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Josefa González, José Marı́a Ranz1 and Alfredo Ruiz2
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ABSTRACT
Recent results indicate that the rate of chromosomal rearrangement in the genus Drosophila is the

highest found so far in any eukaryote. This conclusion is based chiefly on the comparative mapping
analysis of a single chromosomal element (Muller’s element E) in two species, D. melanogaster and D.
repleta, representing the two farthest lineages within the genus (the Sophophora and Drosophila subgenera,
respectively). We have extended the analysis to two other chromosomal elements (Muller’s elements A
and D) and tested for differences in rate of evolution among chromosomes. With this purpose, detailed
physical maps of chromosomes X and 4 of D. repleta were constructed by in situ hybridization of 145 DNA
probes (gene clones, cosmids, and P1 phages) and their gene arrangements compared with those of the
homologous chromosomes X and 3L of D. melanogaster. Both chromosomal elements have been extensively
reshuffled over their entire length. The number of paracentric inversions fixed has been estimated as
118 � 17 for element A and 56 � 8 for element D. Comparison with previous data for elements E
and B shows that there are fourfold differences in evolution rate among chromosomal elements, with
chromosome X exhibiting the highest rate of rearrangement. Combining all results, we estimated that
393 paracentric inversions have been fixed in the whole genome since the divergence between D. repleta
and D. melanogaster. This amounts to an average rate of 0.053 disruptions/Mb/myr, corroborating the
high rate of rearrangement in the genus Drosophila.

CHROMOSOME repatterning is commonly thought features that promote or restrict chromosome breakage,
to be of universal occurrence during the evolution or simply by random processes is a matter of discussion

of the eukaryotic genomes, even though only a few pre- (Hartl and Lozovskaya 1994; Nadeau and Sankoff
cise comparative analyses have been performed (Gale 1998a; Huynen et al. 2001).
and Devos 1998; O’Brien et al. 1999; Seoighe et al. In the genus Drosophila, there is a remarkable synteny
2000; Ranz et al. 2001). Comparative mapping allows conservation; that is, the gene content of the five major
us to describe and estimate the amount of chromosomal chromosomal elements usually is preserved during the
evolution that has occurred during the divergence of evolution of most lineages (Muller 1940; Sturtevant
species from their common ancestor, that is, the pat- and Novitski 1941). This has allowed the establishment
terns and rates of genome reshaping (Nadeau and Tay- of homologies between the chromosomes of different
lor 1984; Nadeau and Sankoff 1998a; O’Brien et al. species (Powell 1997). Per contra, the order of genes
1999). The amount of chromosomal evolution between within each chromosomal arm is scrambled from species
two species can be expressed as the number of chromo- to species via the fixation of paracentric inversions
somal rearrangements separating their genomes. Fur- (Hartl and Lozovskaya 1994; Segarra et al. 1995,
thermore, by comparing the physical maps, segments 1996; Vieira et al. 1997a,b; Ranz et al. 1997, 1999, 2001;
in which the linear order of contiguous markers has González et al. 2000), which are by far the most fre-
been conserved can be identified. Closely related spe- quent chromosomal rearrangements in this genus
cies are expected to have accumulated fewer rearrange- (Krimbas and Powell 1992; Powell 1997). Exception-
ments, and thus to share longer conserved segments, ally, a few cases of gene transposition have also been
than distantly related species. Whether the particular reported (Brock and Roberts 1983; Neufeld et al.
gene combinations found in the conserved segments 1991; Yi and Charlesworth 2000).
are preserved by natural selection, by structural DNA Remarkable differences in the rate of chromosomal

evolution between phylogenetic lineages have been re-
ported. In vertebrates, for instance, rates of synteny dis-
ruption vary �15-fold among lineages (Nadeau and1Present address: Department of Organismic and Evolutionary Biol-

ogy, Harvard University, D. L. Hartl Laboratory, Cambridge, MA Sankoff, 1998a; Murphy et al. 2001). Some vertebrate
02138. lineages (e.g., human, carnivores, and common shrew)
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arrangement (Ehrlich et al. 1997; Burt et al. 1999).
However, the highest rate recorded so far in eukaryotes
is that of Drosophila. Ranz et al. (2001) carried out a
detailed comparative study of the largest chromosomal
element (Muller’s element E) between the species Dro-
sophila repleta and D. melanogaster, representative of the
two main lineages in the genus Drosophila. Their results
revealed an extensive reshuffling of gene order from cen-
tromere to telomere and a rate of disruptions per mega-
base per million years two orders of magnitude higher
than that of mammals and 5-fold higher than that of
the most dynamic plant genomes. Only yeast genomes
seem to exhibit rates of chromosomal rearrangement
comparable (or perhaps greater) to those of Drosophila
(Llorente et al. 2000; Seoighe et al. 2000). The between-

Figure 1.—Phylogenetic relationships and chromosomallineages variation in evolution rate can be explained homologies of the Drosophila species cited in the text. Esti-
in terms of differential mutation rate, fluctuations of mates of the divergence time taken from Beverly and Wilson
population size, variation in generation time, or differ- (1984), Spicer (1988), and Russo et al. (1995).
ential fertility effects of chromosome rearrangements
(Burt et al. 1999; Ranz et al. 2001).

ments of Drosophila show nonhomogeneous evolutionBesides the variation among lineages, different chro-
rates over long phylogenetic distances. Physical mapsmosomes or chromosomal elements may also show un-
of the D. repleta chromosomes X and 4 have been con-equal evolution rates. Rice (1984) pointed out that
structed by in situ hybridization of 145 DNA clonesX-linked mutations with antagonistic effects in the two
(gene clones, cosmids, and P1 phages) and their genesexes should increase when rare under a much wider
arrangements compared with those of the homologousrange of conditions compared to autosomal mutations.
chromosomes X and 3L of D. melanogaster (Muller’sMoreover, Charlesworth et al. (1987) showed that
elements A and D; see Figure 1). D. repleta belongs tothe fixation rate of underdominant and advantageous
the repleta species group of the Drosophila subgenuspartially recessive mutations should be higher for the
(Wasserman 1992) whereas D. melanogaster belongs toX chromosome (due to the hemizygosity of males) than
the melanogaster species group in the Sophophora subge-for the autosomes. For these reasons, the X chromo-
nus (Powell 1997). They are representative species ofsome has probably played a main role during the genetic
the farthest lineages within the genus Drosophila, sepa-differentiation associated with speciation. For example,
rated by 80–124 million years (myr; Figure 1). The aimsin Drosophila, many hybrid sterility genes are X-linked
of this study are (i) to estimate the number of inversions(Orr 1997) and, in mice, the X chromosome harbors
fixed in chromosomal elements A and D between D.an unexpectedly large number of genes involved in sperm
melanogaster and D. repleta; (ii) to compare the evolution-formation (Hurst 2001; Wang et al. 2001). Whether
ary rates of these two chromosomes with those pre-this functional specialization is related to the particular
viously reported for Muller’s elements E (Ranz et al.chromosomal dynamics of the X chromosome and the
2001) and B (González et al. 2000); and (iii) to shedautosomes is unknown. In addition, X-linked genes un-
light on the molecular organization of Drosophila chro-dergo dosage compensation and the X chromosome
mosomes, find out conserved chromosomal segments,must contain dispersed nucleotide sequences that act
and test for functional constraints on the evolution ofas a target for specific proteins and noncoding RNAs
the Drosophila genome.involved in this process (Kelley and Kuroda 1995;

Stuckenholz et al. 1999). The autosomes may also ex-
hibit variable evolution rates. Within several Drosophila MATERIALS AND METHODS
species groups, such as the Hawaiian Drosophila or the

Fly stocks: One stock of D. melanogaster (Canton-S), onerepleta species group, the number of polymorphic and
stock of D. repleta (no. 1611.6 from the National Drosophilafixed paracentric inversions recorded in each chromo-
Species Resource Center, Bowling Green, OH), and one stock

somal element is very unequal (Krimbas and Powell of D. buzzatii (39.13st) were used. The three stocks are homo-
1992). Also, using the comparative mapping approach, karyotypic for the standard arrangement in all chromosomes

(Lemeunier and Aulard 1992; Wasserman 1992; Ruiz andVieira et al. (1997a,b) found different evolution rates
Wasserman 1993).between chromosomes within the virilis species group.

Probes: A total of 198 clones (46 gene clones, 64 cosmids,So far, however, only relatively short-range phylogenetic
and 88 P1 phages) were used as probes. All these markers

comparisons have been carried out in the genus Dro- were previously known to map on chromosome X (111) or
sophila. chromosomal arm 3L (87) of D. melanogaster (Table 1). Of the

46 gene clones, 14 are cDNAs from the Drosophila melanogasterWe have investigated whether the chromosomal ele-
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TABLE 1

Number of DNA clones successfully hybridized and number of clones assayed (in parentheses) to the
polytene chromosomes of D. repleta

D. melanogaster
chromosomal arm Gene clones Cosmids P1 phages Total Source

X 20 (29) 46 (63) 8 (19) 74 (111) This work
2L — — 26 (26) 26 (26) González et al. (2000)
3L 15 (21) 1 (1) 58 (69) 74 (91) This work; Ranz et al. (1997)
3R 63 (83) 48 (51) 43 (52) 154 (186) Ranz et al. (2001)

Total 98 (133) 95 (115) 135 (166) 328 (414)

Gene Collection (Rubin et al. 2000); 29 gene clones also come ization, and detection were carried out as in Ranz et al. (1997).
Probes were labeled with biotin-16-dUTP by nick translation.from D. melanogaster and were provided by different authors

(Table 2); the remaining three gene clones (Sod, sina, and Hybridization signals were localized using the photographic
maps of D. melanogaster polytene chromosomes (LefevreRh4) were isolated by PCR in our laboratory and the PCR

products cloned into a PGEM-T vector (Promega, Madison, 1976) and the cytological maps of D. repleta (Wharton 1942)
and D. buzzatii (Ruiz and Wasserman 1993). HybridizationWI) and partially sequenced to confirm their identity. The

Sod fragment was amplified from D. buzzatii DNA according results were recorded as photographs taken with a phase con-
trast Nikon Optiphot-2 microscope at �600 magnification.to the conditions and primers (N and O) reported for D.

melanogaster (Hudson et al. 1994). The sina clone was produced Examples of the hybridization results have been pictured in
previous publications of our laboratory (Ranz et al. 1997, 1999,from D. buzzatii DNA using primers (5�-GGAATTCCAGCTC

TTCACTGTCGT-3� and 5�-GGAATTCCCCAGTCGATAGAC 2001; González et al. 2000).
Data analysis: Most of the genomic clones (cosmids and P1AAA-3�) designed to match conserved sina nucleotide se-

quences between D. melanogaster and D. virilis (Neufeld et al. phages) hybridized in this study have terminal sequence
tagged sites (STSs; Hartl et al. 1994; Madueño et al. 1995;1991). Finally, the Rh4 clone was isolated from D. virilis DNA

using primers (5�-GCCAAGTTGCTGTGCATT-3� and 5�-ATC Kimmerly et al. 1996) that allowed us to localize them precisely
on the genome sequence of D. melanogaster (Adams et al. 2000).AGGCGGAGTTCGATT-3�) designed according to the Rh4

nucleotide sequence of D. virilis (Neufeld et al. 1991). Cosmid When only one terminal STS was available, both the average
size of each clone type [80 kb for P1 phages (Hartl et al.clones come from the European Drosophila Genome Project

cosmid library (Madueño et al. 1995) and P1 phages from the 1994) and 40 kb for cosmids (Madueño et al. 1995)] and its
physical orientation were taken into account to anchor theBerkeley Drosophila Genome Project P1 library (Hartl et al.

1994; Kimmerly et al. 1996). DNA from all these clones was clone in the genome sequence. The positions in the sequence
of a few genomic clones with no STSs available were inferredextracted following standard procedures (Sambrook et al.

1989). Isopropyl thiogalactoside (0.1 m) was added to the from their cytological site (Hartl et al. 1994). Each pair of
contiguous markers in the D. melanogaster (the reference spe-overnight cultures of P1 phage clones (Hartl and Lozov-

skaya 1995). Cosmid clone 28C2 was digested with BamHI cies) map delimits a chromosomal segment of known size. All
these chromosomal segments were checked for conservationand subcloned into pBluescript; four subclones were used as

probes. in D. repleta. Those segments in which the relative order of
contiguous markers is equivalent in both species were consid-In situ hybridization and chromosome maps: All clones were

hybridized to the chromosomes of D. repleta to determine ered as conserved segments. Likewise, all clones yielding a
single hybridization signal were considered as conserved seg-their physical localization in this species and to those of D.

melanogaster as control. All hybridizations to the chromosomes ments (“singletons”). Otherwise, the segments were classed as
nonconserved and assumed to bear at least one fixed inversionof D. melanogaster gave positive results. In most cases, the hy-

bridization signal was localized at the expected chromosomal breakpoint. The maximum-likelihood method described in
Ranz et al. (1997) was used to estimate the number of inver-site (appendix). However, two cosmids (156H1 and 13F10)

and two P1 phages (DS08585 and DS00004) mapped to distant sions fixed between the two species in each chromosomal
element. This method does not require a particular distribu-sites from those previously reported. We take this as an indica-

tion that these clones were probably mislabeled during the tion of markers along the chromosomes although it does as-
sume random distribution of breakpoints in the referencedistribution process. Nevertheless, this does not diminish the

utility of these clones as physical markers and they have been species. The upper limit of the divergence time (Figure 1)
was used to estimate the rates of evolution. Our evolution rateincluded accordingly in our marker set. In a few cases (see

appendix) the map position of a marker in D. repleta was estimates are therefore conservative.
inferred from its localization in D. buzzatii, another species of
the repleta species group (Wasserman 1992; Ruiz and Wasser-
man 1993). This can be safely done with markers mapping to RESULTS
homosequential chromosomal regions, i.e., those regions not
rearranged by paracentric inversions and thus with the same Positive hybridizations to the chromosomes of D. re-
sequence of bands in the two species. Only female larvae pleta: Nearly three-quarters of the assayed DNA clones
were used for the hybridization of the X chromosome probes (145/198 � 73.2%) yielded one or more hybridization
because the efficiency of hybridization on the female X is

signals on the chromosomes of D. repleta (or D. buzzatii;equivalent to that on the autosomes whereas the single X of
see materials and methods). The distribution of suc-the male shows a somewhat reduced level of hybridization

(Pardue et al. 1987). Polytene chromosome squashes, hybrid- cessful hybridizations by clone type and chromosome
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TABLE 2

Gene clones hybridized in this study

Gene Clone name DNA Insert size (kb) Reference

ara ara cDNA 2.8 Gómez-Skarmeta et al. (1996)
arm E9 cDNA 3.1 D. G. McEwen (personal communication)
BR-C paaDm527 — — Andres et al. (1993)
caup caup cDNA 4 Gómez-Skarmeta et al. (1996)
csw Y1.22 cDNA — Perkins et al. (1992)
CG1559 LD30316 cDNA 6.03 Rubin et al. (2000)
CG1716 SD01656 cDNA 4.94 Rubin et al. (2000)
CG3585 pDmY19S1b Genomic 8 Kraemer et al. (1998)
CG4165 LD34905 cDNA 4.06 Rubin et al. (2000)
CG6450 SD02391 cDNA 4.68 Rubin et al. (2000)
CG7185 LD25239 cDNA 2.8 Rubin et al. (2000)
CG7282 LD25641 cDNA 5.11 Rubin et al. (2000)
CG7358 GH14795 cDNA 3.5 Rubin et al. (2000)
CG11056 LD44990 cDNA 3.98 Rubin et al. (2000)
CG12132 LD28902 cDNA 5.86 Rubin et al. (2000)
CG14616 GH02989 cDNA 3.7 Rubin et al. (2000)
CKIIalpha pAPB21 cDNA 1.5 A. Bidwai (personal communication)
CKIIbeta pAPB22 cDNA 0.94 A. Bidwai (personal communication)
ImpE1 IMPE2 cDNA 5.7 Natzle et al. (1986)
ImpE2 A2 Genomic 3.5 Natzle et al. (1986)
ImpL2 pL2G328 Genomic 2.6 Natzle et al. (1986)
ImpL3 pL23SE4 Genomic 4.2 Natzle et al. (1986)
Eip74EF pE74AcDNA — — Andres et al. (1993)
fog SD02223 cDNA 4.58 Rubin et al. (2000)
Hsp83 301.1 Genomic 10.6 Holmgren et al. (1981)
Hsp22-Hsp26 88.6 Genomic 4.6 Córces et al. (1980)
Hsp23-Hsp27 88.5 Genomic 4.9 Córces et al. (1980)
Lsp1alpha pRaLsp1 Genomic 8 McClelland et al. (1981)
msl-3 — cDNA 1.9 Gorman et al. (1995)
peb GH10905 cDNA 5.76 Rubin et al. (2000)
Pig1 pB� — 0.75 Andres et al. (1993)
RpII215 LD43558 cDNA 5.01 Rubin et al. (2000)
rdgA GH23785 cDNA 5.26 Rubin et al. (2000)
Rh4 PGPE110 Genomic 0.5 F. Casals (personal communication)
Rp21 pKc1G Genomic 4.4 Kay et al. (1988)
sd pNBE21 cDNA 3.2 Campbell et al. (1991)
sina PGPE118 Genomic 0.6 F. Casals (personal communication)
Sgs4 pRH0.75 Genomic 0.75 McGinnis et al. (1983)
sisA — — 0.98 L. Sanchez (personal communication)
sn P5 cDNA 3.3 Paterson and O’Hare (1991)
Sod pGPE121 Genomic 1.9 This work
Yp1 pYP1 Genomic 3.8 Barnett et al. (1980)
Yp2 pYP2 Genomic 2 Barnett et al. (1980)
Yp3 pYP3 Genomic 3.9 Barnett et al. (1980)
w pWXK Genomic 4.8 O. Cabré (personal communication)
Zw DmG21 Genomic 13 Ganguly et al. (1985)

is shown in Table 1, which also includes our previous Chromosome X shows the smallest proportion of suc-
cessful hybridizations (66.7%), significantly lower thanresults for clones from D. melanogaster chromosomal

arms 2L (González et al. 2000), 3L (Ranz et al. 1997), that of the autosomes (83.8%; G � 13.59, d.f. � 1, P �
0.001). This difference seems to be due chiefly to cos-and 3R (Ranz et al. 2001) for comparison. Overall, the

rate of success is remarkably high (328/414 � 79.2%) mids (G � 9.86; d.f. � 1, P � 0.01) and P1 phages (G �
17.05, d.f. � 1, P � 0.001) rather than to gene clones,given the long divergence time between D. melanogaster

and D. repleta (Figure 1). There seem to be no differ- which show a similar hybridization rate (G � 0.42, d.f. �
1, P � 0.05).ences between clone types (G � 3.63, d.f. � 2, P � 0.05)

but there are highly significant differences between All gene clones hybridizing to the chromosomes of
D. repleta but one (CG1716; see below) gave a singlechromosomal elements (G � 23.31, d.f. � 3, P � 0.001).
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signal (appendix). Likewise, most cosmid clones and 3L(76B9) and CG4976 localized in 3R(98B2). We inter-
pret the signal in the D. repleta X chromosome as point-P1 phages (98 out of 113) also gave a single hybridiza-

tion signal (appendix). Nevertheless, 15 cosmid clones ing to the orthologous gene of CG1716 in this species
whereas the signal in the D. repleta chromosome 4 canor P1 phages gave two or more (up to four) hybridiza-

tion signals in D. repleta chromosomes. These 15 geno- be tentatively attributed to the orthologous gene of ash1.
The physical map of the D. repleta X chromosomemic clones were considered to contain one or more (up

to three) rearrangement breakpoints fixed during the contains 81 markers (appendix and Figure 2). This in-
cludes the 72 markers mapped in this study and a fewdivergence of D. melanogaster and D. repleta. This inter-

pretation is supported by our previous results. Several additional markers mapped previously by our group
(Ranz et al. 1997, 1999) or other authors (Naveiracosmids and P1 phages giving multiple hybridization

signals have been subcloned and the signals physically et al. 1986; Kokoza et al. 1992; H. Naveira, personal
communication). The genome size of the repleta groupseparated when the subclones were independently hy-

bridized (Ranz et al. 1999; González et al. 2000). The species is �220 Mb with 69% (�150 Mb) of single-copy
DNA (Schulze and Lee 1986). Thus, the euchromaticpresent hybridization of two genes (CG3585 and Ubi-

p5E) included in cosmid clone 143G11 provides further portion of the D. repleta X chromosome, which repre-
sents 18% of the total (Wasserman 1992), must containevidence in favor of this interpretation. This cosmid

gave two hybridization signals while each gene produced �27 Mb of DNA and the average marker density is 1
marker per 333 kb. Inspection of Figure 2, however,only one of them. Likewise, cosmid clone 28C2, giving

three hybridization signals, was subcloned and hybrid- reveals that the markers are far from being distributed
in a uniform manner along this chromosome. If theization of two of the subclones allowed us to physically

separate two of the three signals. These results provide chromosome is divided in four equal-length quarters,
the number of markers in each quarter differs signifi-a firm basis for our interpretation of multiple signals as

the result of the presence of fixed breakpoints in these cantly from the random expectation (G � 21.20; d.f. �
3, P � 0.001) and suggests that gene density varies upgenomic clones.

Thirteen of the gene clones are included in 10 of the to six times between the most distal and most proximal
quarters.genomic clones hybridized in this study (appendix). As

expected, each genomic clone and the gene (or genes) Physical map of the D. repleta chromosome 4: The
localization of the 71 clones from chromosomal arm 3Lincluded within it hybridized to the same chromosomal

site in most cases. However, in four exceptions (sd, of D. melanogaster successfully hybridized to the chromo-
somes of D. repleta is given in the appendix and shownHsp22-26, Hsp23-27, and tra) a different localization was

observed. These apparent inconsistencies can be re- in Figure 3. The euchromatic portion of chromosomal
arm 3L is �24.4 Mb long in D. melanogaster (Adamssolved by taking into account that in each case the genes

are localized at one end of the genomic clone and by et al. 2000) and is composed of sections 60–80 of the
cytological map drawn by Bridges (Lefevre 1976). Weassuming that the genomic clone contains a fixed inver-

sion breakpoint. In this case, it seems reasonable to have mapped 1–6 markers per section (average 3.5
markers) with an average density of 1 marker per 344 kb.expect a single signal caused by the hybridization of the

major portion of the genomic clone instead of the two All 71 clones hybridized to chromosome 4 of D. repleta
(appendix), which is homologous to chromosomal armsignals usually seen when a breakpoint is present.

Physical map of the D. repleta X chromosome: The 3L of D. melanogaster (Figure 1). Thus, after including
8 markers from our previous work (Ranz et al. 1997) andlocalization of the 74 clones from the D. melanogaster X

chromosome mapped in D. repleta is given in the appen- those of other authors (Naveira et al. 1986; Laayouni et
al. 2000), the physical map of D. repleta chromosome 4dix and shown in Figure 2 The euchromatic portion of

the D. melanogaster X chromosome is �21.8 Mb long bears 79 markers (appendix and Figure 3). The size of
the euchromatic portion of chromosome 4 is �27 Mb(Adams et al. 2000) and was divided by Bridges into

sections 1–20 (Lefevre 1976). Our markers come from and the average density is 1 marker per 342 kb, both
values similar to those for chromosome X. In contrastall sections of the D. melanogaster X chromosome (2–6

markers per section with an average of 3.7 markers) to the previous results of the X chromosome, however,
the markers are distributed uniformly along chromo-with an average density of 1 marker/295 kb.

All the clones but two hybridized to the X chromo- some 4 with similar numbers in the four quarters (G �
1.72, d.f. � 3, P � 0.05).some of D. repleta, as expected according to the accepted

chromosomal homologies (Figure 1). The two excep-
tional clones (Lsp1alpha and 174F6) likely represent

DISCUSSION
transposition events, which are discussed below. In addi-
tion, one gene clone, CG1716, gave two hybridization Exceptions to the chromosomal homologies and rate

of gene transposition: The ancestral karyotype of thesignals in two different D. repleta chromosomes: X(F3g)
and 4(C3c-d). This gene shows significant sequence ho- genus Drosophila consisted of five acrocentric chromo-

somes and a dot (Muller’s elements A–F). Our resultsmology with two other D. melanogaster genes (Berkeley
Drosophila Genome Project 2001): ash1 localized in are in good agreement with an extensive conserved syn-
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Figure 2.—Comparison of the molecular organization of Muller’s element A (chromosome X) between D. melanogaster and
D. repleta. Connecting lines match the cytological position of orthologous markers. Shaded rectangles show conserved segments
with two or more consecutive markers. The estimated size of each conserved segment is given on the leftmost column. The
asterisk (*) indicates those clones yielding more than one hybridization signal. The names of those clones in parentheses are
incorrect (these clones have probably been mislabeled during the clone distribution process).
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Figure 3.—Comparison of the molecular organization of Muller’s element D between D. melanogaster (chromosomal arm 3L)
and D. repleta (chromosome 4). For meaning of the symbols, see legend of Figure 2.
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teny of Muller’s elements A and D during the evolution exchange events involving some homology between
donor and target site, which are a possible mecha-of the D. melanogaster and D. repleta lineages. Therefore,

and with the exception of 2 out of 145 clones, the estab- nism of gene transposition in the Drosophila ge-
nome (Yi and Charlesworth 2000), could explainlished chromosomal homologies between chromosome

X of D. melanogaster and D. repleta and between chromo- the case of cosmid clone 174F6.
somal arm 3L of D. melanogaster and chromosome 4 of

A crude estimate of the rate of gene transposition inD. repleta (Figure 1) are firmly corroborated. Our results
the Drosophila genus can be produced by combiningalso indicate that no exchange of information occurred
the results of the present work with results previouslyvia pericentric inversions after the centric fusion be-
obtained for chromosomal elements B (González et al.tween Muller’s elements D and E that gave rise to the
2000) and E (Ranz et al. 2001). In these latter worksmetacentric chromosome 3 in the D. melanogaster lin-
no cases of gene transposition were detected. Thereforeeage. Mammals also show an extensive conserved syn-
we have observed two possible transposition events outteny of chromosome X, even though translocations have
of a total of 328 clones hybridized to the D. repleta chro-often rearranged the genome of mammalian species
mosomes (Table 1). This amounts to a rate of 4.9 �(Ohno 1967; Lander et al. 2001). However, the conser-
10�5 transpositions/gene/myr, which is quite low. Thisvation of the X chromosome in mammals and in the
rate, however, does not include tandemly repeatedDrosophila genus likely results from different mecha-
genes such as histone or rRNA genes, which often shownisms. In the case of mammals, there is a need to keep
transposition (Alonso and Berendes 1975; Fitch etthe level of expression of the X-linked genes adjusted
al. 1990). It also does not include intrachromosomalto one single copy due to the dosage compensation
transpositions. Given the differentiation undergone bymechanism (Hartl and Lozovskaya 1994; Graves
the banding pattern and morphology of the polytene1996). In Drosophila, without discarding adjustments
chromosomes of so distantly related species as D. repletaon gene dosage, the main reason is probably the re-
and D. melanogaster, the only transpositions that we canported lack of interchromosomal rearrangements,
safely detect with our mapping procedure are thosewhich holds for both the X chromosome and the au-
taking place between different chromosomal elements.tosomes (Powell 1997).
Transpositions within the same chromosomal elementBecause of this absence of interchromosomal re-
are probably overlooked, although they do exist. Forarrangements in Drosophila, the two exceptional clones
instance, the seven in absentia (sina) gene is nested withinthat fail to obey the synteny conservation likely indicate
an intron of the Rh4 opsin gene in chromosomal armtransposition events.
3L of D. melanogaster (Montell et al. 1987). However,
in D. virilis (Neufeld et al. 1991) and D. repleta (thisi. The gene Lsp1alpha is located on the X chromosome

(element A) of D. melanogaster but maps to chromo- work) the two genes are located at distant sites of the
homologous element (chromosome 3 in D. virilis andsome 2 (element E) of D. repleta. This gene is also

localized in element E in eight different species be- chromosome 4 in D. repleta). To explain the different
structural arrangement of these two genes between D.longing to the Sophophora and Drosophila subgen-

era (Brock and Roberts 1983) and it has been melanogaster and D. virilis, Neufeld et al. (1991) pro-
posed a retrotransposition event of the Rh4 gene in thesuggested that it recently transposed onto the X chro-

mosome in the species belonging to the melanogaster lineage leading to D. virilis. Our results support their
interpretation because two P1 phages (DS00383 andsubgroup (Smith et al. 1981). The D. buzzatii Lsp1

genes are being cloned and sequenced in our labora- DS00052) from the sina/Rh4 region in D. melanogaster
map near sina but far from Rh4 in D. repleta. In addition,tory to test this hypothesis (J. González, F. Casals

and A. Ruiz, unpublished results). if a single transposition event was involved, our result
indicates that it took place after the separation of theii. Cosmid clone 174F6 maps to the euchromatin-

heterochromatin boundary of the D. melanogaster X D. melanogaster and D. virilis ancestral lineages but before
the divergence between the D. virilis and D. repleta lin-chromosome (20A-C). However, it hybridized near

the centromere (polytene band G5d) of chromo- eages (�30 myr ago). Further work with phylogeneti-
cally closer species, whose polytene chromosomes aresome 4 in D. repleta. This cosmid clone contains the

suppressor of forked [su(f )] gene (Madueño et al. 1995). more easily compared, is required to obtain more accu-
rate estimates of the rate of gene transposition.Analysis of a 33-kb chromosomal walk around the

su(f ) locus in D. melanogaster revealed that most of Comparative mapping and rates of fixation of para-
centric inversions: Our fairly dense physical maps of D.this interval consists of repetitive sequences. In fact

the su(f ) gene is flanked by a 1.5-kb direct repeat repleta chromosomes X and 4 allow a detailed compari-
son of their gene arrangements with those of the homol-sequence (Tudor et al. 1996). Sequences homolo-

gous to the 1.5-kb repeats are found in the euchroma- ogous D. melanogaster elements X and 3L (Figures 2 and
3). In both elements, a considerable reshuffling of genetin-heterochromatin boundary of chromosome arms

2L, 2R, and 3L of D. melanogaster. Therefore, ectopic order extends from telomere to centromere. The rank
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TABLE 3

Rates of chromosomal evolution since the divergence between D. melanogaster and D. repleta

Muller’s chromosomal element A B D E A–F

Size of euchromatic portion (Mb) in D. melanogaster 21.8 23.0 24.4 28.0 120
Estimated no. of breakpoints �SD 236 � 33 59 � 25 113 � 16 228 � 28 785
Breakpoint density (Mb�1) �SD 10.83 � 1.56 2.57 � 1.10 4.63 � 0.66 8.14 � 1.00 6.54
Predicted length of conserved segments (kb) 92.0 383.3 214.0 122.3 200.5
No. of inversions fixed �SD 118 � 17 30 � 13 56 � 8 114 � 14 393
Evolution rate (disruptions/Mb/myr) 0.087 0.021 0.037 0.066 0.053

Data from González et al. (2000), Ranz et al. (2001), and this work.

order correlation is in both cases nonsignificant (for chro- the three analyzed autosomes as well. Element E exhibits
the highest density (8.14) whereas element B shows themosome X, Spearman’s R � 0.062, P � 0.05, six ties; for

chromosome 4, Spearman’s R � 0.184, P � 0.05, two lowest (2.57) and element D is intermediate (4.63). The
weighted average for the whole genome (the euchro-ties), indicating that gene order is effectively random-

ized. This profound rearrangement found for Muller’s matic portion of the six chromosomal elements A–F) is
6.54 breakpoints/Mb, which allows us to infer that 393elements A and D can be attributed mainly to the fixation

of paracentric inversions if we consider that transposition paracentric inversions have become fixed in the whole
genome between D. melanogaster and D. repleta (Table 3).rates are low (see above) and that paracentric inversions

are the prevailing chromosomal rearrangement in Dro- Taking 62 myr as the divergence time between the two
subgenera, we obtain conservative estimates for the ratesophila both as intraspecific polymorphisms and as in-

terspecific fixed differences (Hartl and Lozovskaya of disruptions per megabase per million years. These
estimates range from 0.021 for element B up to 0.0871994; Powell 1997; Ranz et al. 2001). Using the maxi-

mum-likelihood method devised by Ranz et al. (1997) for element A with a weighted average of 0.053 for the
whole genome (Table 3).we have estimated the number of inversions fixed be-

tween D. repleta and D. melanogaster since their most These results agree fairly well with the scarce reliable
estimates previously reported in other Drosophila spe-recent common ancestor (Figure 1). An estimate (�SD)

of 118 � 17 for Muller’s element A and 56 � 8 for cies. Segarra et al. (1995) compared the X chromosome
between D. melanogaster and D. pseudoobscura and esti-Muller’s element D were obtained (Table 3). The coef-

ficient of variation (CV) of both estimates is reasonably mated that 0.086 disruptions/Mb/myr have occurred
since the divergence of these two lineages. Likewise,low (14%) and comparable to the most detailed compar-

ative maps carried out in Drosophila (Ranz et al. 2001). Vieira et al. (1997a,b) compared the gene order of three
different chromosomes among D. virilis, D. montana, andObviously, the accuracy with which the rates of chromo-

somal evolution are estimated increases with the num- D. novamexicana, three species of the virilis group of
subgenus Drosophila. Their rates (taking D. melanogasterber of markers used in comparative mapping (Schoen

2000). However, computer simulations made with the as the reference species for chromosome sizes as before)
were 0.036–0.056 disruptions/Mb/myr for chromo-method of Ranz et al. (1997) show that the CV is not

a lineal function of the number of markers but follows some X, 0.032 for chromosome 2 (Muller’s element E),
and 0.009–0.014 for chromosome 3 (Muller’s elementa negative exponential function (D. Schoen, personal

communication). This implies that a decrease of the D). It is remarkable that the ranking order between
chromosomal elements in these studies (A � E � D)CV below the actual values would require a dispropor-

tionate increase in the number of markers. is the same that we have observed (Table 3), which
suggests a genus-wide pattern regardless of the phyloge-The evolution rates for chromosomal elements A and

D can be compared with those for elements B and E, netic distance of the species compared.
In addition, our results support the previous findingwhich have been previously estimated using the same

pair of species (González et al. 2000; Ranz et al. 2001). that the rate of genome rearrangement in Drosophila
is about two orders of magnitude higher than that inBecause the different chromosomal elements vary in

size, to make the data comparable, we have calculated mammals and several times higher than that in the
most dynamic plant lineages (Ranz et al. 2001). Thisthe density of breakpoints per megabase by dividing the

number of breakpoints by the size of each element in conclusion was drawn from the comparative analysis of
the Muller’s element E between D. melanogaster and D.megabases in D. melanogaster (Table 3). Breakpoint den-

sity varies up to four times among chromosomal ele- repleta, which represents the �23% of the euchromatic
fraction of the D. melanogaster genome. Now, with com-ments and the differences are statistically significant.

The breakpoint density for element A (X chromosome) parative data in D. repleta of �60% of the D. melanogaster
genome, the same conclusion still holds. Most currentis the highest (10.83) but there are differences between



1146 J. González, J. M. Ranz and A. Ruiz

TABLE 4

Basic features of the chromosomal elements of D. melanogaster

Transposable
Genesb elementsc Microsatellitesd

Chromosomal Size Recombination rate
arm (cM/Mb)a (cM/Mb) Number Density Number Density Number Density

X 73.1/21.8 3.35 2,314 106.1 175 8.03 13,658 626.5
2L 55/23.0 2.39 2,378 103.4 213 9.26 6,012 261.4
2R 55/21.4 2.57 2,616 122.2 212 9.91 6,264 292.7
3L 47/24.4 1.93 2,583 105.9 182 7.46 7,157 293.3
3R 63.9/28.0 2.28 3,357 119.9 183 6.54 8,666 309.5
4 3/1.2 2.5 83 69.2 42 35.00

a Lindsley and Zimm (1992) and Adams et al. (2000)
b S. Misra (Berkeley Drosophila Genome Project), personal communication.
c Rizzon et al. (2002) and C. Rizzon, personal communication.
d Katti et al. (2001).

comparative maps of mammals (and also plants) have Pardue et al. 1987; Waring and Pollack 1987; Lowen-
haupt et al. 1989; Dibartolomeis et al. 1992; Bachtroga relatively poor resolution. Consequently, as the num-

ber of orthologous markers mapped increase, it is likely et al. 1999). Moreover, the microsatellite density of the
autosomes (Table 4) parallels their evolution rates (Ta-that more rearrangements (e.g., paracentric inversions)

will be discovered in some lineages and the evolution ble 3). This is an intriguing observation because micro-
satellite sequences can generate unstable secondaryrates in these lineages rise accordingly (Sun et al. 1999;

Müller et al. 2000; Puttagunta et al. 2000; Frönicke structures (Mitas 1997; Moore et al. 1999) that could be
involved in the origin of chromosome rearrangementsand Wienberg 2001). In our view, however, such in-

crease will not equalize the disparate evolution rates (Pletcher et al. 2000; Puttagunta et al. 2000). So far,
however, no evidence for the implication of microsatel-that we have observed. The plausible reasons for the

faster chromosomal evolution in the genus Drosophila lites in the origin of Drosophila inversions has been
found. Obviously, more data are needed on the distribu-have been discussed elsewhere (Ranz et al. 2001).

What factors can account for the remarkable variation tion of TEs and repeated sequences among chromo-
somal elements in other Drosophila species apart fromin evolution rate observed between the chromosomal

elements of Drosophila? Factors affecting the rate of D. melanogaster.
The second factor that might be affecting inversionchromosomal evolution can be classed in two groups:

mutational and selective. A higher rate of inversion fixa- production is recombination rate. If we assume that
ectopic recombination is correlated with regular mei-tion would be expected if mutation rate were higher

(other things being equal). In Drosophila, transposable otic recombination (Montgomery et al. 1991), then
meiotic recombination rates in D. melanogaster can beelements (TEs) have been implicated in the origin of

natural inversions, which can originate through ectopic considered in search of a pattern. Chromosome X exhibits
a higher average recombination rate (3.35 cM/Mb) thanrecombination between TE copies located in opposite

orientation in different sites of the same chromosome the autosomes (Table 4) in good agreement with its
faster chromosomal evolution. However, the average(Montgomery et al. 1991; Lim and Simmons 1994;

Andolfatto et al. 1999; Cáceres et al. 1999a, 2001; recombination rate of chromosomal arm 2L, which
shows the slowest evolution rate, is comparable (or supe-Mathiopoulos et al. 1999). Thus, a higher mutation

rate could be due to a higher proportion of repetitive rior) to that of both arms of chromosome 3 (Table 4).
Therefore, no consistent effect of recombination onDNA or to a higher recombination rate. If we consider

the recently sequenced genome of D. melanogaster (Ta- evolution rate is apparent. On the other hand, it is
clear that recombination rates vary between Drosophilable 4), it would appear that the X chromosome, which

in our study showed the highest breakpoint density, species (True et al. 1996; Cáceres et al. 1999b) and the
D. melanogaster rates may not have a genus-wide validity.does not show a TE density higher than that of the

autosomes (Rizzon et al. 2002). On the other hand, Another group of factors comprises those selective
causes affecting the probability of fixation of inversions.chromosome X does possess a microsatellite density that

is at least twice that of any of the autosomes (Katti et For instance, Charlesworth et al. (1987) showed that
the X chromosome should evolve faster than the auto-al. 2001), a fact that likely reflects the presence of several

repeated sequences that are exclusive of the X chromo- somes due to a higher fixation probability of underdom-
inant and favorable partial or fully recessive rearrange-some euchromatin or more abundant in the X chromo-

some than in the autosomes (Huijser et al. 1987; ments. Also, when the chromosomal rearrangements
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have an antagonistic effect in the two sexes, they will garded as a mosaic of relatively small segments homolo-
gous to those in D. melanogaster chromosomes. Our esti-invade the population under a wider range of conditions

if they are X linked than if they occur in the autosomes mates of the number of inversions fixed in elements A
and D allow us to predict that the average size of such(Rice 1984). These predictions might help to explain

the fast evolution rate of the X chromosome but would segments is 92 kb for chromosome X and 214 kb for
chromosome 4 (Table 3). The comparison of the physi-not explain the rate variation between the autosomes. A

higher evolution rate could also be due to less functional cal maps of D. melanogaster and D. repleta led us to the
identification of 9 and 13 conserved segments with twoconstraints, as would be expected in regions with low

gene density (Lander et al. 2001). Fixed inversions are or more consecutive markers in elements A and D, re-
spectively (see Figures 2 and 3). There were also 39 andmore likely to have their breakpoints between genes (as

found by Cirera et al. 1995 and Cáceres et al. 1999a) 29 singletons, segments that contained only a single
marker. In chromosome X the size of the 9 segmentsthan within transcriptions units (as in Schneuwly et al.

1987). In the latter case, an inversion would probably with two or more consecutive markers ranged from 4.4
to 576 kb with an average length of 170.7 kb. Likewise,have a strong deleterious effect and would be quickly

eliminated by natural selection before fixation. The av- in chromosome 4 the size of the 13 conserved segments
ranged from 152 to 939 kb with an average length oferage density in Drosophila is one gene per 9 kb but

there is substantial variation in gene density throughout 386.9 kb. In both cases, the average length of the ob-
served conserved segments is bigger than the predictedthe genome (Adams et al. 2000). Nevertheless, the aver-

age gene density (as inferred from release 2 of the D. average size (Table 3). This is expected because there
is a discovery bias that favors big conserved segmentsmelanogaster genome sequence; Adams et al. 2000) seems

to be comparable for elements X, 2L, and 3L and only at the initial stages of comparative mapping and also
because only conserved segments delimited by two orslightly higher for elements 2R and 3R (Table 4). Thus,

no systematic correlation is apparent between gene den- more markers have been considered to estimate the
average length of observed segments (Nadeau and San-sity and evolution rate in Drosophila. However, we have

to take into account that there can be local differences koff 1998b).
Blocks of genes that are conserved during long peri-in gene density within chromosomal elements. Jabbari

and Bernardi (2000) pointed out that the gene concen- ods of time may represent gene combinations that inter-
act functionally and are therefore maintained togethertration in GC-rich regions is sevenfold higher than that

in GC-poor regions in the Drosophila genome and our by natural selection, the so-called “functional con-
straints” hypothesis (Maier et al. 1993; Randazzo et al.results suggest comparable density differences within

the D. repleta X chromosome. Chromosomal arms rich in 1993; Wright 1996). However, because all genomes
are phylogenetically related, colinear groups of genesgene-poor intervals might have more fixed breakpoints

than arms with little or no variation in gene density. may also reflect the fixation of a limited number of
genomic rearrangements with random breakpointsChromosomal inversions may have diverse effects at

the genetic and phenotypic level, which will affect their since both species diverged, the “random breakage”
(RB) hypothesis (Nadeau and Taylor 1984; Nadeauprobability of fixation in a complex manner. For in-

stance, in heterokaryotypes, inversions reduce recom- and Sankoff 1998a). Previous comparative mapping
results in Drosophila (González et al. 2000; Ranz etbination rate in the inverted chromosomal segment

(Navarro et al. 1997) but may increase it in the nonho- al. 2001) and other organisms (Nadeau and Sankoff
1998a; Huynen et al. 2001; Lander et al. 2001) havemologous chromosomes (Lucchesi and Suzuki 1968).

Accordingly, the fate of an inversion is considered to found little evidence for functional constraints. The RB
hypothesis can be tested comparing the observed lengthdepend strongly on the epistatic combinations of alleles

caught by the inversion at the moment of its appearance distribution of conserved segments with that predicted
under the RB hypothesis, which will approximate a neg-(Charlesworth and Charlesworth 1973; Charles-

worth 1974) and the species recombination rate (Các- ative exponential distribution (Figure 4). It can be seen
that, in both chromosomal elements, the empirical dis-eres et al. 1999b). Finally, in some cases (e.g., the sex

ratio arrangement of chromosome X), inversions may tribution fits in general inside the theoretical distribu-
tion as expected because only a subset of all conservedbe associated with meiotic drive alleles and be preferen-

tially transmitted to the offspring (Ashburner 1989). segments has been detected. Only one segment in each
chromosome seems to depart significantly from the ex-Given these manifold effects of inversions, it seems im-

probable that a single factor explains the variation in pectations (Figure 4). The size and gene content of
these segments should be further investigated.evolution rate among Drosophila chromosomal ele-

ments and we must cautiously conclude that several We can look at the functional constraints hypothesis
from a different perspective. There are a few examplescauses, some of them discussed above, contribute to this

variation. of gene complexes in D. melanogaster chromosomes X
and 3L whose members show a coregulated expression.Conserved chromosomal segments and functional

constraints: The chromosomes of D. repleta can be re- We can ask whether or not such complexes are con-
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�40 kb) and also in D. repleta (as shown by the coinci-
dent hybridization sites of caup, ara, and DS08512). Fi-
nally, knirps (kni) and knirps-related (knrl) are two neigh-
boring and functionally equivalent genes mapping to a
region of 100 kb (Lunde et al. 1998). They are affected
by a cis-acting regulatory sequence (ri) lying immedi-
ately upstream of the kni transcription unit. A chromo-
somal segment of 245 kb around the kni locus (compris-
ing kni, DS01369, and DS00239) is conserved in D.
repleta, suggesting that both genes and their regulatory
sequences have not been disrupted. In summary, the
conservation of these three small gene complexes sug-
gest that natural selection may play a role in some (per-
haps exceptional) cases to keep together functionally
related Drosophila genes.

Overall our results are in agreement with a modular
organization of the Drosophila genome (Ranz et al.
2001). Thus, the genome of Drosophila can be seen as
a mosaic of independent modules that can change their
localization within the euchromatin without loss of func-
tion. Usually these modules change their localization
within the chromosomal arm and only occasionally be-
tween chromosomal arms. Each module may consist of
a gene plus its regulatory sequences (as proposed by
Ranz et al. 2001) or perhaps a small group of nearbyFigure 4.—Expected (�) and observed (�) distribution of
genes. If Drosophila euchromatin possess expressionthe length of conserved segments under the random breakage

hypothesis (Nadeau and Taylor 1984; Nadeau and Sankoff domains organized by insulators or boundary elements
1998b). The empirical distribution fits in general inside the (Gerasimova et al. 2000; Mongelard and Corces
theoretical distribution as expected because only a subset of 2001), this undoubtedly will influence the molecularall conserved segments has been detected (see text for details).

consequences of inversion breakpoints. We can specu-
late that breaks taking place within trancriptionally inde-
pendent domains will have more disturbing conse-

served in D. repleta. The achaete-scute complex (AS-C) has
quences than those occurring between domains. The

been studied extensively (reviewed in Modolell and
rough agreement between the size of these expression

Campuzano 1998). It spans �90 kb of the X chromo-
domains (Gerasimova et al. 2000) and the average size

some where only six transcription units are separated
of the conserved segments (Table 3) is certainly intri-

by very large stretches of nontranscribed DNA. This
guing and deserves more work. Recent comparisons of

DNA contains many cis-regulatory sequences that core-
yeast genomes show the prevalence of small inversions

gulate the achaete and scute (but not the lethal-of-scute
in gene order evolution between Saccharomyces and

and asense) genes of the complex. The molecular organi-
some Candida species (Llorente et al. 2000; Seoighe

zation of the 210-kb D. melanogaster segment delimited
et al. 2000). A similar result was found when comparing

by the markers 125H10-65F1 has been studied in D.
zebrafish and human genomes (Postlethwait et al.

repleta. This 210-kb segment contains, among others,
2000), supporting the hypothesis that inversions have

the genes of the AS-C (see appendix). When the physi-
been a more frequent force in the shaping of vertebrate

cal maps of this region are compared, only a segment
karyotypes than translocations. Altogether these results

of �130 kb, which includes the genes achaete and scute,
suggest a major role for inversions in the genome shuf-

has been conserved. This gene complex is also con-
fling process (Huynen et al. 2001).

served in D. virilis (Beamonte 1990). Thus, the molecu-
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Llorente, B., A. Malpertuy, C. Neuvéglise, J. Montigny, M. Aigle and Rh4 genes. Proc. Natl. Acad. Sci. USA 88: 10203–10207.
et al., 2000 Genomic exploration of the hemiascomycetous O’Brien, S. J., M. Menotti-Raymond, W. J. Murphy, W. G. Nash,
yeasts: comparative analysis of chromosome maps and synteny J. Wienberg et al., 1999 The promise of comparative genomics
with Saccharomyces cerevisiae. FEBS Lett. 487: 101–112. in mammals. Science 286: 458–481.

Lowenhaupt, K., A. Rich and M. L. Pardue, 1989 Nonrandom Ohno, S., 1967 Sex Chromosomes and Sex-Linked Genes. Springer-Ver-
distribution of long mono- and dinucleotide repeats in Drosoph- lag, New York.
ila chromosomes: correlations with dosage compensation, hetero- Orr, H. A., 1997 Haldane’s rule. Annu. Rev. Ecol. Syst. 28: 195–218.
chromatin, and recombination. Mol. Cell. Biol. 9: 1173–1182. Pardue, M. L., K. Lowenhaupt, A. Rich and A. Nordheim, 1987

Lucchesi, J. C., and D. T. Suzuki, 1968 The interchromosomal (dC-dA)n (dG-dT)n sequences have evolutionary conserved chro-
control of recombination. Annu. Rev. Genet. 2: 53–86. mosomal locations in Drosophila with implication for roles in

Lunde, K., B. Biehs, U. Nauber and E. Bier, 1998 The knirps and chromosome structure and function. EMBO J. 6: 1781–1789.
knirps-related genes organize development of the second wing vein Paterson, J., and K. O’Hare, 1991 Structure and transcription of
in Drosophila. Development 125: 4145–4154. the singed locus of Drosophila melanogaster. Genetics 129: 1073–

Madueño, E., G. Papagiannakis, G. Remmington, R. D. C. Saun- 1084.
ders, C. Savakis et al., 1995 A physical map of the X chromo- Perkins, L. A., I. Larsen and N. Perrimon, 1992 Corkscrew encodessome of D. melanogaster : cosmid contigs and sequence tagged a putative protein tyrosine phosphatase that functions to trans-sites. Genetics 139: 1631–1647. duce the terminal signal from the receptor tyrosine kinase torso.Maier, D., B. M. Marte, W. Schafer, Y. Yu and A. Preiss, 1993 Dro- Cell 70: 225–236.sophila evolution challenges postulated redundancy in the E(spl)

Pletcher, M. T., B. A. Roe, F. Chen, T. Do, A. Do et al., 2000 Chro-gene complex. Proc. Natl. Acad. Sci. USA 90: 5464–5468.
mosome evolution: the junction of mammalian chromosomesMathiopoulus, K. D., A. della Torre, F. Santolamazza, V. Pre-
in the formation of mouse chromosome 10. Genome Res. 10:dazzi, V. Pretarca et al., 1999 Are chromosomal inversions
1463–1467.induced by transposable elements?: a paradigm from the malaria

Postlethwait, J. H., I. G. Woods, P. Ngo-Hazelett, Y. L. Yan,mosquito Anopheles gambiae. Parasitologia 41: 119–123.
P. D. Kelly et al., 2000 Zebrafish comparative genomics and theMcClelland. A., D. F. Smith and D. M. Glover, 1981 Short in-
origins of vertebrate chromosomes. Genome Res. 10: 1890–1902.tervening sequences close to the 5� ends of the three Drosophila

Powell, J. R., 1997 Progress and Prospects in Evolutionary Biology: Thelarval serum protein 1 genes. J. Mol. Biol. 153: 257–272.
Drosophila Model. Oxford University Press, New York.McGinnis, W., A. W. Shermoen and S. K. Beckendorf, 1983 A

Puttagunta, R., L. A. Gordon, G. E. Meyer, D. Kapfhamer, J. E.transposable element inserted just 5� to a Drosophila glue protein
Lamerdin et al., 2000 Comparative maps of human 19p13.3gene alters gene expression and chromatin structure. Cell 34:
and mouse chromosome 10 allow identification of sequences at75–84.
evolutionary breakpoints. Genome Res. 10: 1369–1380.Mitas, M., 1997 Trinucleotide repeats associated with human dis-

Randazzo, F. M., M. A. Seeger, C. A. Huss, M. A. Sweeney, J. K. Cecilease. Nucleic Acids Res. 25: 2245–2253.
et al., 1993 Structural changes in the Antennapedia complex ofModolell, J., and S. Campuzano, 1998 The achaete-scute complex
Drosophila pseudoobscura. Genetics 133: 319–330.as an integrating device. Int. J. Dev. Biol. 42: 275–282.

Ranz, J. M., C. Segarra and A. Ruiz, 1997 Chromosomal homologyMongelard, F., and V. G. Corces, 2001 Two insulators are not
and molecular organization of Muller’s element D and E in thebetter than one. Nat. Struct. Biol. 8: 192–194.
Drosophila repleta species group. Genetics 145: 281–295.Montell, C., K. Jones, C. Zuker and G. Rubin, 1987 A second opsin
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APPENDIX

Cytological localization of the 145 markers hybridized in this study on the polytene chromosomes of D. repleta
(along with 17 markers mapped by other authors)

Hybridization signals

Marker D. melanogaster D. repleta

23E12 X(1A) X(A3i-k)
125H10 X(1B1-4) X(C3b, B3ab)
198A6 (sc) X(1B1-4) X(B3ab)
sca X(1B3) X(B3ab)b

165H7 X(1B3-7) X(B3ab)
171D11 X(1B2-7) X(A4f, B3ab, F4b)
65F1 X(1B7-10) X(F4b)
brc X(2B3-5) X(A1)
dorc X(2B6) X(A1)
hfwc X(2B6) X(A1)
129E12 (arm) X(2B9-16) X(A2d, B3f, C4a)b

arm X(2B15) X(C4a)
csw X(2D3) X(D3d)
28C2 X(2E) X(A2d, B1h, D2f-g)

(continued)
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APPENDIX

(Continued)

Hybridization signals

Marker D. melanogaster D. repleta

156H1d X(3A) X(F1g)
155E2 X(3B2-4) X(B1e)
w X(3C2) X(B4a)
crb (secondary signal)e X(3B) X(B3f)
CG6450 X(4A2) X(C2d-e)
peb X(4C5-6) X(B1a-b)
65G11 X(4D1-7) X(A4b, C3a, E1a, F1c-f)b

CG4165 X(4F9) X(C3b)
142A8 X(5B1-10) X(G1f-g)
Act5Ce X(5C2-5) X(D2h-3a)
143G11 (CG3585, Ubi-p5E) X(5D1-E8) X(A4f, C2h)
CG3585 X(5D6-8) X(A4f)
Ubi-p5Ee X(5E) X(C3a)
Fuma X(5D5) X(D3b-e)b

173C3 (Fum) X(6B1-C13) X(D3f-g)
60H5 X(6F1-7A8) X(C1g-h)
Sxla X(6F5) X(C1g-h)b

125A5 (Sxl) X(6F1-7A8) X(C1g-h)b

DS00188 X(7B1-6) X(E1d)
190F5 X(7D1-22) X(A4a)b

sn X(7D) X(C1c-d)
DS09021 X(8B5-8) X(E3b)
rdgA X(8C4-7) X(E3d)
164F6 X(8D1-12) X(E3g)
190E8 X(8D1-12) X(D2c-d)
Yp2 X(9A4-5) X(F1b)
Yp1 X(9A4-5) X(F1b)
186C8 X(9F1-13) X(D1b)
36A5 X(9F1-10A11) X(D1b)
Lsp1alpha X(10A) 2(D3e)
11G9 X(10A1-2) X(B1e)
DS02496 X(10A1-2) X(A1e-f)
RpII215 X(10C4-5) X(A1d-e)
CG1559 X(10F6-7) X(G2b)
167B1 X(11B1-19) X(A3b)
CG11056 X(11B14) X(A4d)
61A7 X(11B1-C4) X(A3b)
144B11 X(12A1-10) X(D3e)b

CG1716 X(12A) X(F3g), 4(C3cd)
171A8 X(12E1-11) X(F2g, F2j)
191A7 X(12D1-4) X(C3f)
176C7 X(13E1-18) X(C3a)
sd X(13F1-3) X(C4c-e)
8C2 (sd) X(13D1-5) X(D1c-d)
192D9 X(14F1-6) X(G2i)b

116C6 X(14E1-4) X(F4a)
143D3 X(14F1-15A11) X(B2e-f)
148H11 X(15A1-11) X(H1f)
DS05647 X(15E1-4) X(D1g)
194F2 X(15F1-9) X(E3e)
DS04269 X(15F6-9) X(F2h)
96C3 X(16C1-10) X(B1b)
56F9 X(16C1-10) X(B1b, B2b)
199E12 X(16E1-F8) X(A3k)b

114E10 X(16F1-8) X(F2b)
37C10 X(17C1-7) X(E3a)

(continued)
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APPENDIX

(Continued)

Hybridization signals

Marker D. melanogaster D. repleta

DS07456 X(17D1-6) X(A4f)
CG7282 X(17E4) X(B1g)
CG7358 X(17E6) X(E4c-d)
108C8 X(18C1-9) X(A2a)b

60H9 X(18C1-9) X(A2a)
94E9 X(18D1-13) X(D3j)
173H11 X(18D1-13) X(B2f-g)
Zw X(18D) X(B1h)
163H9 X(19E1-8) X(B1b-c)
DS03594 X(19D1-3) X(B1c-d, F3c)
153F10 X(20A1-C3) X(G2d)
DS02945 X(20A1-2) X(C1e)
174F6 X(20A1-C3) 4(G5d)
13F10d 3L(61B1-3) 4(B1i)
klsf 3L(61C4) 4(A1g)b

DS07291 3L(61F) 4(A2c)
DS02777 3L(62A10) 4(E1f)
DS04710 3L(62B11) 4(E1f, A1a)
DS05034 3L(63A1-2) 4(G3f-g)
Hsp83 3L(63C1) 4(E2b)
DS01859 3L(63C5) 4(B3f, C1h)
DS07627 3L(63D1-3) 4(C1h)
DS03985 3L(63E1) 4(B2e)
Ubi-p63Ee 3L(63F2-4) 4(B1d)
ImpL2 3L(64B2) 4(A3a)
DS00926 3L(64D1-2) 4(D3e)
DS02635 3L(64F1-2) 4(E1c)
DS08881 3L(65A6) 4(D4e)
DS05402 3L(65B5) 4(D4d-e)
DS08305 3L(65C1) 4(D4d)
DS00374 3L(65D) 4(C2a)
DS06194 3L(65E1) 4(C1i-C2a)
DS05040 3L(66A1-2) 4(B3e-f)
CG7185 3L(66C) 4(C2a)
ImpE1 3L(66C1-3) 4(B3a)
DS00606 3L(66C8-D2) 4(B3a)
DS00529 3L(66D1-6) 4(C1a)
DS04988 3L(66D10-11) 4(C1b)
DS07824 3L(67A1-2) 4(A5a)
Hsp22-Hsp26 3L(67B1) 4(D1a)
Hsp23-Hsp27 3L(67B1) 4(D1a)
DS03929 (Hsp 22-26, Hsp 23-27) 3L(67B2-7) 4(D5d)
DS03212 3L(67B7-8) 4(E2c)
DS00256 3L(67C1-2) 4(D5c)
DS04653 3L(68A1-2) 4(G3a)
Sod 3L(68A8-9) 4(F4c)
DS01438 3L(68C12-13) 4(F4c-d)
DS05904 3L(68F1-2) 4(F4a)
DS08585d 3L(69A) 4(C3a)
CG10632f 3L(69C4-8) 4(C3g)b

DS08512 (caup, ara) 3L(69D1) 4(C3g)
caup 3L(69D3) 4(C3g)
ara 3L(69D3) 4(C3g)
DS06094 3L(69E6-7) 4(F3b)
DS02826 3L(69F3-7) 4(F1b, F3c)
DS03501 3L(70B1-3) 4(G1e, G4a)

(continued)
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(Continued)

Hybridization signals

Marker D. melanogaster D. repleta

Hsc70-1e 3L(70C) 4(F4a)
DS00192 3L(70E4-5) 4(G2b-c)
DS04421 3L(70F1-6) 4(G1g)
DS07775 3L(71A1-2) 4(G4c)
DS01389 3L(71D1-2) 4(D1a-c)
DS02456 3L(71F1-2) 4(F2f)
DS03598 3L(72C1-D6) 4(C3a,C3i)
Pgma 3L(72D1-5) 4(A1a-g)b

DS01052 3L(72F1-2) 4(A4de)
DS05180 3L(73A2-3) 4(A4b)
trae 3L(73A8-9) 4(A3c)
DS04370 (tra) 3L(73B5-C1) 4(E2d-e)
Rh4 3L(73D3-5) 4(F2g-h)
sina 3L(73D) 4(B4c)
DS00383 3L(73D4-E2) 4(B4c)
DS00052 3L(74A5-B1) 4(B4e)
Eip74EF 3L(74D2-5) 4(C1e-f)
DS03359 (Eip74EF) 3L(74E2-F1) 4(C1e-f)
DS07350 3L(75A1-2) 4(C1d)
DS05726 3L(75C1-2) 4(F1f)b

DS01293 3L(75E2-7) 4(E4g)
DS07819 3L(76A2-4) 4(E4c)
DS00004d 3L(76B3-4) 4(E5e)
DS01645 3L(76F1-2) 4(F4i)
DS00288 3L(77A4-B1) 4(G1b)
DS01393 3L(77B4-C1) 4(E4d-e)
DS01369 3L(77E) 4(E3a)
knie 3L(77E1-2) 4(E3a)
DS00239 3L(77E4-F1) 4(E3a)
DS05090 3L(78A1-2) 4(A3d)
DS00088 3L(78B1-2) 4(G2d, G3d)
DS09130 3L(78E1-F2) 4(E4f)
DS02213 3L(79A3-4) 4(F4g)
Act79Be 3L(79B) 4(F1c)
DS03596 3L(79D4) 4(G4a)
DS03402 3L(80A1-2) 4(A1f)

Genes known to be included in cosmids or P1 phages are enclosed in parentheses after the clone name.
a Naveira et al. (1986); H. Naveira, personal communication.
b Clones hybridized in D. buzzatii.
c Kokoza et al. (1992).
d Clone must be mislabeled as shown by the control hybridization.
e Ranz et al. (1997, 1999).
f Laayouni et al. (2000).


