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We propose an approach for identifying microinversions across
different species and show that microinversions provide a source
of low-homoplasy evolutionary characters. These characters may
be used as ‘‘certificates’’ to verify different branches in a phylo-
genetic tree, turning the challenging problem of phylogeny recon-
struction into a relatively simple algorithmic problem. We estimate
that there exist hundreds of thousands of microinversions in
genomes of mammals from comparative sequencing projects, an
untapped source of new phylogenetic characters.

genome rearrangements � phylogenetics

Chromosomal inversions have been used as phylogenetic
characters since Dobzhansky and Sturtevant in 1938. Recent

comparisons of whole mammalian genomes have revealed a
surprisingly large number of microinversions (1, 2). While the
microinversions were first met with skepticism and were attrib-
uted to assembly errors and alignment artifacts, recent compar-
ative study of human and chimpanzee genomes convincingly
proved that microinversions are indeed widespread (3). We
therefore decided to perform a fine-grained search for inver-
sions across many mammals in the greater cystic fibrosis trans-
membrane conductance regulator (CFTR) region. This is a
1.8-megabase region on chromosome 7 in the human genome
that encompasses the CFTR gene, and its many neighboring
genes, that was sequenced for the ENCyclopedia Of DNA
Elements (ENCODE) project (4, 5). We found that microinver-
sions are frequent across all species and occur at roughly one
microinversion per megabase per 66 million years of evolution.
We show that microinversions have low homoplasy and thus
provide ample characters for phylogenetic studies.

Our work follows in the steps of the pioneering work by
Okada‘s group (6) and Lake’s group (7) that demonstrated the
power of repeat-based and deletion-based characters to resolve
difficult phylogeny problems that the traditional point mutation
analysis failed to resolve. The repeat-based and deletion-based
approaches, although very successful, have some drawbacks as
reviewed in ref. 8. However, Bashir et al. (9) and Kriegs et al. (10)
recently demonstrated that many repeat-based characters may
be extracted from genomic sequences to alleviate these draw-
backs and to resolve some existing controversies. Our work
reveals a source of low-homoplasy phylogenetic characters that
complement these previous studies in two respects. First, mi-
croinversion homoplasy (if any) may be detected, and such
characters can be simply deleted from further consideration
without affecting the tree reconstruction algorithm. Second,
microinversions may be identified as long as there is a detectable
sequence similarity thus not necessarily limiting the comparison
to close species as in the case of repeats and deletions. Indeed,
Bourque et al. (11) documented many microinversions between
human and chicken genomes, whereas Fischer et al. (12) found
many microinversions between yeast genomes, which are mo-
lecularly as diverse as the genomes of the entire phylum of
chordates.

While microinversions represent powerful evolutionary charac-
ters, their detection is far from simple. A naive approach is to detect
reverse-strand local alignments between orthologous sequences.
However, reverse-strand local alignments may also be caused by
palindromes and inverted repeats (Fig. 1), ubiquitous genomic

features that do not reflect any variations in the genomic architec-
ture between two genomes, i.e., they may be detected within a single
genome without a need to align to another genome. Reverse-strand
alignments may also be detected in inverted transpositions (Fig. 1)
and more complex interleaving rearrangement events. The com-
putational challenge of distinguishing between microinversions and
other genomic features is not widely appreciated, leading to an
implicit assumption that whole-genome reverse-strand alignments
retained in a net by the University of California Santa Cruz
chaining and netting algorithms (2) provide a universal solution to
the characterization of microrearrangements. Chaining and netting
combine optimal ordered sequences of pairwise alignments to
create a genome-scale alignment that allows for gaps and inversions
[see supporting information (SI) Appendix A and Figs. 7 and 8 for
additional details]. We developed a method, InvChecker, to find
inversions in the CFTR region, and we applied it to the human and
chimpanzee genomes to show that �80% of the 1,576 putative
microinversions recently found (3) are repeat-induced artifacts. At
the same time we uncovered 167 human–chimpanzee microinver-
sions missed in ref. 3. These findings reveal some limitations of
chaining and netting (2) as a microinversion detection tool in ref.
3. This comment is not a criticism of this method but rather is an
indication that accurate validation, parameter setting, and postpro-
cessing are necessary to extract microinversions from netted align-
ments. The chaining and netting algorithms (2) were carefully
designed as a compromise between providing a simple and intuitive
representation of rearrangements on one hand, and reflecting all
complexities of the rearrangement process on the other hand. This
representation, although extremely useful, does not attempt to
model complex rearrangements (e.g., overlapping inversions) in full
generality. We further illustrate the use of microinversions in
evolutionary studies by reconstructing the phylogeny of 15 mam-
malian species by using sequences from the ENCODE project (4)
and the phylogeny of 38 species partially sequenced as part of the
National Institutes of Health Intramural Sequencing Center
(NISC) Comparative Vertebrate Sequencing Program.

Results
Identification of Microinversions. We searched for microinversions
in 15 genomes with the nearly finished greater CFTR region:¶
human, chimpanzee, baboon, macaque, marmoset, galago, rabbit,
mouse, rat, cow, dog, platypus, opossum (Monodelphis domestica),
and hedgehog (5). These sequences [May 2005 ENCODE release
(13)] average 1.84 megabases in length. Sequences composed of
multiple contigs were ordered and oriented according to alignments
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