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Letter

How Malleable is the Eukaryotic Genome?
Extreme Rate of Chromosomal Rearrangement

in the Genus Drosophila

José Maria Ranz,'? Ferran Casals,' and Alfredo Ruiz’

"Departament de Genética i de Microbiologia, Universitat Autonoma de Barcelona, 08193 Bellaterra (Barcelona), Spain

During the evolution of the genus Drosophila, the molecular organization of the major chromosomal elements has
been repeatedly rearranged via the fixation of paracentric inversions. Little detailed information is available,
however, on the extent and effect of these changes at the molecular level. In principle, a full description of the
rate and pattern of change could reveal the limits, if any, to which the eukaryotic genome can accommodate
reorganizations. We have constructed a high-density physical map of the largest chromosomal element in
Drosophila repleta (chromosome 2) and compared the order and distances between the markers with those on the
homologous chromosomal element (3R) in Drosophila melanogaster. The two species belong to different subgenera
(Drosophila and Sophophora, respectively), which diverged 40-62 million years (Myr) ago and represent, thus, the
farthest lineages within the Drosophila genus. The comparison reveals extensive reshuffling of gene order from
centromere to telomere. Using a maximum likelihood method, we estimate that 114 + 14 paracentric inversions
have been fixed in this chromosomal element since the divergence of the two species, that is, 0.9-1.4 inversions
fixed per Myr. Comparison with available rates of chromosomal evolution, taking into account genome size,
indicates that the Drosophila genome shows the highest rate found so far in any eukaryote. Twenty-one small
segments (23-599 kb) comprising at least two independent (nonoverlapping) markers appear to be conserved
between D. melanogaster and D. repleta. These results are consistent with the random breakage model and do not
provide significant evidence of functional constraint of any kind. They support the notion that the Drosophila
genome is extraordinarily malleable and has a modular organization. The high rate of chromosomal change also
suggests a very limited transferability of the positional information from the Drosophila genome to other insects.

[The sequence data described in this paper have been submitted to the GenBank data library under accession

no, AF319441.]

Comparative genomics allows us to infer the rates and
patterns of genome evolution. The comparison of ge-
nomes between distantly related species is made pos-
sible by the construction of high-density linkage and/
or physical maps and will be greatly facilitated and
accelerated by the sequencing of entire genomes in a
handful of archetypal species. Critical to this approach
is that the analysis of linkage (synteny) and order (co-
linearity) relationships must be based on orthologous
coding markers (Type I markers; O’Brien et al. 1997).
Comparative mapping has already yielded important
insights into how the genomes of plants and mammals
have evolved (Paterson et al. 1996; Gale and Devos
1998; O’ Brien et al. 1999).

Drosophila melanogaster was the subject of the first
genetic map (Sturtevant 1913) and the first interspe-
cific comparative study (Sturtevant 1921), and is cur-
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rently the genetically best-characterized insect. Its rela-
tively small (180 Mb) genome, whose euchromatic por-
tion (120 Mb) has been recently sequenced and
annotated (Adams et al. 2000), is the obligatory refer-
ence for comparative genomics in insects. The vast
amount of cytogenetic information accumulated over
the years on many Drosophila species (Krimbas and
Powell 1992; Powell 1997) suggests that the six chro-
mosomal elements (A-F) that constituted the Dro-
sophila ancient genome (Muller 1940; Sturtevant and
Novitski 1941) have maintained their integrity in
many lineages but have been internally rearranged,
most often by the fixation of paracentric inversions.
Recent results using DNA markers and in situ hybrid-
ization mapping (Whiting et al. 1989; Segarra and
Aguadé 1992; Segarra et al. 1995, 1996; Vieira et al.
1997a, 1997b) are consistent with this conclusion.
Nevertheless, comparative studies carried out so far ei-
ther lack resolution or involve only closely related spe-
cies. Even in the most representative lineages of the
genus we still do not know the real extent of chromo-
somal reorganization and whether or not all chromo-
somal regions are equally affected.
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Genome Flexibility in Drosophila

We have investigated how the molecular organi-
zation of the largest chromosomal element (Muller’s
element E), has been modified during the 80-124 Myr
of separate evolution of the two main lineages in the
genus Drosophila, represented by the Drosophila and So-
phophora subgenera (Spicer 1988; Russo et al. 1995).
The study seeks first to determine the rate of genome
reorganization in Drosophila and to compare its dy-
namics with those of other organisms; second, to help
to reconstruct the ancestral Drosophila genome and to
detect those regions, if any, whose conservation could
be the result of selective constraints; third, to throw
light on the limits of genome reorganization; and
fourth, to assess the feasibility of transferring posi-
tional information from the D. melanogaster genome
sequence to other, more poorly characterized, insects.
This transferability has important practical conse-
quences (cross-genome map-based cloning) for insect
species of economic and medical interest.

A detailed physical map of Drosophila repleta chro-
mosome 2 was assembled and its gene arrangement
compared with that of the homologous right arm of
the metacentric chromosome 3 (3R) of D. melanogaster,
whose euchromatic fraction contains 28 Mb of DNA
(Adams et al. 2000). D. repleta belongs to the repleta
species group of the Drosophila subgenus (Wasserman
1992), whereas D. melanogaster pertains to the So-
phophora subgenus (Powell 1997). The complete map
encompasses 160 DNA markers precisely mapped to
the salivary gland chromosome 2 of D. repleta by in situ
hybridization and located accurately on the annotated
nucleotide sequence of D. melanogaster chromosome
3R (Adams et al. 2000). Markers include clones bearing
known protein-coding genes, cosmids, and P1 phages.
The study also comprises a thorough comparative
analysis of four particular chromosomal regions, rang-
ing from ~0.7 to 1.8 Mb, of chromosomal arm 3R.
We have thus been able to produce a general picture of
the evolution of the entire chromosomal element and
to zoom in on certain regions for a finer-scale analysis
at the megabase level. Altogether our work represents
the most comprehensive genome comparison per-
formed between two insect species so far and has re-
vealed that the Drosophila genome is extraordinarily

dynamic and malleable, a finding with important im-
plications.

RESULTS

Chief Map Features

Of the 186 DNA probes assayed by in situ hybridization
on the polytene chromosomes of D. repleta, 154
(82.8%) gave positive results providing 158 ortholo-
gous markers for comparison (supplemental Table 1,
available on-line at http://www.genome.org). Repre-
sentative examples are provided in supplemental Fig. 1
(available on-line at http://www.genome.org). Among
the markers mapped interspecifically, there are genes,
cosmids, and P1 phages. Some of our results have been
reported previously (Ranz et al. 1997, 1999) and are
included here for the sake of completeness only. Two
additional genes mapped by other authors, Hsro (Pe-
ters et al. 1984) and orb (H. Naveira, pers. comm.), have
been included in the final map. The locations of the
160 markers on chromosome 2 of D. repleta and chro-
mosomal arm 3R of D. melanogaster are shown in Fig-
ure 1. Bridges (1935) partitioned the cytological map of
chromosomal arm 3R into 20 sections (81-100). All
sections have markers (8.4 per section on average) ex-
cept section 81. The most proximal and distal markers
are P1 phages DS00385 and DS00911, located near the
centromere (82E1-2) and close to the telomere (100E1-
F5), respectively. All markers, without exception,
mapped to chromosome 2 of D. repleta (Fig. 1). Thus,
this chromosomal element has not been involved in
reciprocal translocations or pericentric inversions since
the divergence between D. melanogaster and D. repleta,
and its gene content has been largely preserved during
a total time span of 80-124 Myr. The euchromatic DNA
content of chromosomal arm 3R is ~28,000 kb (Adams
et al. 2000). Thus, the average marker density in D.
melanogaster is 1 per 175 kb. Chromosome 2 represents
~23% of the euchromatic genome in D. repleta (Wasser-
man 1992) and holds ~35 Mb of DNA (Schulze and Lee
1986). It was divided by Wharton (1942) into 38 divi-
sions; our physical map contains up to 14 markers per
division (4.2 on average), and the average marker den-
sity is 1 per 219 kb. This density is comparable to that

Figure 1 (following page) Large-scale comparison of the gene organization of Muller’s element E between Drosophila melanogaster and
Drosophila repleta. Connecting lines match the cytological position of orthologous markers. Dashed lines point out those markers whose
location can be assigned to a single chromosomal site in D. melanogaster but that produce more than one hybridization signal in D.
repleta. Mapped markers are indicated in blue (genes), green (cosmids), or red (P1 phages). When two or more markers provide
redundant mapping information, only representative markers are shown. For precise mapping location of all the markers in D. melano-
gaster and D. repleta, see supplemental Table 1 (available on-line at http://www.genome.org). Red open rectangles indicate the 21
conserved segments comprising at least two independent (nonoverlapping) markers that presumably represent ancient physical asso-
ciations not disrupted during the evolution of the two compared lineages. Their estimated sizes in D. melanogaster are indicated. Two
genes localized by other authors, Hsro (Peters et al. 1984) and orb (H. Naveira, pers. comm.), are also included. Cosmid 200C9 does not
appear as a single marker but as two sets of independent subclones (Ranz et al. 1999). Chromosomal arm 3R of D. melanogaster is
partitioned into 20 (from 81-100) out of 102 numbered sections in which the D. melanogaster genome is subdivided (Bridges 1935).
Chromosome 2 of D. repleta shows its seven main lettered sections according to Wharton (1942).
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Table 1. High-Resolution Mapping in Drosophila repleta of Markers from Four Regions of
Chromosomal Arm 3R of Drosophila melanogaster

Chromosomal Size Number of Minimum Number of Density (breakpoints
region (Mb) markers coverage breakpoints per Mb) + SD?
83E1-84E1 1.814 21 74.89% 6 3.31 = 1.31
86A4-E2 1.139 13 81.79% 7 6.15 = 2.27
95A1-96A23 1.217 41 75.46% 12 9.86 = 2.78
97B1-E6 0.732 25 74.79% 6 8.20 = 3.30
Total 4.902 100 76.62% 31 6.32 = 1.03

2See Gonzalez et al. (2000)

obtained in the most refined comparative study per-
formed between man and mouse for the human chro-
mosome 7 (Thomas et al. 2000).

Genome Evolution at the Megabase Level

Four chromosomal regions of D. melanogaster chromo-
somal arm 3R, going from ~0.7 to 1.8 Mb in length,
have been investigated in great detail (Table 1). The
100 markers mapped in D. repleta that come from these
D. melanogaster regions yield an average density of one
marker per 49 kb and a minimum coverage of 75%-—
82%. The number of disruptions of the marker order in
each region provides a minimum estimate of the num-
ber of rearrangement breakpoints fixed since the diver-
gence between D. melanogaster and D. repleta. The
breakpoint density thus estimated does not vary sig-
nificantly among the four regions (Table 1), pointing
to a random distribution of breakpoints along chromo-
some arm 3R of D. melanogaster. Extrapolation of the
average density (+SD), 6.32 (+1.03) breakpoints per
Mb, to the entire chromosomal element gives a mini-
mum of 177.07 (*28.88) breakpoints or 89 (+14)
paracentric inversions fixed in this chromosomal ele-
ment between D. melanogaster and D. repleta.

Comparative Mapping of Muller’s Element E

The comparison of gene order and distances between
D. melanogaster chromosomal arm 3R and D. repleta
chromosome 2 (Fig. 1) indicates that element E has
undergone an extensive internal reshuffling that ex-
tends throughout its entire length. Both fixation of
paracentric inversions and gene transpositions could
in principle explain this chromosomal reshuffling.
Paracentric inversions are known to be very abundant
in Drosophila, both as intraspecific polymorphisms and
as interspecific fixed differences (Krimbas and Powell
1992; Powell 1997). However, gene transpositions usu-
ally involve a particular class of genes only, those that
are tandem repeated, like the histone cluster (Steine-
mann 1982; Steinemann et al. 1984) or the 5S RNA
genes (Alonso and Berendes 1975). This kind of gene is
absent from our sample of markers. Furthermore, gene
transposition seems to have a very low rate of occur-

rence in Drosophila. This was corroborated by compar-
ing the molecular organization of chromosome 2 of D.
repleta with that of Drosophila buzzatii, another species
in the repleta group (data not shown). All changes of
location detected can be explained by inversions that
are fixed in this chromosome between both species;
therefore, on the basis of our sample of 160 markers,
no detectable gene transposition has taken place since
the divergence between D. repleta and D. buzzatii, 22—
15 Myr ago (Spicer 1988; Russo et al. 1995). Accord-
ingly, we have considered that paracentric inversions,
rather than transposition, are chiefly responsible for
the observed pattern of disruption of colinearity.

An unbiased estimate of the number of fixed in-
versions can be obtained using a maximum likelihood
(ML) method (Ranz et al. 1997) that assumes a random
distribution of breakpoints along the chromosome in
the reference species (D. melanogaster). This assump-
tion seems to hold true in our case (see below). Our ML
method, unlike the method of Nadeau and Taylor
(1984), does not require a random distribution of
markers through the genome. Our sample of markers
combines those selected to cover four particular re-
gions, with additional markers spread throughout
chromosomal arm 3R. Furthermore, our method
makes full use of the information about both con-
served and nonconserved chromosomal segments. Ap-
plication of this ML method to our data (Fig. 1) yielded
an estimate of 228 (+28) fixed breakpoints, that is,
114 = 14 fixed inversions. This rate is consistent with
the minimum estimate previously calculated from de-
tailed data at the megabase level as indicated by the
wide overlapping of their respective 95% confidence
interval.

Finally, 21 chromosomal segments comprising at
least two independent (nonoverlapping) markers have
seemingly been conserved between D. melanogaster
and D. repleta (Fig. 1). These conserved segments are
quite small with sizes ranging in D. melanogaster from
23-599 kb (188 kb on average).

Colinearity Conservation

By using nonparametric correlation tests, we deter-
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Figure 2. Randomization of chromosomal gene content after
fixation of an increasing number of inversions. The conserved
segments defined by at least two consecutive and independent
markers (nonoverlapping) were considered as a single effective
chromosomal site. This yielded a total of 87 positions for the
analysis. Solid circles represent the mean values of Spearman’s p
from 1000 runs. Open circles represent the percentages of runs
with a Spearman’s p >0.3, that is, a correlation similar to that
found between Drosophila melanogaster and Drosophila repleta.

mined whether or not the gene organization of chro-
mosomal element E has been randomized between D.
melanogaster and D. repleta. A nonsignificant correla-
tion between the rank order of markers in two species
can be taken as evidence of random organization of the
gene content of a particular element. In our case, how-
ever, a significant correlation of gene order was found
between chromosome 2 of D. repleta and arm 3R of D.
melanogaster (four and 10 ties in D. melanogaster and D.
repleta, respectively, Spearman p = 0.336, P =0.001;
Kendall 7=0.217, P =0.003), considering 87 effective
chromosomal sites (see Fig. 2 legend for details). This
correlation is unexpected given the estimated number
of fixed paracentric inversions if these were generated

Table 2. Rates of Chromosome Evolution in Different Taxa

and fixed at random. Computer simulations showed
that after fixation of only 60 inversions, the chromo-
somal gene content is completely randomized in >95%
of runs, and with 110 inversions, a significant correla-
tion >0.3 is only found in 1.8% of cases (Fig. 2).

DISCUSSION

Rates of Chromosomal Evolution

We have estimated that 114 + 14 paracentric inver-
sions have been fixed in Muller’s element E between D.
repleta and D. melanogaster. The low coefficient of
variation of this estimate (12%) and its agreement with
the lower bound of 89 + 14 obtained by the in-depth
analysis of four particular chromosomal regions sup-
port its high reliability. Considering the divergence
time between the Drosophila and Sophophora subgenera
(Spicer 1988; Russo et al. 1995), we estimate an evolu-
tion rate of 0.9-1.4 chromosomal inversions fixed per
million years. Table 2 shows a comparison of this rate
with those observed in other eukaryotes. We have used
the number of disruptions per Mb per Myr to standard-
ize the data because the genome size and type of chro-
mosomal rearrangements vary among species. Our es-
timate is similar to that obtained by Segarra et al.
(1995), who compared the physical maps of chromo-
some X between D. melanogaster and Drosophila pseu-
doobscura with a smaller number of markers. Alto-
gether, the estimates in Drosophila show that its ge-
nome evolves two orders of magnitude faster than that
of mammals and at least fivefold faster than the most
dynamic plant genomes, the Arabidopsis-Brassica clade.
The limited density of orthologous markers in many
comparisons can not explain such a huge disparity in
rates of evolution.

Chromosomal Divergence Genome size Disruption

Comparison disruptions Method time (Myr) studied (Mb) per Mb per Myr
Drosophila melanogaster/

Drosophila repleta 228 RSR 62" 28m-35" 0.06567-0.05253
Drosophila melanogaster/

Drosophila pseudoobscura 1122 NT 30 22™m° 0.08485
Homo sapiens/Mus musculus 180° NT 114 3000P-2700P 0.00026-0.00029
Homo sapiens/Sus scrofa 35¢ NT 93 3000P-2700P 0.00006-0.00007
Mus musculus/Sus scrofa 77¢ NT 114 2700P 0.00013
Homo sapiens/Capra hircus 100¢ NT 93 3000°1 0.00018
Mus musculus/Capra hircus 1874 NT 114 2700P-30001 0.00030-0.00027
Arabidopsis thaliana/Brassica nigra 90¢ NT 35) 120-360° 0.01071-0.00357
Lycopersicon/ Capsicum ssp. 22f Direct count 40% 950"-1900/3800" 0.00029-0.00010
Zea mays/Sorghum bicolor 159 Direct count 24! 2500-760" 0.00013-0.00041

RSR, see Ranz et al. (1997); NT, see Nadeau and Taylor (1984).

?Segarra et al. (1995); PEhrlich et al. (1997); ‘Johansson et al. (1998); d‘SchibIer et al. (1998a); °Lagercrantz (1998); Livingstone et al.
(1999); SWhitkus et al. (1992); "Spicer (1988); ‘Throckmorton (1975); jJanke et al. (1994); “Paterson et al. (1996); 'Gaut and Doebley
(1997); MAdams et al. (2000); "Schulze and Lee (1986); °Powell (1997); PDear (1997); 9Schibler et al. (1998b); "Arumuganathan et

al. (1991).
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Three different factors may contribute to this ex-
treme rate of chromosomal rearrangement in Dro-
sophila: a shorter generation time, a greater mutation
rate, and a less detrimental effect on fertility of inver-
sions, which accordingly would have a higher fixation
probability. In Drosophila, crossing over is suppressed
in males and significantly reduced within the inver-
sion segment in heterokaryotypic females, particularly
in case of small inversions, for mechanical reasons (Na-
varro and Ruiz 1997). Furthermore, single crossovers
within the inversion segment produce no inviable zy-
gotes because the resulting unbalanced chromosomes
are always set into the polar bodies due to the ordered
oogenesis (Sturtevant and Beadle 1936; Carson 1946).
Only four-strand double crossovers within the inver-
sion segment, which are likely significant in large in-
versions only, yield unbalanced gametes (Navarro et al.
1997). However, in mammals and plants, unlike Dro-
sophila, most heterozygotes for chromosomal rear-
rangements have reduced fertility (White 1973; Burn-
ham 1980).

Patterns of Genome Evolution in Drosophila

We have detected 21 associations of markers (Fig. 1),
which appear to have been conserved since the diver-
gence of D. melanogaster and D. repleta, that is, they
were present in the genome of their common ancestor.
Natural selection might be invoked to explain their
preservation, implying that because of functional con-
straints, the gene organization of these segments can
not be disrupted without detrimental consequences.
Alternatively, these segments could be the by-product
of the fixation of rearrangements with randomly dis-
tributed breakpoints (Ohno 1973; Nadeau and Taylor
1984). The random breakage (RB) hypothesis can be
tested by computing the probability of recovering by
chance a chromosomal segment with a relative size
equal to or larger than the observed value: P =e ",
where 2n is the number of fixed inversion breakpoints
and [/ is the relative segment size (Nadeau and Taylor
1984; Ranz et al. 1999). Within the sample of 21 con-
served segments detected, only one is large enough
(599 kb) to give a significant result (P = 0.0073). How-
ever, with 114 fixed inversions, we would expect to
find 228 x 0.0073 = 1.66 segments as large as this one
in chromosome 2 of D. repleta under the RB model.
Thus, there is no firm evidence to reject the RB model,
that is, evidence for functional constraint. The extraor-
dinary malleability of the Drosophila genome is epito-
mized by the organization of the Hox complex, which
is widely conserved in the animal kingdom (Ruddle et
al. 1994). In Drosophila, by contrast, the presumed
single Hox ancestral complex has been disrupted at
least twice: one split between Antp and Ubx took place
in the lineage leading to D. melanogaster (Lindsley and
Zimm 1992) and the other one between Ubx and abd-A

occurred in the lineage leading to D. repleta (Fig. 1) and
Drosophila virilis (von Allmen et al. 1996).

Our results point to a modular organization of the
Drosophila genome. The proper function of each gene
would depend essentially on the physical conservation
of its own regulatory sequences located in its immedi-
ate vicinity and not on interactions with the surround-
ing genes. Thus, any module (the gene plus its regula-
tory sequences) can change its localization within the
euchromatin without loss of function. Hox genes ap-
pear to be consistent with this view. They are largely
autonomous, each with independent regulatory ele-
ments apparently insulated from the others (Karch et
al. 1994; Hagstrom et al. 1996). Conversely, in verte-
brates such genes possess shared regulatory elements,
and their regulation seems to require tight colinear
clusters (Gérard et al. 1996; Gould et al. 1997). There-
fore, there are fewer functional constraints keeping
Hox genes together in Drosophila. A few exceptions to
this modular organization where two close genes are
coregulated have been reported in Drosophila (Andrews
et al. 1996; Brogna and Ashburner 1997; Zhang et al.
1999). In these cases, the interaction in cis established
between the neighboring genes could prevent chromo-
somal disruption (Lundin 1993). However, our results
suggest that these kinds of interactions are not com-
mon, and when they occur must involve genes in-
cluded in short chromosomal stretches only.

If the Drosophila genome has a modular organiza-
tion, how can we account for the unexpected correla-
tion found for the gene order between D. melanogaster
and D. repleta? This correlation would be consistent
with the existence of underlying functional constraints
acting on a regional, rather than local, scale. There is,
however, another more parsimonious explanation. If
large inversions have a low probability of fixation be-
cause of their fertility effects (Navarro et al. 1997),
which seems to be the case (Caceres et al. 1997), then
the randomization of gene order would proceed at a
slower rate than is implied in Figure 2. Computer simu-
lations with 110 fixed inversions of an allowed relative
size not >30% of the chromosome yielded correlation
coefficients >0.3 in 41.2% of runs (results not shown),
which supports this simpler explanation.

Transferability of Positional Information

from the D. melanogaster Genome

Synteny conservation has been reported among mos-
quitoes and D. melanogaster (Matthews and Munster-
mann 1994). However, the indispensable condition for
a useful transfer of mapping information is the addi-
tional conservation of colinearity. The high rate of evo-
lution found in Drosophila limits the transfer of such
information from the D. melanogaster genome to other
insects. The crucial parameter is the size of the con-
served chromosomal fragment, which under the RB

Genome Research 235
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

Ranz et al.

model is a function of the rate of chromosomal change
and the time elapsed since the divergence from the
common ancestor. Using the average rate in Drosophila
of ~1.85 disruptions per million years, we have calcu-
lated the likelihood of conservation of a chromosomal
segment as a function of its size at three different phy-
logenetic distances, that is, divergence times. The re-
sults, shown in Figure 3, are offered as a first approxi-
mation only. Variation in evolution rate among chro-
mosomal elements (Vieira et al. 1997a; Gonzélez et al.
2000) and among phylogenetic lineages should be con-
sidered. For example, inversions and translocations are
found in different mosquito genera and Chironomus,
while only the latter are observed in Ceratitis and
Musca (White 1973; Matthews and Munstermann
1994). Nevertheless, some useful predictions can be
made. Only nearby genes in D. melanogaster are ex-
pected to be still adjacent in different insect orders (Fig.
3). This could be the case with engrailed and invected,
two genes 15 kb apart in D. melanogaster (Goldsbor-
ough and Kornberg 1994; Adams et al. 2000), which
seem to be also together in Bombyx mori (Wu et al.
1999). Information transferability within the genus
Drosophila is much easier within the Sophophora subge-
nus than between different subgenera (Fig. 3). How-
ever, even in the latter case, the D. melanogaster ge-
nome may be useful over short chromosomal dis-
tances. For instance, chromosome 2 of D. repleta can be
envisaged as a collection of 229 fragments homologous
to those in chromosomal arm 3R of D. melanogaster
with a predicted average size of 122 kb. Despite this
small size, positional information from D. melanogaster

30 Myr
————— 60 Myr
——— 250 Myr

Likelihood of conservation

400 500 600 700
Segment size (kb)

Figure 3. Potential transferability of positional information from
Drosophila melanogaster to taxa at different phylogenetic dis-
tances. The probability that a chromosomal stretch with a relative
length / has not been disrupted after the fixation of 2n break-
points is P= e~ 2". 2n depends on the evolutionary divergence
time between lineages compared. Divergence times indicated in
the chart X 2 were taken from the comparisons among groups of
species within the Sophophora subgenus (Throckmorton 1975),
among subgenera within the Drosophila genus (Spicer 1988),
and among some of the main insect orders (Friedrich and Tautz
1997), respectively. A rate of 1.85 disruptions per Myr was as-
sumed in all cases.
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was used for cloning purposes in a distantly related
species included in the Drosophila subgenus (Caceres et
al. 1999).

METHODS

Flies

The following species and stocks were used: D. melanogaster
(Canton S), D. repleta (1611.2 and 1611.6 from The National
Drosophila Species Resource Center, Bowling Green, Ohio), D.
buzzatii (st-1), D. hydei (HY-8), and D. virilis (VIR-Tokyo).

DNA Probes

Eighty-three gene clones, 51 cosmids, and 52 P1 phages were
used as probes. Thirty-seven gene clones and 31 cosmids were
hybridized previously (Ranz et al. 1997, 1999), and the re-
maining clones, 118, have been hybridized in this work. Most
gene clones come from genomic or cDNA D. melanogaster li-
braries and were kindly provided by different authors (supple-
mental Table 2, available on-line at http://www.genome.org).
The D. buzzatii double sex (dsx) clone was isolated by PCR
(supplemental Table 2), and the PCR product was cloned into
a PGEM-T vector (Promega) and sequenced with an ALF ex-
press DNA automated sequencer (Pharmacia Biotech).
BLASTX (Altschul et al. 1997) gave a probability of matching
by chance with dsx sequences from D. melanogaster and
Bractocera tryoni lesser than E-16, confirming the identity of
the cloned sequence (GenBank accession no. AF319441). Cos-
mids and P1 phages belong to the D. melanogaster libraries of
the European (EDGP 2000) and Berkeley (BDGP 2000) Dro-
sophila Genome Projects, respectively. DNA preparation was
performed essentially as described in Sambrook et al. (1989)
for recombinant plasmids, recombinant phages and cosmids,
and as in Hartl and Lozovskaya (1995) for P1 phages.

Construction of the Map and in situ Hybridization

All clones were hybridized to the salivary gland chromosomes
of the source species (D. melanogaster in most cases) as control.
When assayed on the chromosomes of D. repleta, 63 gene
clones (75.9%), 48 cosmids (94.1%), and 43 P1 phages
(82.7%) yielded detectable hybridization signals (supplemen-
tal Table 1). Most clones gave a single signal (see supplemen-
tal Fig. 1), but seven gene clones, nine cosmids, and five P1
phages produced two or more hybridization signals. Five of
those genes (Act87E, Hsp70A, Hsp70B, Pp1-87B, and
NDsubFC4) belong to gene families whose members are con-
served and dispersed through the genome. In these cases, as
discussed previously (Ranz et al. 1997), the strongest signal
invariably corresponds to the chromosomal site of the probed
gene. Four markers identified from consistent secondary sig-
nals (Hsc70-2, Hsc70-4, Hsp68, and Act88F) were included in
the final map. In the case of cosmids and P1 phages that
produce several hybridization signals in D. repleta, we have
considered that the clone encompasses a rearrangement
breakpoint fixed during the divergence of D. melanogaster and
D. repleta as the most likely explanation. Evidence supporting
this interpretation has been provided elsewhere (Ranz et al.
1999).

Salivary gland chromosome preparation, probe labeling
by nick translation, hybridization, and detection were carried
out for all species as described (Ranz et al. 1997) except that
hybridization to D. repleta chromosomes was performed at
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25°C instead of the usual 37°C for control hybridizations. Mi-
crographs were taken by phase contrast with a Nikon Opti-
phot-1 microscope and a Nikon H-III photomicrographic sys-
tem at 600 X magnification using EKTAR-25 Kodak film and a
blue filter. The localization of probes was determined using
the photographic map (Lefevre 1976) and the electron mi-
croscopy map (Heino et al. 1994) of D. melanogaster. For D.
repleta, we used the map drawn by Wharton (1942).

Analysis of the Degree of Genome Rearrangement

Given the variable marker density throughout chromosomal
arm 3R, the maximum likelihood method described by Ranz
et al. (1997), which does not assume any particular marker
distribution, was used. To apply this method, markers were
anchored in the genome sequence of the reference species, D.
melanogaster. Then, all the chromosomal segments delimited
by neighboring markers were checked for conservation in D.
repleta and their sizes estimated using precise molecular infor-
mation (Adams et al. 2000; BDGP 2000). Genes and P1 phages
containing STS were easily anchored in the sequence of chro-
mosomal arm 3R and their sizes determined. For some P1
phages and cosmids, molecular information was not avail-
able. In these cases, an open reading frame mapped to the
same cytological position was used as a reference and assumed
to be the midpoint of the clone. When unknown, an average
size of 80 and 40 kb was assumed for P1 phages and cosmids,
respectively (Siden-Kiamos et al. 1990; Sternberg 1990; Smol-
ler et al. 1991). Southern analysis and comparison of restric-
tion profiles were performed when necessary to test for the
inclusion of a gene within a cosmid or P1 phage or for pos-
sible overlap between adjacent clones (see Ranz et al. 1999 for
methods). For genes, as well as for cosmids and P1 phages that
yielded only one hybridization signal on D. repleta chromo-
some 2, it was assumed that no chromosomal disruption oc-
curred during the evolution of these two lineages, that is, they
are conserved. A total of 60 genomic stretches fit into this
category, while the remaining 83 were considered noncon-
served (seven containing exactly one breakpoint, three ex-
actly two, one exactly three, and 72 at least one).

Computer Simulation

The randomization of gene order in a chromosome subject to
the sequential fixation of paracentric inversions was studied
by computer simulation. Briefly, an ideal chromosome con-
sisting of 3500 positions (genes) with the same marker ar-
rangement as in D. melanogaster chromosomal arm 3R was
simulated. Increasing numbers of inversions with a random
distribution of breakpoints were then generated, and each
time Spearman’s coefficient of rank correlation between the
initial and final marker arrangement was calculated. Each
simulation was repeated 1000 times.
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