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ABSTRACT

In Drosophila there is limited evidence on the nature of evolutionary forces affecting chromosomal
arrangements other than inversions. The study of the X/4 fusion polymorphism of Drosophila americana is
thus of interest. Polymorphism patterns at the paralytic (para) gene, located at the base of the Xchromosome,
suggest that there is suppressed crossing over in this region between fusion and nonfusion chromosomes
but not within fusion and nonfusion chromosomes. These data are thus compatible with previous claims
that within fusion chromosomes the amino acid clines found at fused1 (also located at the base of the X
chromosome) are likely maintained by local selection. The para data set also suggests a young age of the
X/4 fusion. Polymorphism data on para and elav (located at the middle region of the X chromosome)
suggest that there is no population structure other than that caused by the X/4 fusion itself. These findings
are therefore compatible with previous claims that selection maintains the strong association observed
between the methionine/threonine variants at fusedl and the status of the X chromosome as fused or

unfused to the fourth chromosome.

OLYMORPHIC chromosomal arrangements other

than inversions are rare in the genus Drosophila and
are generally present only as fixed differences between
species (PATTERSON and STONE 1952; POwELL 1997). It
is thus not surprising that, in Drosophila, while the
maintenance of polymorphic chromosomal inversions
has received much attention (KriMBAs and POwWELL
1992; PowkeLL 1997; ANDOLFATTO et al. 2001), there is
only limited evidence on the nature of the evolutionary
forces affecting other types of chromosomal arrange-
ments such as chromosomal fusions.

Drosophila americana is a species of the virilis group of
Drosophila that possesses a derived X/4 fusion chromo-
somal polymorphism (a fusion of Muller’s elements A
and B, respectively; MULLER 1940; THROCKMORTON
1982). This fusion is distributed through a very wide
cline along a latitudinal gradient being at a high fre-
quency in the north of the United States and rare in
the south of the United States (VIEIRA el al. 2001;
MCALLISTER 2002). For genes on chromosomes X [ex-
cept for fusedl (ful)], 2, 3, and 4, individuals with and
without the X/4 fusion are indistinguishable at the DNA
level (HiLtoN and Hey 1996, 1997; McALLISTER and
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CHARLESWORTH 1999; McALLISTER and McVEAN 2000;
VIEIRA et al. 2001). These observations suggest that there
is considerable gene flow between individuals with and
without the X/4 fusion. The original subspecies designa-
tion (D. a. americana and D. a. texana) based on the
presence/absence of the X/4 fusion is therefore unwar-
ranted (McALLISTER 2002).

Itis conceivable that heterozygosity for the X/4 fusion
may suppress crossing over between the centromere and
the Xchromosome proximal loci (ASHBURNER 1989, pp.
563-564) and this could explain the observed significant
associations between the X/4 fusion and single nucleo-
tide polymorphisms at ful, since this gene is located
~1-2 Mb away from the block of X chromosome centro-
meric heterochromatin (VIEIRA et al. 2001). Neverthe-
less, all fusion chromosomes carry a mutation of a methi-
onine to a derived threonine at ful (site 1633), whereas
nonfusion chromosomes mostly carry the ancestral
state. This amino acid replacement may be advanta-
geous in the X/4fusion background or in the ecological
conditions prevailing in more northerly areas. Selection
maintaining this amino acid difference would reduce
effective gene flow between arrangements and hence
elevate divergence at linked silent sites between fusion
and nonfusion chromosomes when compared with
other genes in the ful-centromere region (CHARLES-
WORTH et al. 1997; VIEIRA et al. 2001). The analysis of
additional genes in the ful-centromere region, such as
the paralytic (para) gene studied here, in principle, can
help to elucidate these issues. Furthermore, the age of
the X/4 fusion chromosome has been tentatively esti-
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mated as 0.61 MY (with a lower 95% limit of ~0.27
MY; VIEIRA et al. 2001) under the assumption of no
recombination between fusion and nonfusion chromo-
somes. Genes located closer to the centromere than ful
(such as para) can, in principle, also be used to get
better estimates of the age of the X/4 fusion.

Fusion chromosomes present 10 times less variability
at ful than nonfusion chromosomes do (VIEIRA et al.
2001). It is known that selection on linked sites can
reduce levels of variability (reviewed in CHARLESWORTH
and CHARLESWORTH 1998). It is thus of interest to gain
insight into the level of crossing over between ful and
the centromere within X/4 fusion chromosomes. This
can be partially achieved by comparing para silent site
variability levels in fusion and nonfusion chromosomes.
Furthermore, since VIEIRA et al. (2001) hypothesized
that, in the ful-centromere region, crossing-over fre-
quencies could be much lower within fusion than within
nonfusion chromosomes due to a putative reduction in
the amount of X chromosome pericentric heterochro-
matin in the former relative to the latter, in this work
we have also experimentally determined their X chro-
mosome heterochromatin levels.

The low variability levels found at ful within fusion
chromosomes, however, may not require an explanation
in terms of reduced crossing-over frequencies at the
base of the X chromosome within fusion chromosomes.
Within X/4 fusion chromosomes, there is clinal variation
with respect to the three most common replacement
polymorphisms but not silent site polymorphisms. In
principle, these replacement polymorphisms could be
maintained by a balance between gene flow and weak
selection (VIEIRA ef al. 2001). A recent increase in the
frequency of these amino acid polymorphisms could
thus be responsible, as well, for the low variability levels
observed at ful within fusion chromosomes. Population
structure alone, nevertheless, could produce these pat-
terns. There is no evidence for population structure
in D. americana, but in most studies only a couple of
populations have been studied (HiLTroN and Hey 1996,
1997; MCALLISTER and CHARLESWORTH 1999; McALLI1Ss-
TER and McVEAN 2000; VIEIRA ef al. 2001). We have
thus also analyzed the issue of population structure by
studying the elav gene (located at about the middle of
the X chromosome) in four D. americana populations
including the two populations known to harbor the
highest frequencies of these replacement polymor-
phisms as well as two populations in which their frequen-
cies approach zero.

MATERIALS AND METHODS

DNA samples, PCR amplification, and DNA polymorphism
analyses: Genomic DNA of 32 single males from four popula-
tions collected in Puxico, Missouri (PM99), Lake Ashbaugh,
Arkansas (LA99), Niobrara, Nebraska (NN97), and Gary, Indi-
ana (G96), were used to determine the elav intron sequence.
For 30 out of the 32 individuals analyzed the genomic se-

quences of paraintron 3 and in the region between the alterna-
tively spliced elements ¢ and d were also determined. The D.
americana populations studied here are described in detail in
VIEIRA et al. (2001). For the PM99 and LA99 flies, the status
of the X chromosome as fused or unfused to the fourth chro-
mosome was previously determined (VIEIRA et al. 2001;
McALLISTER 2002). For the NN97 and the G9 strains the
status of the X chromosome was determined by cytological
observation of mitotic chromosomes (see below).

The primers used are presented in Table 1 in the supple-
mentary material (http:/www.genetics.org/supplemental).
Nested or seminested PCR was used for both genes. For the
elav gene, the primers elF and el1177R were used in the first
PCR amplification. The nested PCR was obtained with elAMF
and el722R primers. To amplify para intron sequences be-
tween alternative spliced elements ¢ and d, primers paraCF
and paraCR were used for the first PCR. The sequenced region
was obtained with paraC622F and paraCR primers. It should
be noted that D. virilis intron 3 of parais the largest described
that does not contain alternative exon sequences (THACKERAY
and GANETzKY 1995). To amplify this region the primers
para34F and para34R were used for the first PCR. The se-
quenced region was obtained with para34F and paral388R
primers. Standard amplification conditions were 35 cycles of
denaturation at 94° for 30 sec, primer annealing at 50° for 45
sec, and primer extension at 72° for 3 min. Sequencing of
the PCR products was performed with an Applied Biosytems
(Foster City, CA) model 310 DNA sequencing system with the
ABI PRISM BigDye cycle-sequencing kit (Perkin-Elmer). The
DNA sequences were deposited in GenBank (accession num-
bers for the elav gene are AJ538263-AJ538294 and, for the
para  gene, AJ538200-AJ538219, AJ538221-AJ538252, AJ
53254-A]538256, and AJ538258-A]538262). Analyses of DNA
polymorphism were performed using DnaSP (Rozas and
Rozas 1999) and ProSeq version 2.43 (http:/helios.bto.ed.
ac.uk/evolgen/filatov/proseq.html) software.

Quantification of heterochromatin and in situ hybridiza-
tions: All fly stocks (http:/www.uta.edu/biology/mcallister/
bfmflies.html) were grown at 25° in standard media. For quan-
titative studies of arm length and sister chromatid separation,
brains were treated with a hypotonic solution (0.5% sodium
citrate) for 10 min before fixation with acetic acid (CARMENA
et al. 1993). Identification of the chromosomes and of hetero-
chromatic regions was performed by 4',6-diamidino-2-phenyl-
indole staining, adapting the procedure described by Ash-
BURNER (1989, p. 10). Preparations were observed with a Zeiss
Axioskop microscope, and images were acquired with a SPOT
2 camera (Diagnostic Instruments). Quantification analysis
was performed using the University of Texas Health Science
Center (San Antonio, TX) Image Tool version 3.00 for Win-
dows (http:/ddsdx.uthscsa.edu/dig/download.html).

In situ hybridizations with the polytene chromosomes of D.
americana strain NN97.4 were performed as described in
VIEIRA el al. (1998) using biotinylated para and elav amplifica-
tion products as probes.

RESULTS

Sequence data analyses: The status of the X chromo-
some as fused or unfused to chromosome 4 is known
for all individuals analyzed (VIEIRA et al. 2001; see also
MATERIALS AND METHODS). The NN97and G96 samples
used in this work are made exclusively of individuals
harboring the X/4 fusion; the frequency of nonfusion
chromosomes is <5% in these two populations (VIEIRA
et al. 2001). About half of the individuals in our PM99
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and LA 99 samples harbor the X/4 fusion; the frequency
of nonfusion chromosomes is ~45 and 51% for the
PM99 and LA99 populations, respectively (VIEIRA ef al.
2001; McALLISTER 2002).

We have localized the elav and para genes in D. ameri-
cana to regions 11C and 19C of the X chromosome,
respectively, using the D. novamexicana photographic
polytene chromosome map of VIEIRA ef al. (1997a) for
reference, since these two taxa are homosequential for
this region of the X chromosome. The para gene local-
ization agrees well with that of PAALLysano (2001) who
located this gene at the base of the X chromosome
between ful and the centromere.

We analyzed a region of ~740 bp of elav intron se-
quence in 32 males belonging to four D. americana popu-
lations (Figure 1). For the para gene we analyzed two
regions totaling 1660 bp of para intron sequence (1200
bp of intron 3 sequence and 460 bp of intron sequence
between alternatively spliced elements ¢ and d; Figure
2) and 300 bp of para coding sequence (195 bp of exon
3 and 105 bp of alternatively spliced element d of D.
virilis;, THACKERAY and GANETZKY 1995) in 30 males
belonging to four D. americana populations (Figure 2).
No synonymous and replacement variants are observed
in the para coding region analyzed.

For elavand para genes, the permutation test of Hup-
SON et al. (1992a) shows that there is no significant
differentiation between populations when both X/4 fu-
sion and nonfusion chromosomes are considered sepa-
rately (data not shown). For the population pairwise
comparisons, the Iy value (HUDSON et al. 1992b) varies
between 0.4-6.6% and 3-10.3% for elav and para, re-
spectively. For elav, there is no significant differentiation
between individuals with and without the fusion when
their population origin is ignored (Table 1). It should
be noted that the elav region analyzed is highly variable
(Figure 1) and thus very informative. Furthermore, for
elav there is also no significant differentiation between
populations when both X/4 fusion and nonfusion chro-
mosomes are considered together (data not shown).
For para there is, however, significant differentiation
between individuals with and without the fusion when
their population origin is ignored (Table 1). The per-
mutation test of HUDSON et al. (1992a) also shows sig-
nificant differentiation between individuals with and
without the X/4 fusion at ful and Adh (Table 1). In
the latter, however, the Fg value, the number of fixed
differences, and the number of shared and exclusive
polymorphisms suggest that there is very little differenti-
ation, in agreement with the findings of MCALLISTER
and CHARLESWORTH (1999). There is thus no evidence
for any degree of population structure in D. americana
other than that caused by the X/4 fusion at the base of
the X chromosome.

Table 2 shows the estimated level of silent site variabil-
ity at the X-linked genes, elav fusedl and para. For elav,
the estimated level of variability is similar to that ob-

tained for other genes (HiLToN and Hey 1996, 1997;
McALLISTER and CHARLESWORTH 1999; MCALLISTER
and McVEAN 2000; VIEIRA et al. 2001). There is little
silent site variability in the para regions analyzed com-
pared with the estimates obtained for elav (Table 2).
Tests of neutrality (Table 3) show no significant devia-
tions from neutrality in the elav data set and in both
the fusion and nonfusion para data sets.

As expected considering its location, there is clear
evidence for recombination at the elav gene (Table 4).
The para gene is located closer to the X centromeric
block of heterochromatin than elav is, but at this gene
there is evidence for recombination within fusion chro-
mosomes. There is, however, no evidence for recombi-
nation within nonfusion chromosomes, but the reduced
number of informative segregating sites precludes a firm
conclusion (Table 4).

Heterochromatin content at the base of the X chromo-
some: VIEIRA ¢f al. (2001) hypothesized that heterochro-
matin levels could be reduced at the base of the X
chromosome of X/4 fusion chromosomes compared
with those of nonfusion chromosomes as a result of the
X chromosome 4 translocation. The greater proximity
of the centromere could cause suppression of recombi-
nation in the proximal euchromatin of fusion chromo-
somes. To test this hypothesis, we compared heterochro-
matin levels at the base of the X chromosome of fusion
and nonfusion chromosomes (Table 5). There are no
estimates of the DNA content of individual D. americana
chromosome arms. If we assume, however, that the ge-
nome size of all species of the virilis phylad is similar,
a 1% difference in the amount of X heterochromatin
corresponds to ~210 kb (VIEIRA et al. 1997b). There are
no significant differences in Xheterochromatin content
within fusion and nonfusion chromosomes (ANOVA
F-test; not shown) or between fusion and nonfusion
chromosomes (ANOVA [-test; Table 5).

DISCUSSION

Gene flow between fusion and nonfusion chromo-
somes at the base of the X chromosome: Patterns of
X chromosome heterochromatin are different between
fusion and nonfusion chromosomes (Figure 3). This is
not surprising despite the young age of the X/4 fusion
since heterochromatin patterns evolve rapidly (SpraD-
LING 1994). Furthermore, itis possible that the presence
of the fusion itself changes heterochromatin patterns
on fusion chromosomes.

Significant differentiation has been found between
fusion and nonfusion chromosomes at both ful (VieIra
et al. 2001) and para (Table 1). It should be noted
that there is no evidence for population structure in D.
americana. The significant differentiation observed at
Jfuland parais thus likely due to low levels of recombina-
tion between fusion and nonfusion chromosomes, in a
way similar to that of the inverted and standard chro-
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TABLE 1

Differentiation between chromosome types for the Xlinked elav, ful, and para genes and the
fourth chromosome Adh gene

No. of polymorphisms

No. of fixed Permutation
Gene Fsr values’ Shared Exclusive differences Nip test!
elav 0.019 31 56 0 0 P> 0.05
Sful® 0.570 1 51 7 9 P < 0.001
para 0.263 4 36 0 3 P < 0.001
Adn’ 0.013 17 22 0 0 P <0.05

MNip is the number of sites showing strong association with the X/ fusion.
“Based on the G96 X/ fusion and the FP99 X free sequence data of VIEIRA et al. (2001).
’Based on the G96 X/ fusion and the LP97 nonfusion fourth chromosome sequence data of MCALLISTER

and CHARLESWORTH (1999).
“HUDSON et al. (1992b).
‘HuDpSON et al. (1992a).

mosomal arrangements around inversion breakpoints
(ANDOLFATTO et al. 2001), as well as the result of the
original selective sweep that brought the X/4 fusion to
a high frequency. There are, nevertheless, shared poly-
morphisms between fusion and nonfusion chromo-
somes at both ful (VIEIRA et al. 2001) and para (Table 1).
Since the X/4 fusion is a unique event, this observation
indicates that gene flow between the two chromosome
types cannot be completely suppressed in the fu I-centro-
mere euchromatic region. The shared polymorphisms
may be the result of gene conversion between X/4 fusion
and nonfusion chromosomes, as in the regions around
the inversion breakpoints where gene conversion is
more important than crossing over (NAVARRO et al.
1997). Although in the para data sets the observed asso-
ciations between variants in X/4 fusion chromosomes
(between sites 1149 and 1299) are suggestive of gene
conversion between nonfusion and X/4 fusion chromo-
somes, no gene conversion tracts are detected using
the BETRAN et al. (1997) test. Since statistical tests for
departures from neutrality based on levels of association
between sites (KELLy 1997; WaLL 1999; Table 3) are
not significant, it seems that variability at para X/4 fusion
chromosomes is not greatly increased due to gene con-
version between the two chromosome types.

It is conceivable that there are chromosome pairing
difficulties at the base of the X chromosome in heterozy-
gotes for the X/4 fusion and nonfusion X chromosomes
that would result in little gene flow between the two
types of X chromosomes (VIEIRA et al. 2001). For the
ful-centromere region the number of migrants per gen-
eration between the population of fusion and nonfusion
chromosomes can be estimated from Fyr values (HuD-
SON et al. 1992b). This value is also an estimate of the
number of recombinant individuals per generation in
the ful-centromere region. For both the para and ful
loci the number of recombinant individuals in this re-
gion is <1 (0.94 and 0.88, respectively). In general, it
has been stated that one migrant per generation is

enough to prevent the effects of genetic drift among
populations (Heprick 2000, p. 289). Therefore, al-
though a particular theoretical model at equilibrium is
being used to get these estimates and they should thus
be cautiously interpreted, it is conceivable that genetic
drift could account for the observed significant differen-
tiation between fusion and nonfusion chromosomes in
the ful-centromere region, together with the effect of
the original selective sweep that brought the X/4 fusion
to a high frequency. A direct estimate of crossing over
between fusion and nonfusion chromosomes, however,
is still required to validate the estimated levels of gene
flow. Under the assumption of less than one migrant
per generation between fusion and nonfusion chromo-
somes in the ful-centromere region, significant associa-
tions between single nucleotide polymorphisms in this
region and the status of the X chromosome as fused or
unfused to the fourth chromosome are expected. So
far, significant associations have been found at ful and
para for nine (VIEIRA et al. 2001) and three single nucle-
otide polymorphisms, respectively (Table 1).

Of all the ful and para single nucleotide polymor-
phisms surveyed so far, the methionine/threonine re-
placement variants at ful site 1633 show the strongest
association with the status of the Xchromosome as fused
or unfused to the fourth chromosome. In a sample of
48 fusion and 47 nonfusion chromosomes only 6.3% of
the X/4 fusion chromosomes are associated with the ful
1633 variant that is present at 100% frequency within
nonfusion chromosomes (VIEIRA et al. 2001). Selection
could thus also play a role in the maintenance of this
association. Since there is no suppression of crossing
over at the base of the X chromosome within both fusion
and nonfusion chromosomes (see below), if this hypoth-
esis were true, in principle, divergence between fusion
and nonfusion chromosomes at ful-linked silent sites
should be higher than that observed for other genes in
the ful-centromere region. The comparison of the ful
and para loci could thus be informative. The average
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TABLE 2

Summary of D. americana silent site sequence variation at three X-linked genes

1465

F nkF Both

elav (11C) S 76 42 82

iy 0.0224 * 0.0104 0.0196 = 0.0090 0.0219 =+ 0.0092

0 0.0313 = 0.0110 0.0215 = 0.0082 0.0326 £ 0.0095

0. 0.0160 0.0094 0.0161

Oy 0.0670 0.0520 0.0576

L 685 646 624

N 20 12 32

K 0.1807 0.1832 0.1864
ful (18C)* S 4 37

™ 0.0021 = 0.0013 0.0152 = 0.0076

(] 0.0018 = 0.0011 0.0178 = 0.0076

(i 0.0004 0.0075

Oy 0.0074 0.0500

L 789.37 782.11

N 10 9

K 0.0908 0.0961
para (19C) S 24 20

™ 0.0033 + 0.0017 0.0031 £ 0.0016

(] 0.0040 = 0.0015 0.0042 * 0.0019

0. 0.0019 0.0018

0y 0.0089 0.0116

L 1707.83 1700.83

N 20 10

K 0.0356 0.0369

F, X/4 fusion chromosomes; nF, nonfusion chromosomes. Sis the number of segregating sites; 7 (NEI 1987)
is the average number of pairwise nucleotide differences per base pair, and 6 is Watterson’s estimator of 3N,
(where N, is the effective population size and . the neutral mutation rate) based on the number of segregating
sites (WATTERSON 1975). For 6, and 6y, the 95% confidence intervals of 6 were calculated according to
KrerrmMaN and Hupson (1991). L is the number of silent sites analyzed. N is the sample size. K is silent site
divergence between D. americana and D. virilis after Jukes-Cantor correction (JUkEs and CANTOR 1969). For
Jul and para, no estimate is given for fusion and nonfusion chromosomes together since there is significant
differentiation between the two chromosome types at these loci. The standard deviations of 7w and 6 due to
stochastic factors, including sampling variance, were calculated according to N1 (1987, pp. 254-258) and
Tajmma (1993, pp. 37-59) under the conservative assumption of no recombination. Gene locations are shown

in parentheses.
“From VIEIRA et al. (2001).

number of silent site differences between fusion and
nonfusion chromosomes at ful and para is, however,
proportional to the average number of silent site differ-
ences between D. americana and D. virilis at these loci
(16.46/7.45 and 68.85/59.63, respectively; P > 0.05;
contingency table G-test). Nevertheless, when we com-
pare the degree of association [using either D' or R?
values (LEWONTIN 1988)] of ful and para variants with
the status of the X chromosome as fused or unfused to
the fourth chromosome, significant stronger associa-
tions are found for ful than for para variants (P <
0.05 in both cases; Mann-Whitney U-test). Since para is
located between ful and the centromere, in the absence
of selection-distorting patterns of variability at ful, the
opposite pattern would be expected. Thus some evi-
dence suggests that the methionine/threonine variants
at ful site 1633 and the status of the X chromosome as
fused or unfused to the fourth chromosome is main-

tained by selection. This conclusion, nevertheless, should
be interpreted with caution since the assumption of
independence of the Mann-Whitney U-test may be vio-
lated if common ful-derived variants have a correlated
genetic history as the result of the original selective
sweep that brought the X/4 fusion to a high frequency.
It should be noted, however, that on average only two
of the six ful most common derived variants are ex-
pected to have been associated with this event (VIEIRA
et al. 2001).

Crossing-over levels within fusion and nonfusion
chromosomes: Fusion chromosomes present 10 times
less variability at ful than nonfusion chromosomes do
and this difference has been shown to be significant
using a coalescent approach (VIEIRA et al. 2001). Fur-
thermore, when the Hudson-Kreitman-Aguadé (HKA)
test (HuDsON et al. 1987) is performed on para-ful and
elav-ful sequences from X/4 fusion chromosomes, using
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TABLE 3

Summary of four neutrality tests: no significant deviations from neutrality detected

elav: para
Intron between elements
Intron 3 cand d

All
Statistical test chromosomes F nF F nF
Tajima’s D* —1.38 —0.58 —1.54 —0.53 —0.74
Kelly’s 7,/ 0.036 0.099 0.152 0.083 0.086
Wall’s B¢ 0.070 0.118 0.250 NA NA
Wall’s Q° 0.126 0.167 0.385 NA NA

F, X/4 fusion chromosomes; nF, nonfusion chromosomes; NA, not applicable.

“TajiMa (1989).
*KeLLy (1997).
‘WaLL (1999).

D. virilis sequences and silent sites only, the results are
significant (Table 6). No other HKA tests using para,
elav, and ful sequences are significant. These results thus
strongly suggest that there is a polymorphism deficit
at ful X/4 fusion chromosomes. Adaptive or purifying
selection on linked sites can reduce levels of variability
(reviewed in CHARLESWORTH and CHARLESWORTH 1998),
and in Drosophila reductions in the amount of pericen-
tric heterochromatin are known to cause suppression
of recombination in proximal euchromatin (YAMAMOTO
and MikLos 1978). The amount of X chromosome cen-
tromeric heterochromatin, however, is similar for fusion
and nonfusion chromosomes (Table 5), suggesting that
crossing-over levels in the ful-centromere region are
similar in the two types of chromosomes. Whether there
is significant linkage disequilibrium between ful and

TABLE 4

Summary of recombination statistics

elav: para’

Both F nF
Si 43 8+3 3+3
4GT 300 (903) 12 (31) 0 (6)
R, 14 2
LDy 7 (903) 5 (31) 0 (6)
LDy, 2,4,7,9,11,13,15 6, 62, 68, 107, 176

F, X/4 fusion chromosomes; nF, nonfusion chromosomes.
Si is the number of informative segregating sites; 4GT is the
number of pairwise comparisons presenting the four gametic
types; R, is the minimum number of recombination events
(HupsoN and Kapran 1985); LDy is the number of sites
showing significant linkage disequilibrium using Fisher’s exact
test after Bonferroni correction for multiple comparisons;
LDy is the distance in base pairs between sites showing sig-
nificant linkage disequilibrium. The total number of pairwise
comparisons is shown in parentheses.

“The two para regions (intron 3 and the intron region
between elements ¢ and d) were analyzed separately and the
results combined.

para variants within fusion chromosomes could not be
tested, however, because of the small number of segre-
gating sites found at ful within fusion chromosomes
(Table 2). Levels of silent site variability at para (located
between ful and the centromere) are, however, similar
in fusion and nonfusion chromosomes (Table 2). It is
thus highly unlikely that crossing-over frequencies are
different at the base of the X chromosome in fusion
and nonfusion chromosomes. Since the HKA tests using
paraand elav sequences or para and ful nonfusion chro-
mosomes are nonsignificant (Table 6), the low levels of
silent site variability at para can be attributed to high
degree of constraint on synonymous and intron sites.
This result was unexpected, since the level of conserva-
tion in the intron regions between D. virilis and D. mela-
nogasleris so low that, except for the conserved 5" and 3’

TABLE 5

Amount of X centromeric heterochromatin expressed as
prometaphase X chromosome length of heterochromatin over
the total length of the X chromosome arm of D. americana

X chromosome

Chromosomes Strain N heterochromatin content (%)
Fusion NN97.2 22 49.28 = 4.75
NN97.4 19 52.77 + 5.27
NN97.8 35 50.00 = 5.08
NN97.9 21 49.93 = 4.28
G9.11 31 49.94 = 3.46
G96.21 37 51.13 = 5.00
G96.36 30 49.05 = 4.93
G96.46 25 50.85 = 5.72
G96.48 43 50.74 + 4.57
Average 50.41
Nonfusion ML97.3 39 50.59 = 3.57
ML97.5 19 52.77 + 5.27
LP97.7 20 51.13 *= 4.66
CD97.5 18 52.94 = 3.66
Average 51.86

N, the number of mitoses analyzed.
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X chromosome X/4 chromosome

X4

FIGURE 3.—Schematic representation of the centromeric
and pericentromeric heterochromatin patterns for nonfused
Xand fused X/4 chromosomes. The black, dark-gray, and light-
gray boxes correspond to different staining intensities. Black
boxes represent the brightest bands and light-gray boxes the
least-stained ones.

splice sites, the alignments are ambiguous (THACKERAY
and GANETZKY 1995). Levels of polymorphism found
at ful in nonfusion chromosomes are similar to those
reported for genes located elsewhere in the genome (Hir-
TON and Hey 1996, 1997; MCALLISTER and CHARLES-
WORTH 1999; MCALLISTER and McVEAN 2000; VIEIRA
et al. 2001; McALLISTER 2002; see also RESULTS). In
Drosophila and many other genera, variability levels and
crossing-over levels are correlated (reviewed in CHARLES-
wORTH and CHARLESWORTH 1998). Therefore, the above-
mentioned observations suggest that there is no suppres-
sion of crossing over at the base of the X chromosome
within both fusion and nonfusion chromosomes. In
D. virilis, a species closely related to D. americana, there
is also little or no suppression of recombination at the
base of the Xchromosome (VIEIRA and CHARLESWORTH
1999). Moreover, the D. americana Adhlocus located on
the fourth chromosome at ~1 Mb away from centro-
meric heterochromatin also shows variability levels com-
patible with no suppression of recombination (McALLIS-
TER and CHARLESWORTH 1999). The low levels of silent
site variability observed at ful in fusion chromosomes
relative to nonfusion chromosomes is thus due to factors
other than low levels of recombination at the base of
the X chromosome.

Low levels of crossing over between fusion and nonfu-

sion chromosomes (see above) and high levels of cross-
ing over within fusion and nonfusion chromosomes im-
ply thatany selective sweep in the ful-centromere region
should affect only one type of X chromosome (either
fusion or nonfusion chromosomes) and that levels of
variability should be affected only in the vicinity of the
selection target.

Frequency clines within X/# fusion chromosomes:
VIEIRA et al. (2001) previously noted that among chro-
mosomes with the X/ fusion, there are significant
correlations between latitude and longitude and the
frequency of the three most common amino acid poly-
morphisms (at positions 442, 1609, and 2157) at the
Jul gene. All three replacement variants are derived
and are likely younger than the X/4 fusion since they
are common only in fusion chromosomes. In contrast,
there is no evidence for clinal patterns for silent variants
within the fusion chromosomes or for nonfusion chro-
mosomes. This evidence suggests that these clines are
the result of differential selection pressures in different
parts of the species range, although the role of popula-
tion structure could not be completely ruled out at the
time. The analysis of the highly polymorphic, and thus
highly informative, elav gene shows that there is no
significant population structure in D. americana. No pop-
ulation structure has been detected when either the
para gene of X/4 fusion chromosomes or the nonfusion
chromosomes are analyzed. It should be noted that the
elavand paradatasets include individuals from the NN97
and GY96 populations in which the three replacement
variants are most common and from the LA99and PM99
populations in which these replacement variants are
present at very low frequency (VIEIRA ef al. 2001). If the
amino-acid gradients were due to population structure,
we should thus have detected it. Therefore, differential
selection pressures in different parts of the species range
of D. americana seem to maintain the frequency gradi-
ents for the three most common replacement polymor-
phisms within fusion chromosomes. Furthermore, the
level of variability at para within fusion and nonfusion
chromosomes is similar, indicating a comparable effec-

TABLE 6
HKA tests using the Xlinked elav, ful, and para genes

F nF

S N L K., HKA N N L K. HKA

elav-ful 414 32-10 624-789.37 88.63-67.45 P < 0.05 41-37 32-9 624-782.11 88.63-70.33 P> 0.05
para-ful  24-4  20-10 1707.83-789.37 59.24-67.45 P < 0.05 20-37 10-9 1700.83-782.11 60.41-70.33 P > 0.05
para-elav  24-41¢ 20-32 1707.83-624 59.24-88.63 P> 0.05 20-41" 10-32 1700.83-624 60.41-88.63 P> 0.05

F, X/4 fusion chromosomes; nF, nonfusion chromosomes; S, number of silent segregating sites; N, D. americana sample size;
L, number of silent sites analyzed; K,,, average number of silent site differences between D. americana and D. virilis.

“Since for elav there is no evidence for genetic differentiation between X/4 fusion and nonfusion chromosomes (in contrast
with ful and para genes), and since the levels of silent site variability at para are similar for X/4fusion and nonfusion chromosomes,
the effective population size for elav is inferred to be double that for ful and para. The number of elav segregating sites used
for the HKA tests (S = 41) is thus half of those shown in Table 2 for a sample of 32 sequences and 624 silent sites analyzed.
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tive population size for the two types of X chromosomes.
Since the para gene is located closer to the X chromo-
some centromere than the ful gene is, and the observed
low level of nucleotide variation at ful within X/4 fusion
chromosomes is incompatible with a selective sweep
occurring 0.27 MYA (the lower 95% limit for the age
of the X/4 fusion; VIEIRA et al. 2001), it is very likely
that the low variability observed at ful for fusion chro-
mosomes is due to the recent spread of gametes with
the three most common replacement polymorphisms.
As predicted by this hypothesis, the southernmost sam-
ple of fusion chromosomes (where these replacement
variants are absent) is the most variable at ful gene
silent sites (VIEIRA ef al. 2001).

The age of the X/ fusion: On the basis of the apparent
synonymous site substitution frequency between fusion
and nonfusion chromosomes at ful, the age of the X/4
fusion has been previously estimated as 0.61 MY (VIEIRA
et al. 2001). At the para gene, no apparent silent site
fixed differences have been found between fusion and
nonfusion chromosomes out of 17,083 silent sites ana-
lyzed (Table 1). Assuming a Poisson distribution, an
expected maximum of 2.99 apparent silent site fixed
differences is compatible with the observed value of no
apparent silent site fixed differences. Using the same
approach as in VIEIRA et al. (2001), 0.57 apparent silent
site fixed differences are expected to have occurred due
to the putative selective sweep that brought the X/4
fusion to high frequency in the northerly areas of the
D. americana distribution. A maximum of 2.42 apparent
silent site fixed differences is thus expected to have
occurred in the neutral period that followed this puta-
tive selective sweep. To estimate the age of the X/4fusion
from the para data set we use a substitution rate (3 X
107%/site/MY) that is 3.3 times smaller than that used
for ful since the level of para silent site divergence is
3.3 times less than that of ful synonymous site diver-
gence. The paradata set thus suggests that the X/4fusion
is younger than 0.47 MY. This value is compatible with
that estimated from the ful data set (0.61 MY with a
lower 95% limit of ~0.27 MY; VIEIRA et al. 2001).

The inferred evolutionary history of the polymorphic
X/4 fusion of D. americana: The X/4 fusion of D. ameri-
cana is a relatively young event and is likely not older
than 0.5 MY. This event did not lead to a significant
loss of X chromosome heterochromatin or to a change
in recombination levels within X/4 fusion chromosomes
at the base of the X chromosome. There is, however,
evidence for reduced gene flow in a 2-Mb region at the
base of the X chromosome between fusion and nonfu-
sion chromosomes, likely due to regional pairing diffi-
culties between the two chromosomal types. In contrast,
aregion of chromosome 4 that is ~1 Mb away from the
block of heterochromatin shows only very weak signs
for suppression of recombination between fusion and
nonfusion chromosomes. If the X/4fusion itselfis advan-
tageous in the northerly geographic areas of the D.

americana distribution, then the frequency of this chro-
mosomal arrangement may have rapidly increased in
frequency soon after this chromosomal arrangement
took place. Alternatively, a neutral X/4 fusion may have
persisted for some time at a low frequency in a restricted
geographical distribution. Subsequently, a mutation
that is advantageous only in this genetic background or
in the northerly geographic areas of the D. americana
distribution took place within X/4 fusion chromosomes,
bringing this chromosomal rearrangement to a high
frequency in these localities. The inferences made here
on the level of crossing over between fusion and nonfu-
sion chromosomes in the ful-centromere region sug-
gests that any loci in this region (including ful) could
have influenced the increase in frequency of the X/4
fusion. The high levels of crossing over within fusion
chromosomes imply that any selective sweep in this re-
gion should affect levels of variability only in the vicinity
of the selection target. Selection may maintain the very
strong association between the ful methionine/threo-
nine variants at site 1633 and the status of the X chromo-
some as fused or unfused to the fourth chromosome.
Thus, ful may be one of the genes responsible for the
maintenance of the X/4 fusion gradient. As suggested
before, the cline for the X/4 fusion is thus very likely
maintained by a balance between gene flow and weak
selection on the karyotypes themselves or on associated
genes (BARTON and GALE 1993; VIEIRA el al. 2001). The
significant correlations between latitude and longitude
and the frequency of the three most common amino-
acid polymorphisms (at positions 442, 1609, and 2157)
at ful X/4fusion chromosomes is likely due to differen-
tial selection pressures in different parts of the species
range and happened later in the X/4 fusion history.
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