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Abstract

The genome sequence of a second fruit fly, D. pseudoobscura, presents an opportunity
for comparative analysis of a primary model organism D. melanogaster. The vast
majority of Drosophila genes have remained on the same arm, but within each arm gene
order has been extensively reshuffled |eading to the identification of approximately 1300
syntenic blocks. A repetitive sequenceis found in the D. pseudoobscura genome at many
junctions between adjacent syntenic blocks. Analysis of this novel repetitive element
family suggests that recombination between offset el ements may have given rise to many
paracentric inversions, thereby contributing to the shuffling of gene order in the D.
pseudoobscura lineage. Based on sequence similarity and synteny, 10,516 putative
orthologs have been identified as a core gene set conserved over 35 My since divergence.
Genes expressed in the testes had higher amino acid sequence divergence than the
genome wide average consistent with the rapid evolution of sex-specific proteins. Cis-
regulatory sequences are more conserved than control sequences between the species —
but the difference is dlight, suggesting that the evolution of cis-regulatory elementsis
flexible. Overal, apicture of repeat mediated chromosomal rearrangement, and high co-
adaptation of both male genes and cis-regulatory sequences emerges as important themes

of genome divergence between these species of Drosophila.
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Introduction

Comparative genome sequencing is an important tool in the ongoing effort to
exploit conservation to annotate and analyze genes, cis-regulatory elements and
architectural features of genomes. The structure of the genetic code facilitates
identification of conserved protein-coding regions (1), while approaches such as
“phylogenetic footprinting” may aid the identification of functional non-coding elements.
A recent study of four Drosophila species (2) suggested that the sequence divergence
between D. pseudoobscura and D. melanogaster is appropriate for the identification of
cis-regulatory regions. Such a comparison also provides support for gene predictions,
allows conserved protein-coding sequences to be identified and isamajor rational for the

D. pseudoobscura genome sequencing proj ect.

Comparative genomic sequencing can also provide insights into the evolutionary
mechanisms of genome rearrangment, which is of special interest in these species.
Drosophila has been amodel system for studying the evolution of chromosomes and gene
order(3, 4). Many chromosomal rearrangements have negative fitness consequencesin
many organisms because of he deleterious effects of segmental aneuploidy resulting from
chromosomal segregation (reciprocal translocations and transpositions) or recombination
(pericentric inversions) (5). In Drosophila, however, specia features of meiosis avoid
the negative fitness effect for one class of rearrangements — paracentric inversions
(inversions with both breakpoints on the same chromosome arm). In male meiosis there
isno crossing over and hence no recombinant aneuploid dicentric/acentric gametes. In

female meiosis, where crossing over does occur, the dicentric/acentric recombinant
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chromosomes are directed into polar bodies rather than the functional gamete (6). Asa
result, paracentric inversions are highly polymorphic within populations of most

Drosophila species (7) and some of these inversions become fixed during speciation.

Sturtevant and Dobzhansky discovered a wealth of naturally occurring
chromosomal inversion polymorphismsin D. pseudoobscura, predominantly on the third
and X chromosomes (8), through an examination of salivary chromosomes (9).
Dobzhansky first used paracentric inversion events to reconstruct relationships among D.
pseudoobscura and D. persimilis third chromosomes (10). Genes within the D.
pseudoobscura chromosomal inversions are likely targets of selection as the polymorphic
gene arrangements form stable geographic clines (10), altitudinal clinesin certain
populations (11), seasonal cycling (11) and exhibit high levels of linkage disequilibrium
(12). The accumulation of sequence differences among inverted chromosomes can lead
to increased phenotypic variation and may contribute to the formation of new species (13,
14). Random breakage (15, 16), transposon-mediated recombination (17-21), and fragile
breakpoints (22, 23) have been suggested as possible mechanisms for generating
paracentric inversionsin natural populations, but thereislittle definitive evidence. Our
study provides a unique opportunity to explore the origin of these rearrangements by

comparing whole descendant chromosomes.
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Genome sequence of D. pseudoobscura

Using a whole genome shotgun method we produced 2.6 million sequence reads and
assembled them into a high quality draft genome sequence. The sequence is comprised

of 755 scaffolds with an N50 of 1.0 Mb, covering atotal of 139 Mb (Table S1). These
scaffolds can be placed into 17 ultra-scaffolds anchored onto the six chromosomal arms
or Muller’s elements (24). These ultra-scaffolds have an N50 of ~ 12 Mb, with Muller’'s
element C and E covered by single ultra-scaffolds, Muller’s B comprises 4 ultra-scaffolds
and Muller’s A and D have 5 and 6 ultra-scaffolds respectively. The chromosome arms
of D. pseudoobscura are approximately 17% bigger than that of D. melanogaster with the

exception of Muller’s element C which is approximately the same size (Table S2).

Chromosomal evolution

Comparison of the D. pseudoobscura and D. melanogaster genome sequences identifies
conserved linkage blocks and the associated rearrangement breakpointsin the two
lineages. Despite strong conservation of sequence blocks within the 5 orthologous
chromosome arms, each chromosome arm has experienced extensive internal shuffling
much of which can be interpreted as a sequential series of paracentric inversions (Fig. 1).
The paracentric rearrangements have produced a mean conserved linkage block size of
10.6 genes, or 83 kb in length, (see Fig S1 for size distribution). No large inter-arm
translocations were observed (with one possible exception), consistent with previous
small-scale analyses (25). D. pseudoobscura scaffold 7059 2327 had a mixture of best

hits from genes located at the base of 2L and 2R in D. melanogaster. This may reflect a
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class of pericentric inversions, whose breaks are so proximal on each arm that
recombination does not overlap the inversion, allowing them to be tolerated without loss
of fitness. Such asimilar pericentric inversion has been observed within the
melanogaster species subgroup (26), and it is possible that the D. melanogaster gene
distribution between proximal 2L and 2R is not ancestral.
Single gene transpositions between Muller el ements were observed, and in some cases a
lack of intronsin one ortholog indicates that these arose through retrotransposition
events. Analysisof 27 well-defined retrotransposition events showed that 11 were from
the D. melanogaster X chromosome to aD. pseudoobscura autosome (probability <
0.01), suggesting that gene movement away from the X chromosome is favored,
consistent with observations made by Betran et al. (27). Thusfar, transcripts from 7 of
the 11 D. melanogaster derived from the X to autosome transpositions have only been
found in testis-derived EST libraries. Thisis consistent with the hypothesis that the
selective pressure for autosomal testis-specific gene expression, to retain these gene
functions during male gametogenesis may be the evolutionary force underlying the
biased pattern of retrotransposition (27)
Chromosomal rearrangements

Transposabl e elements are obvious candidates as causal agents for rearrangement
of Drosophila chromosomes (17-21, 28-35) through recombination between offset copies
of an element in reverse orientation. The junctions between adjacent syntenic blocks
represent rearrangement breakpoints that have occurred in both lineages since the two

species diverged. Most of the rearrangement breakpoints represent interspecific
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inversions long ago fixed in one or the other lineage, but afew are intraspecific
polymorphic inversions that happened to be in the sequenced strains of D. pseudoobscura
and D. melanogaster.

If abracketing pair of reverse-orientated transposable elements had caused a
specific inversion, junction fragments between the relevant syntenic blocks might retain
common sequences that will then degrade over time. Divergent copies of a properly
located repetitive element were sought through a computational analysis of one pair of D.

pseudoobscura polymorphic inversion breakpoints and 921 fixed breakpoints.

I dentification of I ntraspecific Inversion Breakpoints.

The D. pseudoobscura genomic sequence was determined from astrain
homozygous for the Arrowhead series of four polymorphic inversion events on Muller’s
C (36, 37). Syntenic block analysis was used to identify the Arrowhead inversion
breakpoints, which were then confirmed by PCR amplification across the breakpoints
(Fig. 2).

The proximal Arrowhead inversion breakpoint occurred between two syntenic
blocks that were not contiguous in D. melanogaster indicating that an additional
rearrangment breakpoint has occurred at this position. The distal breakpoint, on the other
hand, occurred within a 307 kb D. melanogaster conserved linkage block that split into
67 and 240 kb blocks. The two breakpoints define a6.0 Mb inverted region of Muller’s

Cin D. pseudoobscura that is predicted to have 775 putative orthologs, any of which
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could be selective targets that alter inversion frequencies in southwestern United States
populations (38).

The junctions between syntenic blocks for the proximal and distal Arrowhead
breakpoints, as defined by their flanking syntenic blocks, are each approximately 3 kb in
length. Comparison of the junction revealed shared, short conserved sequence motifs
sequences (which will be referred to as breakpoint motifs) that varied in length from 128
to 450 bp (Figure S2). The breakpoint motifs are in reverse orientation relative to each
other, consistent with them representing the vestiges of a pair of transposable elements
that recombined to produce the arrowhead inversion. The breakage event between
elements was staggered, at opposite ends of a 128 bp matching sequence (Fig. S2). The
sequences show no significant similarity to any known Drosophila sequences and we
have been unable to detect coding function for either atransposase or areverse

transcriptase near the conserved breakpoint motifs.

Analysis of I nter specific Breakpoints.
Junctions between syntenic blocks from the six Muller elements were extracted from D.
pseudoobscura and D. melanogaster genomic sequence (Table S7 and Fig. S3).
Junctions without inferred gaps had an average length of 5.6 kb, and tend to be A/T rich
sequences with amean A+T content of 60 % (Table S3).

The breakpoint motif found at the two Arrowhead breakpoints of D.
pseudoobscurais aso found at moderate frequencies at other synteny breakpoints. Over

60 % of the breakpoint sequences had sequence similarity to at least one other breakpoint
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within its chromosomal arm (Table $4), this similarity is entirely due to the breakpoint
motif. Each chromosomal arm had at |east one breakpoint that matched over 40% of
breakpoint sequences, supporting the idea that the breakpoint motif constitutes asingle
repetitive element family that has numerous degenerate copiesin the D. pseudoobscura
genome. Breakpoints on Muller elements C and E have higher mean inter-breakpoint
match fractions than Muller elements A, B, and D with a non-parametric Kruskal-Wallis
test. The distribution of match fraction for breakpoints on the five major Muller elements

isshownin Fig. S3.

Fig $4 shows the degree of similarity among breakpoint sequences compared to
the two arrowhead breakpoint sequencesin a Percent Identity Plots (39) (PIPs). PIPs
show that each interspecific breakpoint sequence matches similar regionsin the proximal
or distal Standard to Arrowhead breakpoints without respect to the chromosomal arm that
the breakpoints were drawn. The length of sequence that matches among interspecific

breakpoints is 25 to 601 bp for a 95% confidence interval.

Distribution of the breakpoint motif. The repeat sequence isfound at other
locations in the genome, but the frequencies are much reduced (Table 1). The breakpoint
motif isfound at the highest frequencies at junctions between syntenic blocks (33.8 -
42.6%), at moderate frequencies in noncoding sequences (10.3 - 15.3 %), and at minimal
frequenciesin coding regions (0.4 to 0.8%). These observed frequency differences are

significantly different from each other with chi-square heterogeneity tests.
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We examined the relationship of the breakpoint motif to paracentric inversions
more closely on Muller element C (Fig. 3). Of 80 breakpoint motif containing junctions
between syntenic blocks on Muller element C, 18 are apparently the result of ssmple 2
break rearrangements occurring between two ancestral syntenic blocks. Hypothesized
inversion events in these nine cases, we find that the rearrangements unite adjacent
conserved linkage groups in both species. Fig. 3 also shows that the orientations of
repeats tend to alternate more frequently than expected at random based on a runs test
(40) (t=2.20, P<0.05). The other 62 breakpoints cannot be explained as simple 2-break

events, perhaps because they have been involved in multiple rearrangements.

Other transposabl e elements were found in the junctions between syntenic blocks,
but the junctions were not enriched for these known transposable elements. For example,
some D. pseudoobscura breakpoints had sequences similar to the mini-me element (41),
which uses reverse transcriptase for retrotransposition (42). The mini-me element is
found at alower frequency at breakpoints than the breakpoint motif (3.4% vs. 38.9 %)
and is not found at significantly different frequencies between breakpoints and noncoding
regions with chi-square heterogeneity tests.

A phylogeny of the breakpoint motifs, which are 85% identical on average, (Fig.
S5) is star-like suggesting that the breakpoint motif has rapidly radiated throughout the D.
pseudoobscura genome. Breakpoint motifs fail to form monophyletic clusters by
chromosome or region of origin, rejecting the idea that these elements are uniqueto a
particular chromosome or have diversified based on their chromosome of origin. Also,

breakpoint motifs from the same local genomic region are not more similar than
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sequences separated by longer distances. In fact, the two motifs that were the most

similar in this subset of sequences are from different chromosomes.

Conservation of genes between D. pseudoobscura and D. melanogaster

To gain agenera picture of the level of conservation of genes between D. pseudoobscura
and D. melanogaster, we examined both the nucleotide and amino acid sequences of the
orthologous genes. Using the filtered global BLASTZ alignment and the D.
melanogaster 3.1 gene model annotations, we were able to investigate the conservation of
gene features between D. pseudoobscura and D. melanogaster. Fig. 4 shows the degree
of sequence conservation in promoter regions, upstream regions, untranslated regions
(UTR’s), coding regions, introns and other parts of the gene, averaged over alarge
number of orthologous D. pseudoobscura - D. melanogaster gene pairs. The average
identity of coding sequence at the nucleotide level is approximately 70% for thefirst and
second bp of the codon, and 49% for the wobble base. Intron sequences are
approximately 40% identical, UTRs 45 —-50%, and protein binding sites from the
literature 63%. Genome-wide aligned sequences are 46% identical. We aso examined
sequence conservation at the protein level. Fig. S6 depicts the percent amino acid
identity of aligned orthologous protein sequences as a frequency histogram for
alignments for different percentage identity. The vast majority of protein sequences
show greater than 70% amino acid identity, with a peak around 85%. Proteinswith ESTs

derived from testis-specific libraries had a mean amino acid identity of 60%
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M ale-specific proteins areless conserved than others.

We searched for D. melanogaster genes for which no ortholog could be found in the
entire D. pseudoobscura sequence set including unassembled sequence reads. We
focused on cases where the syntenic neighbors of the D. melanogaster orthologs of the
missing D. pseudoobscura gene were present. We found 75 such genes, 20 of which
contained no introns, suggesting they might be the result of aretrotransposition event. It
isimpossible to ascertain the origins of this class of genes without additional data, but of
the 20 intronless D. melanogaster genes not found in D. pseudoobscura, 11 were male
specific, based on representations in testis-derived EST libraries (chi-square value = 59.7,

df =1, p < 0.00001).

Further comparison of D. melanogaster ESTs from testis libraries to the D.
pseudoobscura draft sequence found that testis-derived ESTs identify D. melanogaster
genesthat arefar less likely to have putative orthologs in the D. pseudoobscura draft
sequence than D. melanogaster genes with ESTs from other libraries. We could find no
TBLASTN hit in the D. pseudoobscura sequence for 20% (1445 of 7300) of testis
derived ESTs, compared to 13% (773 of 6000) of non-testis ESTs (3°= 113, p <
0.00001). Further, in 761 cases where putative orthologs genes with testis-derived ESTs
could be identified, the mean identity was ~15% more divergent than for other orthologs

(p<e75, Fig. S6).

Evolutionary analysis of divergence of orthologous gene pairs
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The ratio of divergence at amino-acid replacement (nonsynonymous) sites (dy) to
synonymous sites (ds) can be informative of the long-term evolutionary dynamics of a
gene. We calculated maximum likelihood estimates of the synonymous and
nonsynonymous divergence rates between D. pseudoobscura and D. melanogaster. The
median number of synonymous substitutions per synonymous site was 1.79, and the
median number of nonsynonymous substitutions per nonsynonymous site was 0.14, with
a skewed distribution around both values (Fig. S7). Estimates of median dsfor XL, XR
and the autosomes were 1.82, 1.75, and 1.81, indicating that all have a mean with
multiple hits per site. Asthe high level of synonymous divergence between D.
pseudoobscura vs. D. melanogaster gene sequences resulted in low power and low
reliability to detect positive selection (dy/ds > 1) using the dy/ds ratio, an alternative test
was required (43). We fitted substitution models that split the nonsynonymous
substitution rate into two bins (radical vs. conservative), each with its own rate parameter.
A rateratio of radical to conservative amino acid substitutions > 1 implies accelerated
rate of radical changes. 44 genes were identified as having accelerated rates of radical

substitution (Tables S5 and S6).

Conservation of known regulatory elements

To investigate conservation of cis-regulatory elements (CRES), we collected a set of
experimentally characterized regulatory sites curated by the FlyBase project from
published papers. We restricted our attention to sites of length less than 50 bp that

seemed likely to correspond to individual CREs. Our collection comprised 142 sites
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over 30 genes, characterized using a variety of experimental methods, ranging fromin
vitro binding assays to detection of a mutational phenotype (44). About 65% of these
sites were upstream of their respective gene, with amodal position of 2 kb from the
putative transcription start site. We compared the level of conservation of these elements
to two classes of control sites: random intergenic control (RIC) sites, and nearby sites
(Table 2). The comparisons reveal asmall but statistically significant increase of
conservation in CREs relative to both types of controls, consistent with the expectation
that binding sites are under stabilizing selective pressure. This differenceis most
pronounced when CREs are compared to random intergenic controls, both because RICs
are aligned less often than CREs or nearby sites, and because they are less conserved
when aligned. We expect sites near CREs to consist of a mixture of relatively
unconstrained sequence and partia overlaps of neighboring CRES, known and unknown.
Therefore, we predict an intermediate level of conservation for these. The RICs may also
contain CREs by chance, but presumably they are fewer in number. Fig. 5 showsthe
distribution of % identities above any given threshold for aligned sites. We used the
Kolmogorov-Smirnov test to evaluate the significance of the maximum vertical distance
between the curves. The CREs have relatively fewer instances in the 50-70% range and
relatively more instances in the 80-90% range over both controls, which may correspond
to regulatory elements under stabilizing selection. On a per site basis, however, the mean
excess conservation of CREs relative to both control setsisvery small, on the order of 5 -
6 %. Asthe average CRE was 17.4 bases long, this corresponds to 1 bp of additional

identity in a CRE vs. arandom site. Such a slight difference in conservation seems to
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offer scant hope of discovering CREs of this type through their pairwise conservation in
these species. One caveat isthat our percent identity values are based on our reference
alignment; perhaps a more sophisticated alignment strategy tuned to small patches of
conservation would yield different results. Also, alignments of more than two species
may reveal conserved structures that a pairwise alignment cannot, asin Kelliset al. (45).
Finaly, the D. melanogaster - D. pseudoobscura evolutionary distance may not be

optimal for revealing CRE conservation.

Discussion

Evolutionary Model of Genomic Rearrangement.

One striking feature of conservation between D. melanogaster and D.
pseudoobscura is the overwhelming conservation of gene location on chromosome arm.
This contrasts with the Anopheles gambiae - D. melanogaster comparison, where thereis
atendency for arm conservation, but with a considerable frequency of violations. Thus,
although the basic mechanism favoring paracentric rearrangements appears to be a
dipteran-wide phenomenon, over longer evolutionary time (250-300 Mya since the
divergence of Anopheles and Drosophila, compared with 35 Mya since the divergence of
D. melanogaster and D. pseudoobscura) thereis clearly a breakdown of arm by arm
integrity (46). Perhaps scaffold 7059 2327 with its mixture of proximally-located genes
from D. melanogaster 2L and 2R armsis a hint at one mechanism that can, over long

evolutionary time, lead to extensive reshuffling of genes between arms.
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Several pieces of evidence are consistent with the breakpoint motif being causal
in the generation of chromosomal rearrangements in the D. pseudoobscura lineage. The
breakpoint motifsin the Arrowhead inversion are in reverse orientation, consistent with a
mechanism where ectopic exchange generates an inversion event (Fig. 6). The conserved
sequence motif isvirtually absent from intron and coding sequences. This suggests that
strong purifying selection has acted to prevent the accumulation of this sequence within
introns. If the conserved motif serves as the target for rearrangements, then inversions
that use elements within a gene would cause loss-of-function mutations that would be
quickly removed from populations (47). Repeated sequences have also been detected at

conserved linkage breakpoints among trypanosome species (48).

One problem with the high frequency of the breakpoint motif is that ectopic exchange
between elements in the same orientation would |ead to deletion mutations. Two factors
minimize the impact of the repeat element as a cause of deleterious mutations. First, the
repeats tend to accumul ate nucleotide substitutions rapidly, reducing the risk of pairing.
Second, the breakpoint motifs tend to degrade in length fairly rapidly. The size of the
repeat motif varies significantly, suggesting that these elements tend to accumulate
deletions that decrease the average size of the elements. These data are consistent with
the “dead-on-arrival” elements of D. virilis that preferentially delete sequence (49, 50).
As aconsequence, few intact elements are capable of ectopic exchange. Molecular
evolutionary studies of homologous breakpoint motifs will be necessary to test the

element degradation hypothesis. The conclusion that the conserved sequence element
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causes paracentric inversions should be tempered as other possible explanations for the

coincidence of the breakpoint repeat and inversion breakpoint may exist.

One can speculate about why breakpoint repeat elements are found only in the D.
pseudoobscura lineage. Perhaps a new repetitive DNA element has been introduced in
the obscura group lineage. D. subobscuraisacloserelative of D. pseudoobscura and
five of the six chromosomal elements are segregating for paracentric inversionsin
European populations (17). It will be interesting to know if the repeat motif is present at

the breakpoints of D. subobscura rearrangements.

Fixed inversion differences between the species may play asignificant role in the
formation of new species because inversions prevent the spread of incompatibility genes
between different chromosomal backgrounds (13, 14). By reducing rates of crossover,
chromosomal inversions act as a barrier to gene flow, allowing Dobzhansky-Muller
incompatibility genes to be fixed in different gene arrangement backgrounds greatly
enhancing the possibility of speciation (13, 14). In Drosophila hybrid male sterility
genes appear to be involved in the process of speciation. In fact, we find that D.
pseudoobscura genes with testis expression show a significant decrease in identity with
their D. melanogasterorthologs. Genes supported by expression sequences from testes
cDNA libraries accumul ate sequence variation faster than the average. 1t will be

interesting to determine if genes within inverted regions, and particularly those with male
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specific expression are associate with the sterility of male hybrids of D. pseudoobscura

and D. persimilis.

Conservation of Known Cis Regulatory regions

D. pseudoobscura was chosen as the second fly species to be sequenced in part because it
appeared to have the right sequence divergence from D. melanogaster to locate cis-
regulatory sequences (2). We were somewhat surprised at the lower level of conservation
of known cis-regulatory regions. An examination of many Drosophila genes using the

VISTA Genome Browser (http://pipeline.lbl.gov/pseudo) will identify several conserved

non-coding regions. Bergman et al. (2) used clusters of these conserved non-coding
sequences to identify enhancer sequences in the apterous gene. However when known
regulatory regions are examined, the conservation signal is not striking. Others have
come to asimilar conclusion using different alignment methods (51). Alignment of C.
elegans and C. briggsae has also suggested that many conserved non-coding regions will
not be due to cis-regulatory sequences, increasing the noise in the conservation signal of
these elements (52). Alignments of additional species of intermediate divergence may
improve the detection of known regulatory elements asin Kellis et al. (45), assuming the

elements are conserved.

The lack of aclear conservation of cis-regulatory sequences suggests that neutral models
of sequence divergence in regulatory regions may be naive. Ludwig et a. (53) observed

the D. pseudoobscura eve stripe 2 enhancer was functional in D. melanogaster despite
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significant differences between the regulatory protein binding sites. In contrast, chimeric
eve stripe 2 promoters had improper expression patterns suggesting that stabilizing
selection acting on the enhancer (54) where “...selection can maintain functiona
conservation of gene expression for long periods of evolutionary time despite binding site
turnover.” The D. pseudoobscura transcription factor proteins are 17% diverged from
their D. melanogaster orthologs (Fig S6.), different enough to allow variation of binding
specificity. Evidence of cis-regulatory binding site conservation is encouraging, however
it isclear the D. pseudoobscura — D. melanogaster sequence comparisons will not
identify binding sites alone. Instead the approach of phylogenetic shadowing (55) using a
multiple alignment with species of intermediate divergence shows more promise, due to

the reduced chance of binding site turnover between more recently diverged species.
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Table 1. Breakpoint sequence motif frequencies in three classes of
seqguencein six Muller's elementsin D. pseudoobscura.

Breakpoints Noncoding Coding

Element n°  (%=*SD) N (%xSD) o2 n  (%=SD) v

A 210 338+ 3.3 1698 153+0.9 455' 1851 08+02 5136
B 135 430+ 43 2031 129+0.7 90.3* 2124  0.8+02 703.0
C 205 39.0+ 34 2082 11.4+0.7 119.4' 2276  07+0.2 7334°
D 141 426+ 42 2068 14.3+0.8 783" 2159 0.6+02 758.0
E 223 381+ 33 2636 10.3+0.6 146.1* 2023 04+0.1 9858
F 7 57.1+187 76 447 +57 0.4 63 17.5+48 5.9

« Thetotal number of sequences within each category. ' The percentage of
sequences within each category that matched the conserved sequence motif +
standard deviation. The three categories are: Breakpoints, sequences at the
boundary of two conserved linkage groups, Noncoding, sequences that are not
breakpoints or coding; and Coding, sequences of protein coding genes including
introns. ¥, Probability of the %> value for the heterogeneity test with one degree of
freedom is < 0.05 after apply a Bonferroni correction for multiple comparisons
(56). A %2 heterogeneity test is used to determine if the frequency of the
breakpoint motif is significantly different between either the noncoding or coding

regions.
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Table2 Comparison of conservation of cisregulatory elements (CRES) to two types
of control sites. Twenty RICs were generated for each CRE by randomly choosing sites
of the same length as the CRE, on the same chromosome and strand, and rejecting any
that overlapped a known gene. Ten nearby control sites were generated for each CRE by
adding positive and negative (i.e., 3' and 5') offsets of 50, 100, 150, 200, and 250 bp to
the coordinates of each true CRE. Percentage identities for al CRE and control sites
were computed rel ative to reference alignment, on both a per site and per base basis.
Unaligned bases, mismatches, and D. melanogaster insertions contributed zeros to %
identity results; D. pseudoobscura insertions were ignored. The distributions of %
identity values were clearly not normal, so we avoided using tests such as the t-test which
assumes normality. We compared the per site and per base mean % identities of each
group using a re-sampling test, where the p-value of the observed difference was
estimated as the frequency (over amillion trials) in which avalue as large or larger than
the observed CRE mean was observed in an equal-sized sample of control sites.
Similarly, the p-value of the difference between the two control sets was estimated using
arandomisation test (over amillion trials) in which the sets mixed and then repartitioned
into corresponding mock control sets. \We compared the distributions using the
Kolmogorov-Smirnov test, which measures the likelihood that samples came from the

same continuous distribution.
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Table2

Group 1 CRE CRE Nearby
VS. VS. VS. VS.
Group 2 Nearby Random_ Random_
Intergenic  Intergenic
Group 1 mean per-site % identity 51.3% 51.3% 47.8%
Group 2 mean per-site % identity 47.8%  42.9% 42.9%
PER-SITE )
Difference of means (group 1 - group 2) 3.6% 8.4% 4.9%
ANALYSIS
Difference of means resampling p-value 0.05 0.003 1E-5
Distribution comparison KS p-value 0.026 0.0016 2E-6
Group 1 mean per-base % identity 47.8%  47.8% 46.3%
Group 2 mean per-base % identity 46.3%  42.4% 42.4%
PER-BASE
ANALYSIS Difference of means (group 1 - group 2) 1.5% 5.4% 3.9%
Difference of means resampling p-value 0.024 0.05 5.8E-4
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Fig. 1. The syntenic relationship between D. pseudoobscura and D. melanogaster.
Synteny dot-plots showing the shuffled syntenic relationships between D.
pseudoobscura and D. melanogaster for the five chromosome arms. In each case
the D. melanogaster chromosome is shown on the X axis and D. pseudoobscura
chromosome onthe Y axis. Notethat lines within the graph are al of the same
thickness, but are of varying length. Chromosomes have been color coded to
allow identification of inter-chromosomal synteny blocks. Muller element Fis
not shown due to the lack of sequence anchoring data on this chromosome.

Fig. 2. Mapping intraspecific inversion breakpoints. The Arrowhead inversion converted
the Standard gene arrangement into the Arrowhead gene arrangement. The distal
breakpoint of the Standard to Arrowhead arrangement was shown to map near the
vestigial locus based on in situ localization to salivary chromosomes (38). A
conserved linkage breakpoint was detected 25 kb distal to the vestigial gene (Fig.
2A). PCR confirmed that the conserved linkage break distal to the vestigial locus
isthedistal ST to AR breakpoint because the derived primer pair (dAR, banddin
Fig. 2B) amplifies Arrowhead genomic DNA, but fails to amplify Standard
genomic DNA (Fig. 2C). The proximal ST to AR breakpoint was identified as the
conserved linkage break that reunites the 58D-E region of D. melanogaster (Fig.
2A). PCR confirmed that the conserved linkage break proximal to the D.
pseudoobscura homologue of the D. melanogaster 58E region is the proximal ST
to AR breakpoint because the derived primer pair (AR, aand cin Fig. 2B)
amplifies Arrowhead DNA and not Standard DNA (Fig.2C). Further support was

obtained by doing the reciprocal PCR experiments where the ancestral primer
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pairs (pST aand b; dST c and d in Fig. 2B) only amplified DNA from Standard
and not Arrowhead strains. Sequence analysis of the PCR products from the
Standard and Arrowhead backgrounds verifies that PCR amplified the appropriate

sequences.

Fig. 3 Rearrangement of the D. pseudoobscura genome at interspecific breakpoints that

Fig. 4.

have repeat motifs. The thick horizontal lines represent the chromosomal maps of
D. melanogaster and D. pseudoobscura Muller’s element C. Vertical lines drawn
either down (D. melanogaster) or up (D. pseudoobscura) indicate conserved
linkage groups that contain one or more genes. Diagonal lines connect

homol ogous linkage groups in the two species. The |locations and orientations of
80 conserved linkage breakpoints that contain the repeated motif are indicated
with the open and filled triangles. The plot shows that 18 of the 80 repeat
elements may have served as templates for ectopic exchangein nine single
inversion events (gray lines) , e.g., inversion 1 (black dashed lines). In these
cases, the adjacent conserved linkage groups that flank both breakpoints are
symmetrically exchanged. The plot also shows the likely result when apair of
adjacent conserved linkage groups were involved in multiple inversion events as
isthe case for the Standard to Arrowhead inversion (solid black lines).

A: Averaged conservation of different ssgments of a“prototypical gene”.
Conservation statistics were computed over thousands of aligned pairs of regions
of various types, aligned at different reference points. At each position we
compute the fraction of aligned pairs which have identical bases at that position

(greent+purple tiers), have mismatched bases (red), melanogaster bases aligned to
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deleted bases in pseudoobscura (yellow), or are unaligned in our synteny-filtered
BLASTZ alignment (blue). The purple tier shows the fraction of bases that would
be expected to match by chance given the base composition at that position in
both species. The vertical panels correspond to different segments of a
prototypical gene, indicated by the cartoon below. The segments are, (A) 140
Protein binding sites of 50 bp or less from literature, (B) compressed sampling of
5 proximal region every 50 bp from 50 to 500, (C) 50 bp proximal to
transcription start site (TS), aligned at TS, (D) genomic span of 5 UTR, aligned
aTsS, (E) 5 UTR span aligned at protein start site (PS), (F) 5 end of protein
coding region aligned at PS, (G) 3' end of coding exons aligned at donor site, (H)
intron aligned at donor site, (1) introns aligned at acceptor, (J) 5 end of internal
coding exons aligned at acceptor site, (K) 3’ end of protein coding region aligned
at protein end site (PE), (L) 3' UTR span aligned a PE, (M) 3' UTR span aigned
at transcript end, (N) 50 bp of 3' proximal region aligned at transcript end, (O)
compressed sampling of 3' proximal region every 50 bp from 50 to 500, (P)
genome wide average. B: Distirbution of dx/ds for the melanogaster-
pseudoobscura comparison of 9,184 inferred orthol ogous protein-coding genes.
C: Distributions of a, the ratio of rates of substitution that are radical to those
that are conservative, based on 9184 alignments of orthologous protein-coding
genesin D. pseudoobscura and D. melanogaster. Radical changes influence
charge, polarity, or polarity & volumeto a greater degree than do conservative
changes. A substitution model was fitted by maximum likelihood to estimate

these rate parameters.
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Fig. 5. Percent of sites greater than a given percent identity threshold, excluding sites
that could not be aligned. The Kolmogorov-Smirnov test assesses the likelihood
of the maximum difference between two of these curves under the assumption
that both samples came from the same distribution. In particular, the bump in the
CRE curve in the 60-90% range reflects a shift of the CRE’ s towards higher

percent identity relative to both controls.

Fig. 6. Mechanism for chromosomal inversion with a repeated sequence motif. (A)
Transposabl e element-mediated rearrangements. A hypothetical chromosomeis
shown with genes A through N and two repeated sequence motifs (open and black
arrows) in areverse orientation (top). Repeated motifs are shown pairing during
meiosis with a recombination event occurring in the middle of the paired motifs
(middle). Resolution of the recombination event between the repeated sequence
motifs leading to the inversion of the central gene region (bottom). (B)
Alternative mechanism where rearrangements occur in sequences that are
hotspots for double strand DNA breaks. Repetitive e ementsinsert after the

chromosomal rearrangements occur.

Page 29 of 36



Figure 1. Syntenic relationships between Drosophila pseudoobscura and melanogasted
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Figure 2

b

c

w9 ¥

D. melanogaster 51E2 58E1 49D2 58D8
Dp Arrowhead —{BLC
70 76 70 76
Arrowhead Standard
076 7076 70 "_______"mﬁ
_a_ = B B
| C | | d; by | d |
pAR PCR dAR PCR pSTPCR  dSTPCR
pAR  dAR pST dST

1KB hﬁ.R.‘ ST 'AR ST'

Page 31 of 36

AR ST AR ST' 1KB

Py L2



Figure 3
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Figure4
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Figure 5
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Figure 6
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