical and simulation studies concerning
DNA variability under balancing selection (Hudson and differ by a single paracentric inversion and St is the

oldest one. We denote by N the population size andKaplan 1988; Kaplan et al. 1988; Hey 1991; Nordborg
1997) or under subdivision and migration (Slatkin by F the per generation probability of gene exchange

between arrangements, i.e., the probability that a DNA1987; Strobeck 1987; Tajima 1989a, 1993; Notohara
1990; Nordborg 1997) are providing a detailed picture sequence recombines with the inversion, which only

happens in heterokaryotypes and that is referred to asof the properties of the amount of DNA polymorphism
in a population. Although the analogy between inver- the probability of gene flux (Navarro et al. 1997). It

is assumed that karyotype frequencies are maintainedsion systems and balancing selection or subdivided pop-
ulations is clear, because all of them produce a struc- approximately at Hardy-Weinberg equilibrium. Accord-

ingly, the probability that a DNA sequence linked to atured population, the coalescent approach has never
been explicitly applied to inversions. One of the causes St chromosome descends from a sequence linked to an

In chromosome in the previous generation is qF; theof this vacuum may be found in the scarcity and some-
what contradictory nature of empirical information converse probability for an In chromosome is pF. Fol-

lowing the infinite-sites model (Kimura 1969), we as-about the degree of exchange of genetic information
between arrangements along the inverted chromosome sume that the DNA sequence is so large that every new

mutation takes place in a previously unmutated site. The(Krimbas and Powell 1992; Navarro et al. 1997). Also,
the lack of detailed theoretical predictions of the effect mutants are selectively neutral and m is the mutation rate

per sequence and per generation.of inversions on recombination makes it difficult to ob-
tain realistic recombination values for every position In the development of our analytical results, we make

use of the analogy between inversion polymorphismsalong the inverted chromosomal region. A recent theo-
retical study from Navarro et al. (1997) provides such and subdivided populations. Thus, although results can

be obtained in several other ways (see, for example,results. Given the physical and genetic lengths of an
inversion, theoretical predictions of recombination and Hudson and Kaplan 1988; Hudson 1990; or Nord-

borg 1997), we follow Tajima’s (1989a, 1993) approachgene flux caused by crossing over and gene conversion
between arrangements can be obtained for every site to obtain equations giving the number of segregating

sites in a sample of n alleles taken at random from aalong the chromosome for heterokaryotypes.
The work presented here deals with the effect on population that has reached mutation-drift-flux equilib-

rium. For the simulation studies, we use the standardneutral nucleotide variability of both new and old inver-
sion polymorphisms. That is, we exclusively consider principles of the coalescent process to construct the
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genealogical tree of a sample and the associated time place during that generation. The probabilities of zero
events are multiplied every generation until the productfor each branch (Hudson 1990). The analogy between

inversion polymorphisms and subdivided populations is less than a random number drawn from a uniform
distribution between zero and one. When that happens,is also used to adapt the general coalescent process to

a population segregating for two chromosomal arrange- one of the four events is chosen, taking into account
the probability of that event in the current generation.ments.

We follow a method analogous to the one described Of course, the simulation is also exited if the most recent
common ancestor of the sample is reached during thein Strobeck (1987) to construct phylogenetic trees for

samples taken from such a population. For every sample, selective phase. The main difference between our algo-
rithm and that used by Braverman et al. (1995), whichthe simulation starts by generating a maximum of four

random numbers, each derived from the appropriate considered directional selection, is that the differential
equation describing the change of allele frequenciesexponential distribution, which represent the time until

one of the four possible events affecting the sample (no with time under overdominant selection lacks an analyti-
cal solution (Nei 1987; Nagylaki 1992) and, therefore,simultaneous events are allowed): the time until the

most recent flux event (for each arrangement with one we compute the transition probabilities and change q
on a per generation basis.or more alleles in the sample, tF(St → In) and tF(In → St)) and

the time until the most recent coalescence event (within We illustrate and discuss our results using parameter
values from Drosophila because most of the evidenceeach arrangement with two or more alleles in the sam-

ple, tC(St) and tC(In)). The smallest of these four times is on inversions and on nucleotide variability comes from
this genus. The mutation rate per nucleotide per gener-chosen and the sample is modified by the creation of

the corresponding branches and nodes. The chosen ation of Drosophila melanogaster ranges between 1028 and
1029 (Powell 1997). In the same species, the popula-time is associated with the newly created branches and

the process starts over. The simulation stops when the tion size has been estimated to be of the order of 106

(Kreitman 1983; Powell 1997), the average u (5 4Nm)most recent common ancestor of the sample is reached.
To study nucleotide variability in a new arrangement per nucleotide being z0.005 (Hudson 1993). To avoid

the use of many decimals we will focus all through thisappearing in the population and reaching a stable poly-
morphism, we use the simulation method outlined in article on alleles of 100 nucleotides and, therefore, on

a u value of 0.5.Braverman et al. (1995) after adapting it to overdomi-
nant, instead of directional, selection. Let the three Inversions affect our model by modifying gene flux

rates all along the inverted segment. According tokaryotypes St/St, St/In, and In/In have fitnesses 1 2 s1,
1, and 1 2 s2, respectively. We start by constructing the Navarro et al. (1997) and Navarro and Ruiz (1997),

the gene flux per nucleotide and per generation be-tree in the way described in the previous paragraph, with
the frequencies of the arrangements in the population tween arrangements will range between F 5 1022 in

the center of a large inversion and F 5 1028 in regionsbeing p̂ 5 s2/(s1 1 s2) and q̂ 5 s1/(s1 1 s2). At a given
time, we make the simulation enter a selective phase as close to the breakpoints of a short inversion. This pre-

dicted range includes most of the empirically estimateddescribed in Braverman et al. (1995). At the beginning
of this phase the frequency of arrangement In is gene flux values available in the literature: 1024 in the

central region of inversion In(3L)Payne of D. melanogas-changed to q 5 s1/(s1 1 s2) 2 ε, where ε 5 1/2N (Brav-
erman et al. 1995), that is, we remove one of the In ter (Payne 1924); 1025 in the central region of inversion

In(3R)P18 of D. melanogaster (Chovnick 1973); and 1027gametes from the population. Then, the deterministic
equation for Dq under overdominant selection is used near the breakpoints of O314/OSt heterokaryotypes in

D. subobscura (Rozas and Aguadé 1994). Details on howto change allele frequencies every generation. Because
the simulation works backward in time, by removing a to obtain F values for any site along the chromosome

can be found in Navarro et al. (1997).gamete we allow the frequency equilibrium to be broken
and q to decrease deterministically. The process contin-
ues until q # ε, i.e., until only one In gamete is left. At

ANALYTICAL RESULTS
this point, this In gamete is mutated to St and the selec-
tive phase is exited. The standard coalescent process We use the coalescent approach to study the variabil-

ity of n DNA sequences, among which i sequences arestarts over again in a population formed exclusively by
St chromosomes. randomly chosen from St chromosomes and j (5 n 2

i) sequences from In chromosomes. Let Q(i, j) representThe events of coalescence or gene flux between ar-
rangements during the selective phase are simulated in the state of the sample. In terms of the genealogical

relationships of the sequences in the sample, that is,the same way as in Braverman et al. (1995). We make
time change in a per generation basis. For each genera- going back in the past, there are four possible adjacent

states into which Q(i, j) can move in a single generation,tion the probabilities of the four possible events are
computed. Subtracting the sum of the four probabilities namely, Q(i 2 1, j), Q(i, j 2 1), Q(i 2 1, j 1 1), and

Q(i 1 1, j 2 1). The first two changes represent commonfrom one gives us the probability of no events taking
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ancestor events and the latter gene flux events. The From (4), S(i, j) can be computed for every value of
i and j. For instance, when n 5 2,probabilities of these events are (derived following Hud-

son 1983 and Tajima 1989a):
S(2, 0) 5

up 1 FS(1, 1)
1 1 F

(5a)
P {Q(i, j) to Q(i 2 1, j)} 5

i(1 2 i)
4Np

(1a)
S(1, 1) 5

2upq 1 pFS(2, 0) 1 qFS(0, 2)
F

S(0, 2)(5b)

P {Q(i, j) to Q(i, j 2 1)} 5
j(1 2 j)

4Nq
(1b)

5
uq 1 FS(1, 1)

1 1 F
. (5c)

P {Q(i, j) to Q(i 2 1, j 1 1)} 5 iqF (1c)
And solving these equations, we get

P {Q(i, j) to Q(i 1 1, j 2 1)} 5 jpF. (1d)

S(2, 0) 5 u11 1
q(p 2 q)

1 1 F 2 (6a)
It follows from these equations that any Q(i, j) will finally
converge to Q(1, 0) or Q(0, 1) unless F 5 0.

S(1, 1) 5 u11 1
2pq
F 2 5 u11 1

1
2NF2 (6b)Let S(i, j) be the expected number of segregating

sites in a sample in state Q(i, j) taken at random from
a population at mutation-drift-flux equilibrium. Given S(0, 2) 5 u11 1

p(q 2 p)
1 1 F 2. (6c)

the infinite-sites model, the number of segregating sites
is the number of mutations that take place while Q(i,

To ascertain the effect of inversions on nucleotide vari-j) is converging to Q(1, 0) or Q(0, 1). To calculate this
ability in the population as a whole, we must considernumber we must first consider the sojourn time of the
the expected number of segregating sites in a samplesample, i.e., the expected number of generations during
of n sequences taken at random from the entire popula-which Q(i, j) does not change. The probability that Q(i,
tion, S(n). Because we are assuming that chromosomej) changes to one of the four adjacent states in a single
arrangements are in Hardy-Weinberg equilibrium fre-generation is
quencies, S(n) can be easily obtained from

P(i, j) 5 iqF 1 jpF 1
i(i 2 1)

4Np
1

j(j 2 1)
4Nq

. (2)
S(n) 5 o

n

i50
1ni 2piqn2iS(i,n 2 i). (7)

Therefore, the sojourn time until the first change is geo-
In addition, Equation 6 (and 7 making n 5 2) gives usmetrically distributed with mean 1/P(i, j) generations.
the average number of pairwise differences between theWhile there are n alleles, nm mutations take place every
alleles in our sample, E(k), which is equal to the ex-generation; hence, C(i, j), the expected number of mu-
pected number of segregating sites among a sample oftations taking place while Q(i, j) remains the same, is
two alleles (Hudson 1990; Tajima 1993). E(k) has an
advantage over S: under a neutral model with no recom-C(i, j) 5

nm

P(i, j)
5

nupq
pj(F 1 j 2 1) 1 qi(F 1 i 2 1)

, (3)
bination, it gives a direct estimate of u (Tajima 1993);
that is, it is independent of n. On the other hand, when

where F 5 4NFpq and u 5 4Nm. the neutral theory is correct and there is no population
Given that Q(i, j) changes, the conditional probabili- subdivision, we can obtain an estimate of u from S in

ties that it changes to each one of the four adjacent the following way (Watterson 1975):
states are easily obtained from Equation 1. With those
probabilities and (3) we can readily obtain an iterative

û 5
S

on21
i511/i

. (8)
expression for S(i, j),

Both variability measures, E(k) and û, combine in Taji-S(i, j) 5
u(i 1 j)pq 1 pjaij 1 qibij

pj(F 1 j 21) 1 qi(F 1 i 2 1)
, (4)

ma’s method for testing the neutral mutation hypothesis
(Tajima 1989b) and are quite useful for studying the

where effect of inversions on DNA variability. Equations for
the variance of k(n) under some specific conditions canai j 5 ( j 2 1)S(i, j 2 1) 1 FS(i 1 1, j 2 1)
be found in the appendix.

and The results presented so far allow us to study the
effect on variability of a precisely balanced inversionbi j 5 (i 2 1)S(i 2 1, j) 1 FS(i 2 1, j 1 1).
polymorphism that reached mutation-drift-flux equilib-

Of course, S(1, 0) 5 S(0, 1) 5 0 by definition. Equation 4 rium a long time ago. Table 1 gives the values of û
can also be obtained from previous results on balancing and E(k) together with its standard deviation (when
selection (Hudson and Kaplan 1988; Kaplan et al. formulas are available; see appendix) under different

arrangement frequencies and under different sample1988; Hey 1991; Nordborg 1997).
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TABLE 1

Theoretical expectations for mutation-flux-drift equilibrium

St In Population
In
frequency F n û E(k) û E(k) û E(k)

0.5 1028 2 0.5000 0.5000 0.5000 0.5000 13.0000 13.0000
(3.6400) (3.6400)

10 0.4994 0.5000 0.4994 0.5000 9.3500 13.0000
(2.3121) (2.3121)

20 0.4989 0.5000 0.4989 0.5000 7.5800 13.0000
(2.1980) (2.1980)

1026 2 0.5000 0.5000 0.5000 0.5000 0.6250 0.6250
10 0.4846 0.5000 0.4846 0.5000 0.6033 0.6250
20 0.4713 0.5000 0.4713 0.5000 0.5888 0.6250

1024 2 0.5000 0.5000 0.5000 0.5000 0.5013 0.5013
10 0.4991 0.5000 0.4991 0.5000 0.5012 0.5013
20 0.4979 0.5000 0.4979 0.5000 0.5012 0.5013

1022 2 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
(0.8603) (0.8603)

10 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
(0.5229) (0.5229)

20 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
(0.4960) (0.4960)

0.8 1028 2 0.2615 0.2615 0.5596 0.5596 8.5286 8.5286
(2.8996) (2.9755)

10 0.2613 0.2615 0.5594 0.5596 8.3995 8.5286
20 0.2611 0.2615 0.5592 0.5596 7.4761 8.5286

1026 2 0.3537 0.3537 0.5366 0.5366 0.5976 0.5976
10 0.3401 0.3537 0.5298 0.5366 0.5901 0.5976
20 0.3283 0.3537 0.5237 0.5366 0.5810 0.5976

1024 2 0.4963 0.4963 0.5009 0.5009 0.5012 0.5012
10 0.4929 0.4963 0.5007 0.5009 0.5012 0.5012
20 0.4886 0.4963 0.5004 0.5009 0.5012 0.5012

1022 2 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000
(0.8660) (0.8660)

10 0.4999 0.5000 0.5000 0.5000 0.5000 0.5000
20 0.4999 0.5000 0.5000 0.5000 0.5000 0.5000

0.1 1028 2 0.5399 0.5399 0.1415 0.1415 5.0287 5.0287
(2.3074) (2.1742)

10 0.5398 0.5399 0.1412 0.1415 6.2680 5.0287
20 0.5397 0.5399 0.1411 0.1415 6.6926 5.0287

1026 2 0.5294 0.5294 0.2353 0.2353 0.5662 0.5662
10 0.5266 0.5294 0.2281 0.2353 0.5698 0.5662
20 0.5240 0.5294 0.2218 0.2353 0.5691 0.5662

1024 2 0.5011 0.5011 0.4903 0.4903 0.5012 0.5012
10 0.5010 0.5011 0.4832 0.4903 0.5012 0.5012
20 0.5008 0.5011 0.4748 0.4903 0.5012 0.5012

1022 2 0.5000 0.5000 0.4999 0.4999 0.5000 0.5000
(0.8660) (0.8660)

10 0.5000 0.5000 0.4998 0.4999 0.5000 0.5000
20 0.5000 0.5000 0.4997 0.4999 0.5000 0.5000

E(k) and û for n DNA sequences sampled at random from either St chromosomes, In chromosomes, or the
entire population. When formulas are available (see appendix), standard deviations (s) can be found within
parentheses. N 5 106, m 5 1.25 3 1027 (u 5 0.5).

sizes for samples taken at random either from the entire creases with increasing sample size, although it remains
exceedingly large, as always happens with pairwise mea-population or from a given arrangement class. As ex-

pected, the behavior of û is dependent on the sample sures, mainly when no intragenic recombination is al-
lowed (Tajima 1983; Hudson 1990).size, mainly for low flux rates, while E(k) does not de-

pend on n. Of course, the standard deviation of k de- Flux rates affect the variability in the population as a
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TABLE 2

Theoretical expectations for mutation-flux-drift equilibrium

Inversion equilibrium frequencies

F 0.5 0.8 0.1

1028 25.5000 (25.7536) 25.5000 (25.6667) 25.5000 (25.5984)
1026 0.7500 (1.0897) 0.7500 (1.0771) 0.7500 (1.0623)
1024 0.5025 (0.8682) 0.5025 (0.8682) 0.5025 (0.8682)
1022 0.5000 (0.8660) 0.5000 (0.8660) 0.5000 (0.8660)

Average number of nucleotide differences, E(k), between a St allele and an In allele. Standard deviations
(s) are within parentheses. N 5 106, m 5 1.25 3 1027 (u 5 0.5).

whole, which increases as flux decreases. Flux rates of smaller than the mutation rate we assume). In that case
E(k) and û, both in St and In, converge to their values1022 or higher make E(k) and û equal to their values

in a population without inversions (in our case u 5 0.5). in a neutral population of sizes Np and Nq, respectively.
Differentiation between arrangements can be mea-On the other hand, flux rates ,1024 produce a rapid

departure of DNA variability from its state in a popula- sured by means of the number of pairwise differences
between an In allele and a St allele (Equation 6b). Astion without inversions. Given that heterokaryotypes al-

ways have large regions with gene flux rates ,1024, for we can see in Table 2, equilibrium pairwise differences
between arrangements do not depend on inversion fre-instance, regions around inversion breakpoints (Navarro

et al. 1997), it is obvious that inversions will have a strong quencies and standard deviations are practically unaf-
fected by them, which agrees with previous results (Nord-effect on nucleotide variability.

The frequency of the chromosome arrangements in borg 1997).
the population also has a remarkable effect on variabil-
ity. The maximum values of E(k) and û for the whole

SIMULATION RESULTSpopulation are reached with intermediate inversion fre-
quencies (Table 1). Table 1 shows further effects of The simulation program described in models and
inversions. We can see that, with intermediate frequen- methods allows us to obtain E(k) and û for different
cies, variability is scarcely reduced within each arrange- values of the selection coefficients and the age of the
ment when compared to variability in a population with- inversion polymorphism. Using this tool, we are able to
out inversions (in which u 5 0.5). On the other hand, study the approach to mutation-drift-flux equilibrium
if frequencies are not intermediate, variability in the for nucleotide variability in any given inversion polymor-
lowest frequency arrangement is notably reduced. This phism. Taking into account the size of the standard
reduction is caused by the diminished population size deviations we are dealing with (Tables 1 and 2), all the
of the gametes carrying each arrangement, which boosts values given in this section are based on 100,000 runs
the loss of genetic variability by drift. In contrast, the of our program.
variability of the most frequent arrangement increases. In Tables 3 and 4 we can see the values of E(k) and û
This variability increase tends to balance the low variabil- 100 generations after the stabilization of three different
ity in the less frequent arrangement because of gene polymorphisms (with the frequencies of the new ar-
flux acting as conservative migration, which agrees with rangement, In, being 0.5, 0.8, and 0.1), that is, 100
the invariant property of structured populations noted generations after the end of the selective phase that
by Mayurama (1971) and Nagylaki (1982). Also, it produced the stable inversion polymorphisms we are
is worth noting that variability in the low frequency studying. During this short amount of time, no new
arrangement, though reduced, is still higher than that variability has appeared in the population and gene flux
expected in an isolated population of the same size. has had no time to homogenize the variability between

Both variability augments can be explained by the arrangements. Thus, the footprint left by the origin of
same mechanism. With low flux and a lot of drift (mainly the new inversion is still visible. As expected, it is quite
in the low frequency arrangement), the two kinds of similar to the trail generated by a selective sweep (Brav-
chromosomes are highly differentiated and, therefore, erman et al. 1995). However, given that we are consider-
almost every allele coming by recombination from the ing overdominant selection, our sweep is partial; i.e., it
other arrangement will be absent in the recipient ar- stops before the inversion reaches fixation and, there-
rangement. These new alleles add new variability at a fore, it does not eliminate all the genetic variability in
higher rate than mutation. This effect overpowers drift the population. St chromosomes are left with an amount
and increases with decreasing flux. It only disappears of variability proportional to their frequency in the pop-

ulation. Moreover, some of the nucleotide variability iswith gene flux rates !1028 (i.e., very close to zero and
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TABLE 3

Simulation results

St In Population
In
frequency F n û E(k) û E(k) û E(k)

0.5 1028 2 0.2493 0.2493 0.0001 0.0001 0.1888 0.1888
(s1 5 0.1, 10 0.2496 0.2496 0.0007 0.0006 0.1988 0.1890
s2 5 0.1) 20 0.2472 0.2473 0.0023 0.0013 0.2087 0.1909

1026 2 0.2501 0.2501 0.0001 0.0001 0.1894 0.1894
10 0.2486 0.2482 0.0009 0.0007 0.1969 0.1867
20 0.2495 0.2505 0.0025 0.0014 0.2074 0.1907

1024 2 0.2486 0.2486 0.0118 0.0118 0.1921 0.1921
10 0.2481 0.2478 0.0197 0.0118 0.1997 0.1900
20 0.2503 0.2500 0.0324 0.0130 0.2084 0.1919

1022 2 0.2497 0.2497 0.2523 0.2523 0.2497 0.2497
10 0.2450 0.2460 0.2469 0.2478 0.2500 0.2519
20 0.2478 0.2475 0.2487 0.2483 0.2498 0.2509

0.8 1028 2 0.0993 0.0993 0.0002 0.0002 0.0355 0.0355
(s1 5 0.1, 10 0.0994 0.0989 0.0019 0.0014 0.0490 0.0370
s2 5 0.025) 20 0.0993 0.0996 0.0051 0.0029 0.0618 0.0389

1026 2 0.0991 0.0991 0.0002 0.0002 0.0375 0.0375
10 0.0992 0.0996 0.0017 0.0013 0.0498 0.0374
20 0.0991 0.0989 0.0052 0.0015 0.0600 0.0377

1024 2 0.0987 0.0987 0.0049 0.0049 0.0371 0.0371
10 0.0999 0.1001 0.0097 0.0060 0.0527 0.0397
20 0.0991 0.0990 0.0172 0.0075 0.0618 0.0395

1022 2 0.0962 0.0962 0.0926 0.0926 0.0938 0.0938
10 0.1000 0.0988 0.1016 0.1005 0.0999 0.0977
20 0.1104 0.1017 0.1106 0.1017 0.1107 0.1026

0.1 1028 2 0.4476 0.4476 0.0004 0.0004 0.4434 0.4434
(s1 5 0.0111, 10 0.4507 0.4506 0.0039 0.0030 0.4464 0.4502
s2 5 0.1) 20 0.4490 0.4501 0.0110 0.0065 0.4453 0.4495

1026 2 0.4497 0.4497 0.0006 0.0006 0.4419 0.4419
10 0.4474 0.4467 0.0039 0.0031 0.4468 0.4489
20 0.4489 0.4490 0.0113 0.0065 0.0063 0.4504

1024 2 0.4517 0.4517 0.1242 0.1242 0.4461 0.4461
10 0.4498 0.4507 0.1821 0.1303 0.4500 0.4507
20 0.4503 0.4520 0.2389 0.1417 0.4486 0.4520

1022 2 0.4510 0.4510 0.4537 0.4537 0.4524 0.4524
10 0.4493 0.4494 0.4477 0.4482 0.4508 0.4513
20 0.4626 0.4550 0.4644 0.4545 0.4632 0.4550

E(k) and û for n DNA sequences sampled at random either from St chromosomes, In chromosomes, or the
entire population. N 5 106, m 5 1.25 3 1027 (u 5 0.5). The stabilization of arrangement frequencies at the
values determined by s1 and s2 took place 100 generations ago.

rescued by gene flux, because it allows In chromosomes to the equilibrium point, q̂ 5 s1/(s1 1 s2), which does not
change with the magnitude of the selection coefficients.to receive variants that will otherwise be lost. The smaller

the selection coefficients affecting the arrangements, The only relevant variability differences are built up
during the lineal increment phase and the amount ofthe slower the selective phase and the larger the amount

of variability maintained in the population. time spent in that phase is always short when compared
to the total length of the genealogy. For example, whenHowever, the variability differences caused by selec-

tion coefficients differing by as much as an order of s1 5 s2 5 0.1, 57 generations are needed for an inversion
to increase its frequency from 0.05 to 0.45. When s1 5magnitude are not very important (compare Tables 3

and 4). The reason for that must be sought in the ap- s2 5 0.01, the same increment needs 600 generations;
i.e., selection coefficients make a difference of 543 gen-proach of arrangement frequencies to equilibrium. Un-

der overdominant selection, In frequencies increase in erations only in a tree that can have .105 generations.
Hence, from now on we use the data in Table 3 as thea sigmoidal way and, therefore, for much of the time

since the appearance of the inversion its frequency is starting point to study the approach to mutation-drift-
flux equilibrium.either close to zero, which makes it irrelevant, or close
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TABLE 4

Simulation results

St In Population
In
frequency F n û E(k) û E(k) û E(k)

0.5 1028 2 0.2509 0.2509 0.0008 0.0008 0.1854 0.1854
(s1 5 0.01, 10 0.2479 0.2481 0.0078 0.0060 0.2037 0.1920
s2 5 0.01) 20 0.2476 0.2485 0.0232 0.0131 0.2228 0.1964

1026 2 0.2484 0.2484 0.0009 0.0009 0.1863 0.1863
10 0.2483 0.2487 0.0081 0.0063 0.2043 0.1931
20 0.2488 0.2500 0.0235 0.0133 0.2237 0.1966

1024 2 0.2499 0.2499 0.0860 0.0860 0.2088 0.2088
10 0.2490 0.2496 0.1234 0.0922 0.2150 0.2070
20 0.2502 0.2498 0.1641 0.1000 0.2326 0.2111

1022 2 0.2486 0.2486 0.2499 0.2499 0.2478 0.2478
10 0.3319 0.2965 0.3344 0.2979 0.3339 0.2984

0.8 1028 2 0.0990 0.0990 0.0016 0.0016 0.0368 0.0368
(s1 5 0.01, 10 0.0980 0.0986 0.0167 0.0128 0.0646 0.0487
s2 5 0.0025) 20 0.1019 0.1012 0.0501 0.0280 0.1059 0.0609

1026 2 0.0968 0.0968 0.0018 0.0019 0.0377 0.0377
10 0.0984 0.0997 0.0170 0.0131 0.0632 0.0473
20 0.1008 0.1000 0.0503 0.0282 0.1050 0.0605

1024 2 0.0998 0.0998 0.0328 0.0328 0.0448 0.0448
10 0.1003 0.1002 0.0680 0.0500 0.0831 0.0649
20 0.1003 0.0999 0.1211 0.0679 0.1309 0.0789

1022 2 0.1261 0.1261 0.1339 0.1339 0.1307 0.1307
10 0.4652 0.3067 0.4697 0.3095 0.4714 0.3120

0.1 1028 2 0.4447 0.4447 0.0040 0.0040 0.4670 0.4670
(s1 5 0.00111, 10 0.4447 0.4471 0.0272 0.0224 0.4438 0.4440
s2 5 0.01) 20 0.4488 0.4479 0.0642 0.0427 0.4688 0.4580

1026 2 0.4435 0.4435 0.0042 0.0042 0.4457 0.4457
10 0.4435 0.4466 0.0272 0.0224 0.4452 0.4470
20 0.4511 0.4513 0.0643 0.0427 0.4626 0.4539

1024 2 0.4484 0.4484 0.4343 0.4343 0.4497 0.4497
10 0.4495 0.4502 0.4685 0.4570 0.4543 0.4542
20 0.4578 0.4542 0.5301 0.4731 0.4699 0.4600

1022 2 0.4527 0.4527 0.4496 0.4496 0.4524 0.4524
10 0.4487 0.4490 0.4497 0.4500 0.4480 0.4484

Same as Table 3 with smaller selection coefficients.

The convergence to the equilibrium variability in the flux plays a key role in determining both the amount
of variability that is lost during the origin of the inversionpopulation as a whole is drawn in Figure 1a. During

the first million generations, almost no new diversity is polymorphism and the speed at which this lost variability
is recovered. With low gene flux, nucleotide variabilityadded to the population. Gene flux, having higher rates

than mutation, plays a very important role during this within the newly appeared arrangement is zero, or very
close to zero, during the first 105–106 generations. Con-phase because it homogenizes variabilities within the

two arrangements. Only after the first several million vergence to mutation-drift-flux equilibrium is slow be-
cause of the scarce amount of variability incoming fromgenerations has mutation added enough variability to

reach the equilibrium. With high gene flux (F 5 1022) St chromosomes. On the other hand, with high rates of
gene flux the variability within In chromosomes is verythe equilibrium point is independent of the frequency

of inversions. On the other hand, lower gene flux (F 5 close to the variability left in St chromosomes after the
partial sweep and the convergence to equilibrium is1026) makes the equilibrium variabilities higher for in-

termediate arrangement frequencies. Note that the faster. Moreover, during the first million generations,
gene flux is the main cause of the increase of variabilityequilibrium points obtained by simulation are equiva-

lent to those obtained analytically in the previous section. within inversion chromosomes because it adds new vari-
ability (imported from standard chromosomes) atFigure 1b shows the changes in E(k) between two

In alleles during the convergence to equilibrium. The higher rates than mutation.
The process that is meanwhile taking place within Stconvergence process within an average inversion is plot-

ted in Figure 2a. As we can see in these figures, gene chromosomes is represented in Figures 1c and 2b. In
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Figure 1.—Simulation results. Approach of nucleotide variability to mutation-drift-flux equilibrium. Abscissa: decimal logarithm
of the number of generations since the stabilization of the polymorphism. Ordinate: (a) E(k) for the entire population; (b) E(k)
for the In chromosomes; (c) E(k) for the St chromosomes; (d) E(k) for two alleles taken at random, one from the pool of St
chromosomes and the other from the pool of In chromosomes. F 5 1022 stands for gene flux in the center of an average
inversion and F 5 1026 for gene flux around the breakpoints. N 5 106 and m 5 1.25 3 1027, so the equilibrium E(k) for a
population without inversions is 0.5 (dotted line).

this case, of course, gene flux has little influence on the from the population. Just after the stabilization of the
initial variability. It does, however, affect the way in which arrangement frequencies, the chromosomes bearing
variability changes, as well as the equilibrium points. the newly appeared arrangement will have almost no
We can see that with low flux rates, during the first variability (Tables 3 and 4). As the polymorphism grows
105–106 generations, variability within St chromosomes older, a slow convergence to mutation-drift-flux equilib-
decreases. This can be explained by a sink-source mech- rium starts. At this equilibrium, the level of DNA poly-
anism: the relatively great allele diversity stored in St morphism in the population as a whole can be higher
chromosomes is transferred by flux to In chromosomes, than in a population of the same size without segregat-
where low flux rates forced an initial elimination of ing arrangements (Table 1 and Figure 1). Which of
variability. This process lasts until the homogenization these two effects of an inversion, to reduce or to incre-
of the two arrangements; hence, variability decreases ment variability, will prevail depends on the time that
within St chromosomes while increasing within In chro- it takes to reach equilibrium. The convergence to the
mosomes. In chromosomes can undergo a similar tem- equilibrium values proceeds at very different speeds,
porary variability decrease if flux rates are high and the strongly depending on gene flux rates, and, thus, it
new inversion reaches a high frequency (Figure 1b). proceeds differently in different regions of the inverted

In relation to the time dynamics of the pairwise differ- segment.
ences between arrangements, Figures 1d and 2c show In regions close to the breakpoints, flux rates are very
that, as proved in analytical results, the equilibrium low (Figure 2) and, therefore (1) the strength of the
values of E(k) are dependent only on gene flux. On partial sweep is greater, and almost no variability is left
the other hand, during the first 105–106 generations of within the new arrangement; and (2) the linkage dis-
polymorphism, the pairwise differences between In and equilibria generated by the frequency increment of the
St chromosomes are dependent only on arrangement new inversion will persist for a long time (Navarro et
frequencies. al. 1996). Around the breakpoints, only new mutations

supply variability to the new arrangement and it is unlikely
that new mutants will be exchanged between arrange-

DISCUSSION ments. Therefore, in regions close to the breakpoints
of In chromosomes, variability will be very low untilOn its way to the establishment of a balanced polymor-

phism, a newly arisen inversion sweeps a lot of variability enough new mutants are added, which will take .106
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Figure 2.—Simulation results. E(k) for different positions
along the inverted chromosome. Arrangement frequencies
reached equilibrium an infinite time ago (solid lines), 1 mil-
lion generations ago (long dashed lines), or 1 hundred gener-
ations ago (short dashed lines). Note how the mutation-drift-
flux equilibrium is built up. (a) E(k) for two random In alleles.
(b) E(k) for two random St alleles. (c) E(k) for two alleles ta-
ken at random from the entire population. N 5 106, m 5 1.25
3 1027 (u 5 0.5). We consider an average inversion (30 cM long
laying at 10 cM from the centromere) at frequency q 5 0.5; gene
flux values for 21 evenly spaced sites along the inverted segment
are obtained according to Navarro et al. (1997).

generations (Figures 1b and 2a). Around the break- In the population as a whole, nucleotide variability
around breakpoints is low during the first 105–106 gener-points of St chromosomes, variability is initially greater

than that of In chromosomes, but decreases afterward ations. The higher the frequency of In chromosomes,
the lower the levels of DNA polymorphism (Figure 1a).over several generations (Figure 1c) because gene flux

tends to homogenize the two arrangements and no vari- At equilibrium, on the other hand, low gene flux rates
induce substantial differentiation between St and Inability was left in the In chromosomes. Although nucleo-

tide variability in relation to inversions has been studied chromosomes, which causes an increment in the level
of variability of the whole population (Table 1, Figuresby several authors (Aquadro et al. 1986; Aguadé 1988;

Bénassi et al. 1993; Rozas and Aguadé 1993, 1994; 1d and 2c). This enhancement of polymorphism levels
is due to the extension of the average lifetime of mutantsWesley and Eanes 1994; Popadić and Anderson 1995;

Popadić et al. 1995; Andolfatto et al. 1999; Cáceres caused by balancing selection (Hudson and Kaplan
1988; Kaplan et al. 1988) and it is greater with loweret al. 1999; Depaulis et al. 1999; Rozas et al. 1999), the

only available study in which nucleotide variability was gene flux and intermediate arrangement frequencies.
Gene flux rates are higher in the center of the in-surveyed simultaneously at different positions of a chro-

mosome segregating for two arrangements separated by verted regions and hence (1) gene flux preserves some
of the starting variability from the initial sweep by shel-a single inversion has been carried out by Hasson and

Eanes (1996). Our theoretical expectations are consis- tering it in the new arrangement; and (2) the differenti-
ation between arrangements will decrease at a steadytent with their findings. First, the breakpoints of inver-

sion In(3L)Payne of D. melanogaster host 20 times less rate, as new mutations are exchanged and some of the
variability stored in St chromosomes enters the inversionpolymorphism (p 5 0.0003) than the breakpoints of St

chromosomes (p 5 0.0060). Furthermore, the Hsp83 by gene flux. Inverted chromosomes, therefore, have a
higher starting level of polymorphism with higher fluxgene locus, which is close to, but not exactly at, the

distal breakpoint, presents higher levels of variability rates (Figure 1b). The smaller the frequency of inver-
sions and the greater the flux, the higher the starting(p 5 0.0067) and lower levels of differentiation between

arrangements (Nei’s d 5 0.0053) than the breakpoint polymorphism level. On the contrary, neither the initial
variability within St chromosomes (Figure 1c) nor theitself (p 5 0.0058, d 5 0.0068), although the differences

are not statistically significant (Hasson and Eanes 1996). initial differentiation between St and In (Figure 1d) is
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affected by gene flux rates. The main differences be- one inversion per million years was estimated for the E
tween the central region and the regions around the element (Ranz et al. 1997, 1999). Because most inver-
breakpoints arise from the buildup of the equilibrium sions will never reach fixation and will be lost after
in the central region of inversions and on the equilib- segregating for some time, we can consider a million
rium state itself. When equilibrium has been achieved, years as an overestimate of the average lifespan of an
higher flux rates make the amount of variability in the inversion. This time is equivalent to 5 3 106–107 genera-
central zone smaller than that of the regions around tions if we take 5–10 generations per year as an average
breakpoints (Figure 2c). On the other hand, higher for the Drosophila genus (Ashburner 1989; Powell
flux rates during the convergence to equilibrium allow 1997). An examination of Figure 1 yields the conclusion
for a rapid increase in polymorphism levels and a decrease that at least 107 generations are needed to reach mu-
in differences between arrangements, which starts at about tation-drift-flux equilibrium. It follows that it is very
generation 105 (Figure 1). Again this result is consistent unlikely to achieve equilibrium within the inverted
with the finding by Hasson and Eanes (1996) of higher segment. If gene flux rates are #1024, inversions can
levels of nucleotide variability in the Est-6 gene (p 5 increase variability levels when mutation-drift-flux equi-
0.0192), which lies approximately in the middle of inver- librium is reached (Table 1). However, at least 107 gen-
sion In(3L)Payne, than at the breakpoints of the inversion erations are needed to achieve equilibrium, and most
(p 5 0.0058). Also, the silent polymorphism levels for Est- of the time variability is lower in low gene flux regions
6 were roughly similar in both arrangements (p 5 0.0162 (Figures 1 and 2). This fact may imply that, other things
in St and p 5 0.0200 in In). being equal, chromosomes and/or species having high

In this analysis we have focused on neutral variability levels of inversion polymorphism will have lower levels
without considering any explicit source for the over- of DNA polymorphism. It has been pointed out by
dominance of the inversion. The selective maintenance Akashi (1996), Begun (1996), and Moriyama and
of inversion polymorphisms has been the subject of Powell (1996) that the autosomes of D. melanogaster,
abundant theoretical work. Some models consider asso- which are moderately polymorphic for inversions, have
ciations of the inversion with either a single gene or a lower variability than those of D. simulans, which have
group of genes with additive relationships (e.g., Nei et no known polymorphic inversions. Stronger hitchhik-
al. 1967; Ohta and Kojima 1968). Under those models, ing and background selection in D. melanogaster have
the establishment of an inversion polymorphism would been proposed as possible causes of this striking correla-
be a rare event, because, eventually, the linkage disequi- tion (Begun 1996). Our results show that the presence
librium between the selected loci and the inversion of inversions in the evolutionary history of D. melanogas-
would break down, rendering the polymorphism unsta- ter may help to explain its lower levels of nucleotide
ble and allowing the inversion to drift away until fixation

polymorphism without appealing to other selective
or loss. The most widely accepted models for the mainte-

forces. Although some caution must be raised becausenance of inversion polymorphisms consider their associ-
D. melanogaster levels of variability may have been under-ation with a complex of genes where epistatic selection
estimated (Begun 1996; Labate et al. 1999), the extantmaintains gametic disequilibrium. Essentially, a new inver-
data fit the expected pattern. Of course, had the inver-sion can reach a stable polymorphism only if it occurs in
sions been maintained for a longer time, or had thechromosomes carrying an excess gametic type (Charles-
mutation rates been higher, inversions would produceworth and Charlesworth 1973; Charlesworth 1974;
the opposite effect and increase variability. On the othersee Krimbas and Powell 1992 for a review). Under
hand, factors, like fluctuating selection, that cause oscil-these conditions, a stable polymorphism can be reached
lations in the frequencies of the arrangements will boostbecause certain recombination events within heterokar-
the loss of neutral variability. Further research concern-yotypes generate unfavored gametic types that would be
ing all these possibilities is currently under way.eliminated by selection. This would have the additional
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Aguadé, M., 1988 Restriction map variation at the Adh locus of1988). To what extent has all this continuous chromo-
Drosophila melanogaster in inverted an noninverted chromosomes.

somal reorganization affected DNA variability? Ranz et Genetics 119: 135–140.
Akashi, H., 1996 Molecular evolution between Drosophila melanogas-al. (1997) studied the divergence of chromosomal ele-

ter and D. simulans : reduced codon bias, faster rates of aminoment E between D. melanogaster and D. repleta. Although
acid substitution, and larger proteins in D. melanogaster. Genetics

evolutionary rates may vary between elements and lin- 144: 1297–1307.
Andolfatto, P., J. D. Wall and M. Kreitman, 1999 Unusual haplo-eages, a rate of fixation of inversions of approximately



696 A. Navarro, A. Barbadilla and A. Ruiz

type structure at the proximal breakpoint of In(2L)t in a natural Kreitman, M., 1983 Nucleotide polymorphism at the alcohol dehydro-
genase locus of Drosophila melanogaster. Nature 304: 412–417.population of Drosophila melanogaster. Genetics 153: 1297–1311.

Kreitman, M., and M. L. Wayne, 1994 Organization of geneticAquadro, C. F., and D. J. Begun, 1993 Evidence for an implication
variation at the molecular level: lessons from Drosophila, pp. 157–of genetic hitchhiking in the Drosophila genome, pp. 159–178 in
183 in Molecular Ecology and Evolution: Approaches and Implications,Mechanisms of Molecular Evolution, edited by N. Takahata and
edited by D. Schierwater, B. Streit, G. P. Wagner and R. deA. G. Clark. Sinauer Associates, Sunderland, MA.
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