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ABSTRACT

We analyze genetic variation at fusedl, a locus that is close to the centromere of the X chromosome-
autosome (X/4) fusion in Drosophila americana. In contrast to other Xlinked and autosomal genes, for
which a lack of population subdivision in D. americana has been observed at the DNA level, we find strong
haplotype structure associated with the alternative chromosomal arrangements. There are several derived
fixed differences at fusedl (including one amino acid replacement) between two haplotype classes of this
locus. From these results, we obtain an estimate of an age of ~0.61 million years for the origin of the
two haplotypes of the fusedl gene. Haplotypes associated with the X/4 fusion have less DNA sequence
variation at fusedl than haplotypes associated with the ancestral chromosome arrangement. The X/4
haplotypes also exhibit clinal variation for the allele frequencies of the three most common amino acid
replacement polymorphisms, but not for adjacent silent polymorphisms. These patterns of variation are
best explained as a result of selection acting on amino acid substitutions, with geographic variation in

selection pressures.

HILE the maintenance of polymorphic chromo-

somal inversions in Drosophila has received much
attention (KrimBas and PoweLL 1992; PoweLL 1997),
there is only limited evidence on the nature of the
evolutionary forces affecting other types of chromo-
somal arrangements, mainly because these are generally
present only as fixed differences between species (PAT-
TERSON and STONE 1952; PowkLL 1997). Drosophila amer-
icana americana and D. americana texana are two closely
related subspecies of the virilis group of Drosophila
(THROCKMORTON 1982). At the chromosomal level, D.
a. americana is characterized by a derived fusion of the
X and fourth chromosomes (Muller’s elements A and
B, respectively: MULLER 1940), whereas D. a. texana re-
tains the ancestral state, in which the X and fourth
chromosomes segregate independently (HuGhEs 1939;
STALKER 1940; THROCKMORTON 1982). Although previ-
ous studies suggested that the karyotype characteristic
of D. a. americana is at a high frequency throughout the
north central to northeastern United States, whereas
the karyotype characteristic of D. a. texana replaces it
abruptly in the south central to southeastern United
States (PATTERSON and STONE 1952; THROCKMORTON
1982), recent data show that the X/4 fusion is distrib-
uted through a very wide cline along a latitudinal gradi-
ent (B. F. MCALLISTER, unpublished results). The two
subspecies have also been found to be indistinguishable
at the DNA level (HiLtoN and Hey 1996, 1997; McA1L-
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LISTER and CHARLESWORTH 1999; MCALLISTER and
McVEaN 2000). These observations suggest that there
is considerable gene flow among populations distin-
guished by the different karyotypic forms of D. ameri-
cana, and that the cline for the X/ 4 fusion is maintained
by a balance between gene flow and selection on the
karyotypes themselves or on associated genes (BARTON
and GALE 1993).

If this is the case, some genetic differentiation could
exist between the different chromosomal arrangements
in regions where recombination between the two ar-
rangements is restricted. In D. melanogaster the majority
of laboratory-induced X autosome translocations that
are viable and fertile are usually broken in the proximal
X heterochromatin (ASHBURNER 1989, p. 566). If the
breakpoint of the X/4 fusion is also in the proximal X
chromosome heterochromatin, the associated reduc-
tion in the amount of pericentric heterochromatin
could cause suppression of recombination in the proxi-
mal euchromatin of the fusion X chromosome, as a
result of its greater proximity to the centromere (YAMA-
MoTO and Mikros 1978). In addition, heterozygosity
for the centric fusion may suppress crossing over be-
tween the centromere and proximal loci (ASHBURNER
1989, pp. 563-564). Although no significant differentia-
tion was found between fusion and nonfusion fourth
chromosomes at the Adh locus (MCALLISTER and
CHARLESWORTH 1999), which is ~~1 Mb from the centro-
meric heterochromatin on chromosome four, these
considerations suggest that this might not be true for
the base of the X chromosome.

In this context, fused (fu) is a suitable locus for study,
since it is located on the X chromosome, ~1 Mb away
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from centromeric heterochromatin (see MATERIALS AND
METHODS). This gene encodes a serine-threonine kinase
(PREAT et al. 1990) that has been implicated in the
hedgehog signaling pathway (INngaaM 1993). This locus
is duplicated in D. americana and D. novamexicana, with
two paralogous loci ful and fu2 (VIEIRA and CHARLES-
woORTH 2000; J. VIEIRA, unpublished data). Here we
show that there are several derived fixed differences at
ful (including one amino acid replacement) between
the two chromosome arrangements and that several
nucleotide variants are in strong linkage disequilibrium
with the X/ 4 fusion. The extent of divergence between
allelic classes of ful suggests an ancient origin of the
X/ 4 fusion. Haplotypes associated with the X/4 fusion
have less DNA sequence variation at ful than haplotypes
associated with the ancestral chromosome arrange-
ment. Furthermore, the X/ 4-associated haplotypes show
clinal variation in the allele frequencies of the three
most common replacement polymorphisms. The possi-
ble causes of these patterns are discussed.

MATERIALS AND METHODS

Collection and analysis of chromosomes: Flies were col-
lected at 10 localities representing a transect through the
hybrid zone (McCALLISTER and CHARLESWORTH 1999; B. F.
MCALLISTER, unpublished data). The sites, dates of the collec-
tions, and abbreviations for these populations are as follows:
Niobrara, Nebraska (1997; NN97); Chicago, Illinois (1996;
C96); Gary, Indiana (1996; G96); Howell Island, Missouri
(1999; HI99); Puxico, Missouri (1999; PM99); Lake Ashbaugh,
Arkansas (1999; LA99); Augusta, Arkansas (1999; AA99);
Floodgate Park, Arkansas (1999; FP99); Monroe, Louisiana
(1997; ML97); and Lone Star, Texas (1997; LP97). Identifica-
tion of X/ 4 chromosomes as fused or unfused was based upon
linkage analysis of males and females (B. F. MCALLISTER, un-
published data). Wild-caught males were crossed with the mul-
tiply marked D. wirilis strain V46 (see CHARLESWORTH et al.
1997), and restriction fragment length polymorphisms
(RFLPs) on the fourth chromosome were identified as being
sex linked vs. autosomal by examining at least six male and
female F, progeny. Wild-caught females were crossed with
strain V46 of D. virilis, and the F, male progeny were back-
crossed individually to determine the pattern of inheritance
(sex linked or autosomal) of the visible cardinal mutation
on the fourth chromosome. DNA extractions of single wild-
caught males, single F; males from wild-caught females, and
single males from isofemale lines were used as template for
amplification of regions for sequencing, and RFLP analyses
at the ful locus and were performed as described by MCALLIs-
TER and CHARLESWORTH (1999).

In situ hybridization: This technique was performed as de-
scribed by VIEIRA et al. (1997a), using a 2.4-kb fragment of
Jul. We have localized the ful gene in D. americana and D.
novamexicana to region 18C of the X chromosome, using the
D. novamexicana photographic polytene chromosome map of
VIEIRA et al. (1997Db) for reference, since these three taxa are
homosequential for this region of the X chromosome.

DNA sequencing and polymorphism analysis: DNA sequenc-
ing of both strands and analyses of DNA polymorphism were
performed as described by ViEIRA and CHARLESWORTH (1999,
2000). The ful DNA sequence GenBank accession nos. are
AY014407-AY014454.

It is desirable to use an approach that allows us to directly
determine ful genomic DNA sequences from single males.
We used a pair of primers (FUF and FU4IR; see VIEIRA and
CHARLESWORTH 2000) that specifically support the amplifica-
tion of a large fragment from ful and performed a series
of seminested PCRs using the primers listed in VIEIRA and
CHARLESWORTH (2000) to determine the genomic DNA se-
quence of ful. There are several fixed differences between
Juland fu2, one of which creates an additional restriction site
for the enzyme Cac8I (VieIRA and CHARLESWORTH 2000). The
specificity of the primers FUF and FU4IR for amplifying ful
was evaluated by cloning the 2.4-kb amplification product. A
set of 90 resulting clones was randomly chosen and digested
with Cac8l. The same digestion pattern was present in all 90
clones, corresponding to the ful locus, and thus confirming
the specificity of the FUF and FU4IR primer pair for this locus.

RESULTS

The organization of DNA sequence variability at ful:
Genetic differentiation at the ful locus may exist be-
tween the X/ 4 fusion chromosome (characteristic of D.
a. americana) and the unfused karyotype (characteristic
of D. a. texana), since this gene is located in a region
where recombination between the two arrangements is
likely to be restricted (see Introduction). To examine
this question, we initially studied two populations from
the northern and southern regions of the range of D.
americana, G96 and FP99, representative of D. a ameri-
cana and D. a. texana, respectively (THROCKMORTON
1982). The frequencies of the fusion chromosomes in
these populations have been estimated to be 96% (G96)
and 12% (FP99) (McALLISTER and CHARLESWORTH
1999; B. F. MCALLISTER, unpublished data). The se-
quences for a 2.4-kb region of ful sampled from these
populations are shown in Figure 1. The ful region ana-
lyzed here is the same as in VIEIRA and CHARLESWORTH
(2000) and includes most of the coding region of ful,
the four introns of this gene, and a small part of the 5’
flanking region.

Visual inspection reveals that each sample contains
one sequence that is distinct from other sequences in
its sample, but very similar to sequences in the other
sample. The G96.41 sequence defines 15 additional seg-
regating sites, representing 62.5% of the segregating
sites in the G96 sample; the FP99.57 sequence defines
9 additional segregating sites, representing 16.4% of
the segregating sites in the FP99 sample. However, only
two additional segregating sites are defined by differ-
ences between the G96.41 sequence and FP99 se-
quences (excluding FP99.57), and one by the difference
between the FP99.57 and G96 sequences (excluding
G96.41). These two sequences are also distinguished
by the variants at position 1633 that are very strongly
associated with the nonfusion and fusion chromosomes
(see below).

It is, therefore, very likely that sequence G96.41 is
from a free X chromosome and that sequence FP99.57
is from a fusion X chromosome, given the direct evi-
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FIGURE 1.—D. americana haplotypes in the G96 (Indiana) and FP99 (Arkansas) populations. Dots represent the same nucleotide

as in the first sequence, and a dash represents a deletion.

dence for polymorphism of the fusion within these pop-
ulations (MCALLISTER and CHARLESWORTH 1999; B. F.
MCALLISTER, unpublished data), as well as the further
evidence presented below. Unfortunately, the relevant
strains are not available, thus preventing direct confir-
mation of this inference. When the G96 and FP99 sam-
ples are compared without including G96.41 and
FP99.57, seven fixed differences are present between
the samples in the 2.4-kb region analyzed, including
one amino acid replacement [at position 1633; ACG
(Thr)/ATG (Met), respectively]. In addition to the
fixed differences between the two samples there are also
51 polymorphisms that are unique to either sample and
a single polymorphism that is shared between them.
The standard measure of population differentiation, F4r,
between G96 and FP99 (excluding G96.41 and FP99.57)
is 0.57, as calculated by the method of HUDSON el al.
(1992a). Highly significant differences between the two
samples are detected by the HUDSON et al. (1992b) per-
mutation test (P < 0.001).

Table 1 shows the estimated levels of nucleotide site
diversity for the 2.4-kb region of the ful locus in the
G96 and FP99 samples (discarding the two sequences
inferred to belong to the minority karyotypes for these
populations, as described above). The level of synony-
mous DNA polymorphism for the FP99 sample (nonfu-
sion karyotype) is ~0.02 per nucleotide site, which is
similar to estimates for other genes surveyed in this
species (including the X chromosomal locus period),
suggesting an effective population size of >10° (HiLTON
and Hey 1996, 1997; McALLISTER and CHARLESWORTH
1999; McALLISTER and McVEAN 2000). However, the
estimated level of synonymous DNA polymorphism for
the G96 sample (fusion karyotype) is only ~10% of that
for FP99.

To determine whether this difference is statistically
significant, we generated 10,000 pairs of independent
gene trees (Hupson 1990) with the same population
size parameters and randomly distributed the total num-
ber of segregating sites between each pair of trees. The

TABLE 1

DNA sequence variation summary for the Gary and Floodgate Park populations

All 5'fl Nsyn Syn Int Sil

Sample (2401) (58) (1609) (488) (246) (792)
G996 N 9 1 5 3 0 4

™ 0.0014 0.0092 0.0011 0.0022 0 0.0021

0 0.0013 0.0061 0.0011 0.0022 0 0.0018
FP99 N 43 1 6 32 4 37

™ 0.0057 0.0067 0.0011 0.0194 0.0074 0.0152

0 0.0068 0.0063 0.0014 0.0241 0.0060 0.0178

Sample sizes are 10 and 9 for the Gary and Floodgate Park populations, respectively. S is the number of
segregating sites; m (NEI 1987) is the average number of pairwise nucleotide differences per base pair; and 6
is Watterson’s estimator of 4N, (where N, is the effective population size and . the neutral mutation rate)
based on the number of segregating sites (WATTERSON 1975) at nonsynonymous sites (nsyn), at synonymous
sites (syn), at intron sites (int), at 5" noncoding flanking sites (5'fl), or at silent sites (sil; 5'fl, syn, and int
sites). The number of sites analyzed for each category is shown in parentheses.
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frequency of pairs of trees that showed a difference in
the numbers of segregating sites within trees as large
or larger than that observed was estimated. Using both
the total number of segregating sites or only silent segre-
gating sites (synonymous sites, intron, and 5’ flanking
region), this difference is significant (P < 0.05 and P <
0.005, respectively). This is a conservative test of the
difference between the samples, since it assumes com-
plete evolutionary independence between the two karyo-
types and no recombination within the ful gene. Other
loci exhibit normal levels of variation in the G96 sample
(McALLISTER and CHARLESWORTH 1999; MCALLISTER
and McVEaN 2000), indicating that the low diversity at
ful is not caused by a recent bottleneck influencing
nucleotide diversity in this population.

To examine the generality of this observation, DNA
sequences of D. americana were also obtained for the
HI99, LA99, NN97, and ML97 populations, for a shorter
region that corresponds to the first 514 bp of the longer
2.4-kb region analyzed above. Variation at site 1633,
which creates a Clal RFLP marker, defines the two major
haplotype classes at the ful gene, with haplotypes having
C at high frequency in the northern range of D. ameri-
cana and haplotypes with T in the southern range. As
shown in the next section, we can use this information
to infer the karyotypes of randomly sampled flies with
considerable confidence. On average, four to five indi-
viduals were sequenced for each putative karyotype and
population analyzed. The haplotype structure of these
populations is shown in Figure 2.

The estimated levels of nucleotide site polymorphism
for the region analyzed here are summarized in Table 2.
Although there are large variances associated with these
diversity estimates, haplotypes with a C at 1633 are gener-
ally less variable than haplotypes with a T. This supports
our results on the G96 (D. a. americana) and FP99 (D. a.
texana) populations for a larger 2.4-kb region of the ful
gene. The lower variability among northern haplotypes,
which are strongly associated with the X/4 fusion (see
below), is thus not limited to the G96 population.

Despite the evidence for considerable gene flow
among D. americana populations (HiLron and Hey
1996, 1997; McALLISTER and CHARLESWORTH 1999;
MCALLISTER and McVEAN 2000), analysis of the haplo-
type data in Figure 2 by the HupsoN et al. (1992b)
multiple permutation test (10,000 permutations) shows
that there is significant population differentiation for
chromosomes carrying the C variant at the Clal 1633
site (and thus putatively the X/4 fusion), but not for
other chromosomes. The significant population differ-
entiation seems to be mainly due to the presence of the
haplotype with an amino acid replacement at position
442, for which G is at a high frequency in the northern-
most populations (NN and G96), but is absent from the
southernmost populations analyzed (HI and LA).

Patterns of geographic variation in karyotypes and
DNA sequences: The results presented above demon-
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FIGURE 2.—D. americana haplotypes in the NN97 (Ne-
braska), G96 (Indiana), HI99 (Missouri), LA99 (Arkansas),
FP99 (Arkansas), and ML97 (Louisiana) populations. Defini-

tions are as in Figure 1.

strate significant differentiation between two major hap-
lotype classes at the ful locus. The common haplotype
class in samples from the northern range of D. americana
has a lower level of genetic variability and a higher level
of between-population differences in DNA sequences
than the common haplotype class in the southern range
of D. americana. The geographic distribution of the ful
haplotypes parallels the distribution of the alternative
chromosomal arrangements in D. americana, so that re-
striction digestion patterns were used to determine the
association between the ful haplotypes and chromo-
somal arrangement.

We surveyed five nucleotide site polymorphisms that
could be identified by the restriction enzymes Clal, Eael,
and Rsal in a set of 95 chromosomes from five samples
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TABLE 2

DNA sequence variation summary for chromosomes putatively carrying the X/4 fusion (C at Clal 1633 site)
and unfused chromosomes from different D. americana populations

Clal All Syn Nsyn 5’ Int Sil

Sample N 1633 (482) (86) (277) (47) (72) (205)
NN97 4 C N 2 0 1 1 0 1

m 0.0021 0 0.0018 0.0106 0 0.0024

0 0.0023 0 0.0020 0.0116 0 0.0027
G96 10 C S 4 2 1 1 0 3

m 0.0032 0.0065 0.0017 0.0114 0 0.0053

0 0.0029 0.0082 0.0013 0.0075 0 0.0052
HI99 5 C S 0 0 0 0 0 0

T 0 0 0 0 0 0

0 0 0 0 0 0 0
LA99 4 C S 6 4 0 1 1 6

T 0.0063 0.0232 0 0.0106 0.0076 0.0151

0 0.0069 0.0254 0 0.0116 0.0083 0.0164
Average C T 0.0029 0.0074 0.0009 0.0082 0.0019 0.0057

0 0.0030 0.0084 0.0008 0.0077 0.0021 0.0061
HI99 5 T S 12 4 0 4 4 12

T 0.0113 0.0233 0 0.0372 0.0250 0.0269

0 0.0120 0.0223 0 0.0447 0.0267 0.0287
LA99 4 T N 7 3 0 2 2 7

m 0.0087 0.0194 0 0.0310 0.0162 0.0207

0 0.0080 0.0190 0 0.0254 0.0152 0.0190
FP99 9 T N 8 3 1 1 3 7

m 0.0055 0.0097 0.0008 0.0083 0.0180 0.0121

0 0.0062 0.0128 0.0013 0.0078 0.0170 0.0130
ML97 5 T N 10 5 1 2 2 9

m 0.0087 0.0233 0.0014 0.0170 0.0139 0.0186

0 0.0099 0.0280 0.0017 0.0204 0.0133 0.0211
Average T m 0.0086 0.0189 0.0006 0.0234 0.0183 0.0196

0 0.0090 0.0205 0.0008 0.0246 0.0181 0.0204

Nis the sample size. Definitions are as in Tables 1 and 3.

representing a 500-km latitudinal transect exhibiting
clinal variation for the X/4 fusion (Table 3). For each
of these 95 X chromosomes, identification of its status
as fused or unfused to the fourth chromosome was per-

formed by linkage analyses (see MATERIALS AND METH-
ops). The only variable site for which no significant
association was found is site Eael 107. The other four
polymorphic sites surveyed exhibit significant associa-

TABLE 3

Associations between polymorphic markers at ful

and the status of the X chromosome of D. americana

Restriction enzyme Site Polymorphism Fused Unfused P

Eael 107 A 5 12 0.098
T 43 35

Rsal 1214 A 44 0 0.0001"
G 4 47

Clal 1633 C 45 0 0.0001"
T 3 47

Rsal 2157 A 7 0 0.020°
G 41 47

Rsal 2187 C 45 32 0.003"
T 3 15

©2 X 2 x? test with continuity correction.

” Associations are significant after the sequential Bonferroni correction.
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TABLE 4

Estimates of the X/4 fusion frequency in D. americana

Indirect estimate

Sample Latitude/longitude (site Clal 1633) N Direct estimate” N
NN97 42° N 40', 98° W 2’ 1 4 — —
G96 41° N 33', 87° W 22’ 0.94 = 0.06 16 0.96 = 0.04 23
HI99 38° N 40', 90° W 41’ 0.72 = 0.06 53 0.85 *+ 0.06 39
PM99 36° N 58', 90° W 9’ 0.61 = 0.08 38 0.55 * 0.07 47
LA99 36° N 16', 90° W 45’ 0.42 = 0.08 36 0.49 * 0.08 39
AA99 35° N 17', 91° W 23’ 0.50 = 0.13 16 0.44 * 0.12 18
FP99 34°N 12/, 91° W 5’ 0.16 = 0.06 38 0.14 = 0.05 44
ML97 32° N 30', 92° W 2’ 0 5 — —

Nis the sample size. The differences between the direct and indirect estimates of the frequency of the X/4

fusion are not statistically different (x* test).

* MCALLISTER and CHARLESWORTH (1999) and B. F. MCALLISTER (unpublished results).

tions with the state of the centromere. The presence of
C at the Clal site 1633, A at the Rsal site 1214, and A
at the Rsal site 2157 is always observed for X/ 4 fusion
chromosomes. The data in Table 3 show that the state
of the X chromosome would have been erroneously
deduced from the Clal site 1633 in only 3 out of 95
chromosomes, i.e., ~3% of the time.

The close association between the X/ 4 fusion and the
presence of the C variant at the Cldl site 1633 implies
thatitis possible to estimate the frequency of the former
in a given population from the frequency of the latter
and to examine the patterns of DNA polymorphism
associated with each karyotype. For these purposes, a
set of 208 chromosomes from single wild-caught males
from several populations, and single males obtained
from independent females, was surveyed for Clal and
eight other ful polymorphic restriction sites (Tables 4
and 5; Figures 3 and 4). Most of these polymorphic sites
were known to be present in the G96 sample, and this
information was used when choosing the five restriction
enzymes (Eael, Bbsl, Aval, Rsal, and Clal) used in this
survey. This set of chromosomes partially overlaps the
set of 95 chromosomes analyzed above, but the genetic
information about their fusion status was not used in
the following analyses.

No statistically significant differences from x? tests are
observed between direct and indirect estimates of fusion
frequencies throughout the range of the X/4 fusion
cline (Table 4). There is, however, a 13% discrepancy
between the two estimates for the HI99 sample; the
indirect estimate is outside the 95% confidence limit
for the direct estimate. The direct estimate of the fre-
quency of the X/ 4 fusion is significantly correlated both
with latitude and longitude (stepwise regression: N = 6;
R?*=0.99; P<0.001), while the indirect estimate (based
on the frequency of the variant at site 1633) is signifi-
cantly correlated only with latitude (N = 8; R? = 0.93;
P < 0.001). This difference may reflect the lack of com-
plete association of site 1633 with karyotype.

The haplotypes for the 208 chromosomes are shown
in Table 5, which is arranged so that the haplotypes of
chromosomes inferred to be fusion or nonfusion from
the state of their Clal 1633 site are in the top and bottom
sections, respectively. Figures 3 and 4 show the fre-
quency of RFLP variants and RFLP haplotypes in several
D. americana populations for individuals that were in-
ferred to carry a X/ 4 fusion or nonfusion chromosome,
respectively. Only those sites for which the variant is
represented more than once in the sample of chromo-
somes being considered are shown (see Table 5). Visual
inspection of Figure 3 suggests that there is clinal geo-
graphic variation in nucleotide variant frequencies, not
only for the Awval site 442 but also for sites Bbsl 1609
and Rsal 2157. These are the three most common re-
placement polymorphisms present in the G96 sample
(see Figure 1).

Stepwise regression analyses reveal significant correla-
tions between latitude and longitude and the variants
Aval 442 (R? = 0.92; P < 0.005), BbsI 1609 (R* = 0.88;
P <0.01), Rsal 2157 (R* = 0.95; P < 0.001), haplotype
B (R? = 0.90; P < 0.005), and haplotype F (R* = 0.88;
P < 0.01). Haplotypes B and F (see Table 5) include
the RFLP variants Aval 442, Bbsl 1609, and Rsal 2157.
In contrast, no obvious clines are found for silent sites
or among nonfusion chromosomes.

In addition, for chromosomes carrying the X/ 4 fusion,
we calculated Fyr values between the group of northern
populations (NN97, C96, G96, and HI99) and the group
of southern populations (PM99, LA99, AA99, and FP99)
for each of the polymorphic sites in Table 5 (I values
are 0.005, 0.146, 0.012, 0.021, 0.029, 0.133, and 0.021
forsites 107, 442, 1012, 1214, 1609, 2157, and 2187, respec-
tively). The three highest /5y values are for the replacement
polymorphisms (sites 442, 1609, and 2157). This differ-
ence between silent and replacement variants is signifi-
cant (P < 0.05; Mann-Whitney Urtest), showing that
differentiation betweeen the northern and southern
populations is mainly due to the replacement variants.
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Haplotypes detected in a survey of 208 D. americana chromosomes

Population

Nucleotide site
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Ficure 3.—Allele (A) and haplotype (B) frequency among chromosomes carrying the X/ 4 fusion. Haplotype codes are as in

Table 5.

Evidence for recombination: As noted in the Intro-
duction, the location of ful near the centromeric het-
erochromatin of the X chromosome implies that it may
be located in a region of reduced crossing over, and
that crossing over between ful and the centromere may
be suppressed in heterozygotes for fusion and nonfu-
sion chromosomes (see the Introduction). In this sec-
tion we summarize the evidence for recombination at
Jful between unfused and fused chromosomes, within
nonfusion chromosomes, and within chromosomes with
the X/ 4 fusion.

If we assume that the X/ 4 fusion was derived through
a single mutational event, some recombination (either
gene conversion or crossing over) must have occurred
between unfused and fused chromosomes, since there
are at least two shared polymorphisms, Eae 107 and
Rsal 2187 (see Table 3). Furthermore, Table 5 shows
that haplotypes G, H, O, and P all have a variant that
is present once in the sample (at positions 2187, 1214,
442, and 1609, respectively), but which is commoner
among the alternative chromosome arrangement. It is
likely, therefore, that these haplotypes are the result of

0.50
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0.30
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0.20
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0.05
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(32)
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crossing over or gene conversion events between nonfu-
sion and fusion chromosomes.

From the FP99 sequence data on nonfusion chromo-
somes, a minimum of six recombination events can be
inferred to have occurred within the ful gene (HupsoN
and KarLaN 1985), and there are 64 out of 861 (7.4%)
pairwise comparisons with all four possible gametic
types present. Significant linkage disequilibrium (P <
0.05 from x? tests) is detected only between 8 pairs
of sites out of 120 pairwise comparisons. The rate of
intragenic recombination, C = (8N.¢)/3 (where N, is
the effective population size for X chromosomal loci
and ¢ is the recombination frequency per nucleotide
site in females), was estimated from the variance in the
number of differences between pairs of DNA sequences
(Hupson 1987). We obtain C = 0.04, yielding C/6 =
1.7, where the value of the 0 estimator (WATTERSON
1975) of the scaled mutation parameter 4N.u (where u
is the mutation rate) is for synonymous sites only. There
is also evidence for recombination in the other data sets
(data not shown).

From the G96 sequence data on putative X/ 4 fusion

Ficure 4.—Allele (A) and haplotype (B) frequency among unfused chromosomes. Haplotype codes are as in Table 5.
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chromosomes (Figure 1), a minimum of one recombi-
nation event is inferred to have occurred (HupsoN and
Kapran 1985), and each of the four possible gametic
types is found for 4 out of 36 pairwise comparisons
(11.1%). The data suggest that the recombination event
was between two chromosomes carrying the X/ 4 fusion,
rather than between a nonfusion and a fusion chromo-
some, since none of the sequences have any of the many
variants typically associated with nonfusion chromo-
somes. Significant (x? test, P < 0.05) linkage disequilib-
rium is only detected between sites 54 and 1343 and
442 and 2157, out of 15 pairwise comparisons. None
of these are significant after a Bonferroni correction,
except for the association between sites 54 and 1343.
From these data we estimate C = 0.11 between adjacent
nucleotide sites (the value of C/6 is 50, where 0 is for
synonymous sites), but it should be noted that this esti-
mate has a large sampling variance. There is only limited
evidence for recombination in the other data sets (data
not shown).

DISCUSSION

The results described above yield the following main
conclusions, which require interpretation in terms of
the evolutionary forces affecting the X/ 4 fusion and the
molecular variants at the ful locus.

1. There are two divergentallelic classes at the fullocus,
and these are strongly associated with fusion and
nonfusion X chromosomes.

2. The fusion chromosomes show much less variability
at ful than nonfusion chromosomes.

3. Within fusion chromosomes, there is clinal variation
with respect to replacement but not silent site poly-
morphisms.

Testing for a selective sweep of the fusion chromo-
some: At first sight, the simplest interpretation of obser-
vations 1 and 2 is that the fusion chromosome originated
as a single mutation, which rapidly increased in fre-
quency, causing a loss of variability at the ful locus
among gametes carrying the fusion because of its close
linkage to the centromere; i.e., there has been a selective
sweep of the fusion (MAYNARD SMITH and Ha1GH 1974;
KAPLAN et al. 1989; STEPHAN et al. 1992; BARTON 1998).
On this model, several neutral polymorphic sites linked
to the target of selection must have been swept to a
high frequency in the inferred fusion chromosomes in
the G96 D. a. americana sample shown in Figure 1 and
are not found in our relatively small sample of inferred
nonfusion chromosomes from D. a texana (FP99), re-
sulting in the apparent fixed differences between the
fusion and nonfusion chromosomes. But the following
argument suggests that this interpretation is unlikely to
be correct.

We note first that the inferred derived states of the
replacement site 1633, which shows a fixed difference
between fusion and nonfusion chromosomes in these

data, and all six synonymous fixed sites are associated
with the fusion chromosome. This was deduced from
comparisons with an outgroup sequence from D. mon-
tana, which shared a common ancestor with D. americana
~10 mya (ToMINAGA and NARISE 1995; NURMINSKY e/
al. 1996). The choice of D. montana was motivated by
the fact that 5% of the shared polymorphisms between
a pair of species are expected to be retained until 3.8 N,
generations after their separation (CLARK 1997), which
could lead to erroneous deductions of the ancestral
state if a more closely related species were used.

We can ask if this asymmetry in the distribution of
derived fixed variants between the fusion and nonfusion
chromosomes can be accounted for by the selective
sweep model. If we assume that the level of polymor-
phism of the ancestral population was the same as in
the nonfusion chromosomes of the FP99 sample, and
that the selective sweep involved a single randomly cho-
sen X chromosome, we can estimate the expected num-
ber of variants captured by the fusion chromosomes
and which are absent from the sample of nonfusion
FP99 chromosomes (see the APPENDIX). The estimated
value of 6 for all synonymous sites, based on the number
of segregating sites in this sample, is 11.76 (Table 1);
on this basis, only 1.18 apparent fixed differences are
expected between fusion and nonfusion sequences in
these samples (the 95% upper bound from the Poisson
distribution is 3). Even if we use the highest true value
of 0, which generates an estimated value as low as 11.76
with probability 5% (18.6, assuming independence be-
tween sites and the resulting Poisson distribution:
Ewens 1979, p. 239), only 1.86 fixed differences be-
tween the two karyotypes are expected (with an upper
95% bound of 4 from the Poisson distribution). In either
case, it is very unlikely that 6 differences would be ob-
served (P < 0.01).

A single hitchhiking event cannot, therefore, explain
all six derived synonymous fixed differences at ful be-
tween the G96 (fusion) and FP99 (nonfusion) se-
quences. But the data might, in principle, be compatible
with a single selective sweep involving the fusion chro-
mosomes, followed by a period of neutral evolution that
allows the accumulation of fixed differences, in addition
to those associated with the spread of the fusion. The
fixation of a small number of variants in association with
the sweep would then remove the apparent paradox that
all the fixed differences are associated with the fusion
chromosomes, and none with the nonfusion chromo-
somes; for example, four fixations in one lineage and
none in the other are not statistically different from the
expectation of two fixations in each lineage.

This raises the question of whether other aspects of
the data can be reconciled with this possibility. An esti-
mate of the age of the X/4 fusion from the numbers
of fixed synonymous differences between the G96 fusion
and FP99 nonfusion chromosomes can be obtained as
follows. The above considerations suggest that, at most,
three of the six differences are likely to have been associ-



288 J. Vieira, B. F. McAllister and B. Charlesworth

ated with a selective sweep of the X/ 4 fusion. A total of
488 synonymous sites were analyzed from the data in
Figure 1, giving a synonymous site substitution fre-
quency of atleast 6.1 X 107° per site. Assuming a neutral
mutation rate of 107%/site/million years (AQUADRO et
al. 1994; Vieira and CHARLESWORTH 1999) and that
three substitutions occurred within the fusion chromo-
somes after the sweep, we obtain an estimate of ~0.61
million years (with a lower 95% limit of ~0.27 million
years) for the origin of this chromosome from the ances-
tral population of nonfused chromosomes. The putative
sweep of the fusion is unlikely to be more recent than
0.27 mya.

We can now ask whether the observed low level of
variation within the G96 fusion chromosomes is compat-
ible with a selective sweep that occurred 0.27 mya. This
can be done very simply by modifying a standard coales-
cent simulation (Hubson 1990), truncating it so that
all surviving alleles coalesce into a single common ances-
tor at the estimated time of the sweep. The data dis-
cussed above suggest that a 6 value of 0.02 per site is
appropriate for Xlinked synonymous sites in D. ameri-
cana; this is twice the expected number of mutations
per unit of coalescent time (2N, generations). Using
the above mutation rate estimate of 2 X 107% per year,
this yields an estimate of the coalescent time of 0.89
million years. The minimum time of the sweep of the
X/ 4 fusion estimated above (0.27 million years) is thus
~(.3 units of coalescent time. By placing mutations onto
simulated trees truncated at this point, from a Poisson
distribution with mean of 0.50 in units of coalescent
time, we can determine the expected distribution of the
number of segregating sites. With the 488 synonymous
sites surveyed at the ful locus, the per locus mutation
rate in units of coalescent time is 4.88. Three synony-
mous polymorphisms were observed among the 10 G96
fusion chromosomes. Among 10,000 replicate simula-
tions with these parameters, only 2.6% have as few or
fewer segregating sites as observed. Given the conserva-
tive assumptions involved in this calculation, this effec-
tively rules out a single selective sweep of the X/ 4 fusion
as an explanation of the data, if it is assumed that the
postsweep effective size of the fusion chromosomes is
similar to that of the nonfusion chromosomes.

Other hypotheses: These results are, however, com-
patible with the possibility that the fusion chromosomes
have persisted for a long time at a low effective popula-
tion size, either because of a restricted geographical
distribution or because subsequent hitchhiking events
took place within the fusion chromosomes, due to the
spread of alleles that were favored only in the genetic
background or geographical location of the fusion chro-
mosomes. Such hitchhiking events would not change
the mean substitution rate of neutral alleles (BIRKY and
WaLsH 1988) and thus would not affect the above esti-
mate of the age of the X/4 fusion.

There are, in fact, features of the data that suggest
that selection on amino acid variants has been operating

at ful, which may be relevant to the last hypothesis. In
the first place, we note that, although most ful variants
are strongly associated with the state of the X/ 4 centro-
mere, the associations are not perfect (Table 3), and
that (as described above) there is direct evidence from
the data in Figure 2 for recombination between se-
quences derived from the two chromosome types. In
particular, some fusion chromosomes carry variants de-
rived from the nonfusion chromosomes. This weakens
the case for a long period of purely neutral evolution
with complete isolation between the two chromosomal
arrangements.

In addition, all fusion chromosomes surveyed carry
a mutation of methionine to a derived threonine at the
Clal site 1633 of ful, whereas the unfused chromosomes
mostly carry the ancestral state. It is possible that this
amino acid replacement is advantageous in the “ameri-
cana” background or in the ecological conditions pre-
vailing in more northerly areas, so that a selective sweep
associated with it may have contributed to the reduced
variability at ful among the fusion chromosomes. Selec-
tion maintaining this difference in amino acid sequence
would reduce effective gene flow between arrange-
ments and hence elevate divergence at linked silent
sites (CHARLESWORTH ¢t al. 1997). This hypothesis can
be tested by examining patterns of DNA sequence vari-
ability in the neighborhood of the ful locus and by
testing for any evidence of increasing levels of within-
fusion chromosome variability and reduced silent site
divergence between arrangements as the distance from
ful increases.

There is also a striking difference between the fusion
and nonfusion chromosomes in the level of replace-
ment vs. silent polymorphism. The results shown in
Table 1 indicate 4 replacement and 5 silent polymor-
phisms within fusion chromosomes, and 6 replacement
and 37 silent polymorphisms within nonfusion chromo-
somes; this pattern is significant at the 2% level on a
2 X 2 x? test. While it is possible that this could be
explained by reduced effective size of the fusion chro-
mosomes, leading to relaxed selection against replace-
ment mutations in the population carrying fusions, such
a reduction would be expected to have a bigger effect
on the ratio of replacement to silent changes between
arrangements compared to the ratio for within-arrange-
ment polymorphisms (CHARLESWORTH 1994), contrary
to what is observed (one replacement and six silent
changes). The pattern is, therefore, indicative of selec-
tion maintaining the amino acid site variants.

Furthermore, among chromosomes with the X/ 4 fu-
sion, there are significant correlations between latitude
and longitude and the frequencies of the three most
common amino acid polymorphisms (at positions 442,
1609, and 2157), as well as for two haplotypes that in-
clude these (haplotypes B and F; see Table 5). All three
replacement variants are derived and are likely to be
younger than the X/4 fusion since they are common
only in chromosomes with the X/ 4 fusion. In contrast,
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there is no evidence for clinal patterns for silent variants
within the fusion chromosomes, and the replacement
variants show significantly higher divergence as mea-
sured by Fgr. This suggests that these apparent clines are
the result of differential selection pressures in different
parts of the species range, in combination with limited
gene flow (HEDRICK 2000, p. 301). If so, levels of silent
site variability in D. a. americana could have been affected
by the spread of gametes with these replacement poly-
morphisms. Among chromosomes with the X/ 4 fusion,
it is interesting to note that the southernmost popula-
tion studied (ILA99; Table 2) is the most variable at
silent sites and that there is little variability in the other
three northern populations. It is, therefore, not clear
whether the low variability levels found mostly in the
northernmost americana populations require any addi-
tional explanation. More detailed investigations of the
geographic distribution of variants at ful and its sur-
rounding region should help to test these possibilities.

Conclusions: Overall, the ful data are consistent with
the hypothesis of at least one selective sweep in the
americana lineage. There are two likely targets of selec-
tion for such a selective sweep. First, the presence of a
wide frequency cline for the X/ 4 fusion (B. F. MCALLIS-
TER, unpublished data) suggests that weak selection is
maintaining it (BARTON and GALE 1993) and raises the
possibility that directional selection may have been re-
sponsible for the initial increase in frequency of the X/4
fusion. But an ancillary hypothesis of a prolonged pe-
riod of reduced effective population size for the fusion
chromosomes is necessary to explain the ful data fully
on this basis. The X/ 4 fusion is only likely to have influ-
enced patterns of variation at ful if the base of the X
chromosome is a region with low levels of crossing over,
atleast for heterozygotes for fusion and nonfusion chro-
mosomes. A direct estimate of this parameter is there-
fore essential to understand the forces that have shaped
levels and patterns of variability at ful. As an alternative,
we suggest that a selectively favored replacement substi-
tution at the Clal site 1633 of ful within fusion chromo-
somes may have occurred, influencing levels and pat-
terns of variability at ful. Whether this putative event
could have also influenced the increase in frequency of
the X/ 4 fusion in the northerly areas depends on the
level of crossing over between ful and the centromere.
Other evidence suggests the operation of local selection
preserving replacement polymorphisms within the fu-
sion chromosomes.
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APPENDIX

There is probability x that a randomly chosen gamete
from a population contains a variant that is present in
the population at frequency x. Thus the probability that
a site present at frequency x is absent from a sample
of nonfusion chromosomes of size n, giving rise to an
apparent fixed difference between the fusion and non-
fusion chromosomes, is (1 — x)”, in the absence of
exchange at ful between the two chromosomal arrange-
ments. In a population at equilibrium under the infinite
sites neutral model, the expected number of sites with
a derived variant at frequency xis 6 x~' (EweNs 1979,
p- 238), where 0 is the product of 4N, (N, is the effective
population size for Xchromosomal loci) and the neutral
mutation rate u for the region in question. Assuming
independence between sites, as is justified by the low
level of linkage disequilibrium detected in the FP99
sample (see RESULTS), if N is the size of the ancestral
population, the expected number of variants captured
by the fusion chromosome that are absent from the D.
a. texana sample is

1-2/3N
0 L (1 — x)"dx=

—  for large N.
/3N (n+1)



