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Abstract 
Drosophila is an excellent model to investigate gene organization and the process of genomic 
rearrangement because it has a small genome size and genes tend to be conserved in the 
chromosomal location among species.  Gene order differences were inferred in a comparison of 
the completed genomes of Drosophila virilis and D. mojavensis using D. melanogaster to 
determine derived rearrangements on the two lineages.  The six chromosomes in the two species 
had 444 conserved gene order breakpoints that resulted from 264 inversions that estimate that 
each breakpoint was used 1.189 times.  These data suggest that genomic rearrangements reuse 
breakpoints at a low to modest level. 
 
Introduction 
 

Sankaranarayanan (1979) examined the results of 1 million conceptions and examined 
the health of all these embryos. Fifteen percent of the embryos are spontaneously aborted due to 
a variety of genetic causes. Alterations in gene order account for 5,250 of the 150,000 
spontaneous abortions observed in humans. Comparisons of gene order among different species 
may provide valuable insights into how genome rearrangements occur and potential mechanisms 
for their control. 

Comparisons of complete genomes are elucidating the mechanisms that rearrange gene 
order among species (Coghlan et al. 2002; Coghlan and Wolfe, 2005; Richards et al. 2005).  
Genes within a genome are organized into units called chromosomes.  The organization of genes 
on chromosomes can vary among species and can also differ in the order of genes.  Synteny is 
defined as two or more genes that are found on the same chromosome in two or more species 
(Ehrlich et al. 1997).  Conserved linkage groups have two or more syntenic genes that are in the 
same order in two or more species (Ehrlich et al 1997).  Chromosomal inversions provide a 
mechanism that can alter the arrangement of genes on a chromosome.  Inversions occur when the 
chromosome is broken at two locations on the chromosome and are rejoined in the opposite 
orientation, which reverses the order of genes (Figure 1) . 

The genomes of Drosophila consist of six chromosomal arms that have been conserved 
over evolutionary time (Figure 2) (Muller, 1940).  These genes within these six chromosomal 
arms are largely syntenic among species, however, gene order has been extensively shuffled 
(Ranz et al. 2001; Richards et al. 2005).  The complete genomes of 12 species of Drosophila 
provide a model system for the study of the processes that alter gene order on the six 
chromosomes of the fly genomes.  Drosophila is an excellent model to investigate gene 
organization and the process of genomic rearrangement because it has a small genome size (~200 
Megabases) and genes tend to be conserved within chromosomal arms among diverse species. 
Drosophila are easily cultured in the laboratory, they have a short (10-14 day) generation time, 
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and there are many phenotypic changes that can be observed. Another advantage of using 
Drosophila is that it only has six chromosomes and 90% of the gene rearrangements occur 
within a chromosomal arm. Also, there are many biochemical and genetic techniques available to 
manipulate the genome to create changes, i.e. the ability to make transgenic animals. 

This study examined the differences in gene order between Drosophila virilis and 
Drosophila mojavensis using Drosophila melanogaster as an outgroup to understand the 
mechanism of genome rearrangement, the most abundant being intrachromosomal inversions.  
 
Materials and Methods 
 
Genome Sequences and Assemblies. Agencourt Bioscience Corporation generated the D. virilis 
and D. mojavensis genomes with the whole genome shotgun method (Myers et al. 2000).  A total 
of 3.6 million sequence reads were generated for D. virilis and 3.1 million reads for D. 
mojavensis.  The sequence reads for the two species were assembled into sequence scaffolds 
using the ARACHNE assembler from the Whitehead/MIT Genome Center. 

Orthologous Gene Calls. The 13,363 genes of D. melanogaster from release 3.0 were 
assigned a unique gene identifier beginning with the first gene on Muller A and proceeding 
sequential across the six chromosomes to Muller F (Figure 2).  Each D. melanogaster gene 
sequence was used to identify orthologous genes in the assembled scaffolds with BLAST 
searches either BLASTN, which matches nucleotide sequences between the two genomes or 
TBLASTX, which matches the translated nucleotide sequences against the translated target 
species genome (Altshul et al. 1997). An E-value of 1 x 10-5 was used as the cutoff for the 
BLAST screen of the BLASTN and TBLASTX analyses.  The best BLAST hit for each gene 
was concatenated into a Microsoft Excel spreadsheet for each chromosome/element. The 
sequence scaffolds were then assigned to 1 of the 6 chromosomes or Muller’s elements based on 
majority rule in comparison to the D.melanogaster chromosomal assignment.  The scaffolds 
within a chromosomal arm were ordered based on physical and genetic mapping data (D. virilis 
by Bryant McAllister at the University of Iowa; D. mojavensis by Luciana Matzkin at the 
University of Arizona). 

Identification of Conserved Linkage Groups.  Conserved linkage groups are a set of 
genes that are in the same order in two or more species.  Genes found in only one species were 
removed from the analysis.  These genes were not detected either because the species did not 
have the gene or the whole shotgun did not provide a sequence for the gene.  The residual list of 
genes was assigned new identification numbers that reflect the gene order in the respective 
species.  This list was used to identify conserved linkage groups and breakpoints.  A conserved 
linkage group was composed of gene identifiers that were sequential.  A break in gene identifier 
number that was greater than 2 units was identified as a conserved linkage breakpoint.  A 
conserved linkage group with just a single gene could be due to a transposition event where a 
segment of DNA moved to a new location or could be a single gene at the boundary of two 
inversion events.  A gene was considered a transposition if its two adjacent neighbors are each 
other’s closest neighbor.  All transposed genes were removed from the analysis of conserved 
linkage groups.  

Linkage Chain Analysis.  The D. virilis gene order was used as the standard for each 
chromosome and was compared to the gene order of D. mojavensis.  Gene order was compared 
between the two species noting conserved linkage groups, where the gene order was the same 
between the two species, and conserved linkage breakpoints, where the gene order changed in D. 
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mojavensis relative to D. virilis.  Each breakpoint was given a unique identifier such as 
BP_006_007_C, which indicates that the breakpoint is between conserved linkage groups 6 and 
7 on Muller element C.  The conserved linkage breakpoints can be linked together by following 
the gene order of genes at the boundaries. For instance, in Figure3B, the next gene in the 
sequence of BP_006_007 is predicted to be 672.  This leads one to BP_005_006, which 
completes the linkage chain because the boundary genes at both breakpoints are the next genes in 
the sequence for original breakpoint.  When matching breakpoint boundaries, be aware when the 
same breakpoint halves can occur in the same chain; they cannot be linked to one another (see 
Figure 3A). 

The chain analysis was performed manually using an MS Excel spreadsheet or with the 
aid of Fortran program (S. W. Schaeffer, Penn State University). Linkage chains were 
represented by the set of breakpoints that form a complete chain. Each breakpoint showed the 
first and last gene identifier for the conserved linkage groups before and after the breakpoint.   
The linkage chain was completed when the gene order from one breakpoint to another comes 
back to the initial breakpoint in the chain (Figure 4). 

The numerical paths of the conserved linkage groups were then checked for possible 
analysis problems.  The gene orders could have been shuffled artificially either because the two 
or more genes had transcripts that overlapped or because related duplicate genes matched the 
same region of DNA.   In both of these cases, the order of gene identifier numbers could have 
been artificially rearranged.  In these cases, the artificial gene orders were corrected so that gene 
order was the same in the two species.  Some single gene conserved linkage groups resulted from 
legitimate rearrangement events, but the next gene expected after the boundary was not obvious. 
In many cases, this was resolved by examining the neighbor for the opposite boundary. Thirdly, 
gene sections were separated because the grouping criteria was too strict and were rectified by 
modifying the criteria to the necessary value greater then 5 and finally, genes sections were 
grouped together because the grouping criteria was not strict enough and were rectified by 
modifying the criteria to <2. 

Inference of Ancestral Breakpoint Arrangements.  For each chain, the D. mojavensis 
gene identifiers were replaced with the corresponding gene identifiers of D. melanogaster.  The 
ancestral state of the breakpoints was determined by comparing the gene order in D. 
melanogaster to that of D. virilis and D. mojavensis.  Because the original identifiers were 
designated in D. melanogaster, sequential numbers at conserved linkage group boundaries were 
assumed to represent the ancestral state.  If the ancestral states were determined for n-1 
breakpoints in a linkage chain with n breakpoints, then the ancestral state for all breakpoints was 
known (Figure 5).  If the sequential genes spanned the same breakpoint in the D. virilis 
sequence, then an inversion was assumed to occur in D. mojavensis, otherwise the inversion 
occurred along the D. virilis. This information was then used to construct the gene order of the 
common ancestor and assembled the gene breakpoints according to their identified ancestral 
connections (Figure 6). In cases where all ancestral states could not be inferred for all 
breakpoints in the chain, we assumed that (n-1)/2 inversions occurred on each lineage to allow us 
to estimate the total number of inversions on the two lineages. 

Statistical Analysis.  The numbers of inversions that occurred on each species lineage 
were tallied for each Muller element.  The distribution of inversion events among the 
chromosomal arms and species were tested with either a Chi-square test of heterogeneity or 
goodness-of-fit (Sokal and Rohlf, 1981).  The number of conserved linkage groups, numbers of 
breakpoints (nbp), and numbers of inversions (ninv) were estimated for comparison of the D. 
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virilis and D. mojavensis genomes.  The reusage of breakpoints can be evaluated by estimating a 
reusage statistic (r) (Sankoff and Trihn 2005), r=(2ninv)/nbp. The departure of the observed 
rearrangement data from random expectations was evaluated by randomly shuffling x genes of a 
particular chromosome with ninv inversions and estimating the frequency of times the randomly 
shuffled genes matched the observed data. This would produce a number between 1 and 2. A 
value of 1 indicates that breakpoints were used an average of 1 time and a value of 2 indicates 
that breakpoints were used an average of 2 times. 
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Results 
 
Genome Inversion Distribution. The results of the chain analyses for the six 

chromosomal arms are found in Appendices A-F. The distribution of inversions among the five 
major chromosomes is not significantly different between the two species (X2=0.913, df=4, 
P>0.05) for the set of breakpoints where ancestral states could be inferred. If we assume that all 
data continues this trend, then the rate of inversion is 5.28 inversions per million years. This is 
half the rate observed between D. pseudoobscura and D. melanogaster (12.34/my) suggesting 
either an accelerated rate with the Sophophoran subgenus or a decelerated rate in the Drosophila 
subgenus. Whether rearrangement rates are accelerated or decelerated will require other pairwise 
comparisons to make a concrete inference.  

Lineage Specific Inversions. Once the chromosomal ancestral states were determined 
based on the gene order of D. melanogaster, the inversion events were placed on either the D. 
virilis or D. mojavensis lineage. D. virilis had a total of 79 inversions while D. mojavensis had 
91 although this difference is not significantly different from the assumption of equal number of 
inversions on each lineage (Goodness of Fit Test X2=0.847, df=1, P=0.357) (Figure 7).  The 
inversion rate on the different Muller’s elements was not the same (Goodness of Fit Test 
X2=31.823, df=4, P<0.001), however, the rate differences were similar in the two species 
(Heterogeneity Test X2=0.913, df=4, P=0.923). 

Breakpoint Reusage. The breakpoint reusage within the six chromosomes varied 
between 1.1 and 1.6 times. The statistical analysis of the reusage shows that breakpoints are 
being reused more than expected given the number of genes and the number of inversions on 
each chromosome.  Some linkage chains include too many breakpoints given a random usage 
model. 

Final Data Result. The six chromosomes in the two species had 444 total conserved 
gene order breakpoints that resulted from 264 inversions. From this it was estimated that each 
breakpoint was used 1.189 times. This suggested that genomic rearrangements reuse breakpoint 
at a low to modest level. This also illustrates that the genetic rearrangements present in the gene 
order of each species is not random. 
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Discussion 
 

Rate of chromosomal inversions in D. mojavensis and D. virilis.  The inversion rate 
was equal on the two species lineages across all chromosomes.  This suggests that there is no 
bias in the process that generates inversions in the two different species.  There was a bias in the 
rate of inversions among the different chromosomes.  This bias may emerge either because the 
nucleotide sequences that are responsible for the rearrangements may differ in their frequency on 
the different Muller’s elements.  Alternatively, the genes combinations required for proper 
protein function and regulation may differ in their sensitivity to chromosomal rearrangements.   
For instance, Muller’s D may be less sensitive to chromosomal rearrangement than Muller’s C. 

The linkage chain analysis rejects the hypothesis that rearrangements are randomly 
introduced.  The hypothesis of random usage of breakpoints was rejected.  This suggests that 
some breakpoints are used more than expected, while some regions of the chromosomes are not 
broken by rearrangement breaks.  These results may mean that some sequences on chromosomes 
are more susceptible to double-stranded breaks, while other regions do not have rearrangement 
breakpoints either because sequences in these regions are not susceptible to double-stranded 
breaks or breakpoints are introduced, but individuals with these breaks are selected against.  One 
possibility was suggested by Stolc et al. (2004) who found that genes with similar expression 
patterns tend to be clustered in the genome.  Breakpoints within these regions may be selected 
against because these events would break up coordinately expressed genes. 

Uses of ancestral origins of genomic inversions. The research indicates that although 
changes within chromosomes cannot yet be predicted, their origins can be derived from the 
current arrangement of genes on each chromosomes. Knowing the ancestral state of a 
chromosome allows researchers to begin tracing each step of a mutation, identifying the 
sequence of events that gave rise to the current gene arrangement, inferring how each stage 
affected the species population and distribution, and then approximate the rate of genome 
rearrangement. The more frequently a conserved linkage group is involved in rearrangement 
events, the higher the chance of a genetic modification such as a transposition, duplication, or a 
deletion may cause mutations in the organism. Identifying and understanding the degree, 
frequency, and effects of chromosomal rearrangement is a valuable tool in the ongoing search for 
treatments for individuals with genetic conditions. It can also aid in predicting possible 
evolutionary tracks a specific species may take. Once we understand what causes these gene 
rearrangements, cures for human genetic disorders may be more easily achieved that will ensure 
a more promising outlook for future generations. 

Breakpoint reusage. It was found that the reusage statistic for Muller Element F was the 
highest with a reusage of 1.6. This does not take into consideration that it has the least number of 
genes among the 6 chromosomes and as such any chromosomal inversions on that chromosome 
would show as significant. It is noteworthy that the rate of reusage does not correlate to the size 
of the other five chromosomes. Muller Element E, the largest of the chromosomes, has a 
moderate reusage of 1.208. This is nearly the same as that of Element A, which is the second 
smallest chromosome (Table 1).  

Problems/difficulties encountered. The most difficult issue was making consistent, 
logical decisions in the assignment of conserved linkage groups. In the chain analysis, it was 
frequently necessary to reevaluate breakpoints to resolve large gaps between sequential 
breakpoint neighbors or numerous breaks in a segment of genes that were not necessary. Another 
challenge was the identification of transpositions. As the research progressed more criteria to 
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make those distinctions were used and additional transpositions were identified. This required re-
evaluation of the linkage chains in some of the chromosomes once new transpositions were 
removed. Another issue was ensuring that a breakpoint that appeared twice in the same chain 
was not linked to itself in the ancestral inference. Such a mistake would create a circle between 
the breakpoint ends that did not connect to the reconstructed assembly. 

Additional research.  The mechanisms that drive genetic rearrangement within the 
chromosomes of Drosophila are still unclear. This leaves several questions that still need to be 
investigation. For example, what are the factors that initiate a mutation?  Chromosomal 
inversions are not the only type of mutation that occurs within the genome.  In other species 
there are types of rearrangements such as pericentric inversion and inter-chromosomal 
translocations that play major roles in diversifying the particular species. It is not clear what type 
of rearrangement is used more than others? Are the forces that cause inversions the same as those 
that cause transpositions? Can these rearrangements be manipulated to reverse their effects? 
Deliberate changes in gene order have been achieved in several cases using techniques such as 
exposure to ultraviolet radiation to create abnormalities. We have yet to understand what is 
necessary, if possible, to reverse the effects of such treatments on chromosomes. 
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Table 1. Distribution of Inversions and Breakpoints among the six Muller Elements based on the comparison 
of gene order in D. virilis and D. mojavensis.  Breakpoint re-usage for each chromosomal element for the 
comparison is also shown. 
 
Chromosome Genes Inversions Breakpoints (95% CI) r (95% CI) 
Muller A 1,909   48   80 (  91-  97) 1.20 (1.00-1.06) 
Muller B 2,170   36   62 (  69-  73) 1.16 (1.00-1.05) 
Muller C 2,455   45   73 (  87-  91) 1.23 (1.00-1.05) 
Muller D 2,616   73 128 (139-146) 1.14 (1.01-1.06) 
Muller E 3,155   58   96 (112-117) 1.21 (1.00-1.05) 
Muller F     68   4     5 (    7-    9) 1.60 (1.00-1.33) 
Total 12,373 264 444 (not done) 1.19 (not done) 
r, breakpoint re-usage statistic. 95% CI, 95% confidence interval of the simulations with the 
given number of inversions and genes on the chromosomal arm. 
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Figure Legends 
Figure 1. Mechanism of chromosomal inversion showing the introduction of two 

breakpoints and the reversal of gene order. 
Figure 2. Phylogeny of five Drosophila species.  The Drosophila genome is divided into six 

chromosomal arms or Muller's elements that are conserved among different 
species.  The organization of the chromosomes, however, changes through the 
fission and fusion of these arms. The gene identifiers of D. melanogaster are 
indicated on its Muller elements. 

Figure 3 . Chain analyses A. Incorrect linkage. B. Correct linkage 
Figure 4 . Example of a complete linkage chain. Linkage chain analysis moves from 

breakpoint to breakpoint (red arrows) identifying the nearest neighbor of the gene 
at the breakpoint (colored boxes) until the breakpoints form an unbroken chain. 

Figure 5. Ancestral state inference for conserved linkage breakpoints.  The colored boxes 
indicate the inferred adjacent neighbors in the common ancestor of D. virilis and 
D. mojavensis. 

Figure 6. Inference of lineage specific inversions. A. If the gene order at the breakpoint is 
conserved between D. melanogaster and D. mojavensis (colored boxes), then an 
inversion occurred on the D. virilis lineage (red arrow).  B. If the gene order at the 
breakpoint is conserved between D. melanogaster and D. virilis (colored boxes), 
then an inversion occurred on the D. mojavensis lineage (red arrow). 

Figure 7. Distribution of chromosomal inversions on the D. virilis and D. mojavensis 
lineages where the ancestral states could be unambiguously determined for 
linkage chains.  
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