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Every organism is product of a long evolutionary history, and it is very important to elucidate
key genetic changes that caused significant phenotypic transformation. Evolutionary studies at the
molecular level have been mainly focused on protein evolution. This is partly because of our lack of
knowledge on the evolutionary patterns of non-coding regions, except for promoter regions and some
enhancers. Here, “non-coding” regions include intergenic regions, introns, short repeat sequences such
as SINE and VNTR, and nontranslated region of exons. This old framework of molecular evolutionary
studies gradually shifted to current genome-wide approach from 1980’s, because not only protein coding
regions but also non-coding regions were started to be sequenced. ~ We, at the beginning of the 21st
Century, are in the position of utilizing vast amount of genomic sequences. It is now the age of
“comparative genomics” or more appropriately, “evolutionary genomics”. Some of these nucleotide
sequence comparisons were connected with developmental studies, and the role of “cis-regulatory”
elements on certain morphological features have been elucidated. We now have possibility of
delineating important genomic changes through comparison of the vast amount of genome sequence data.
The purpose of this study is thus to gain a better understanding of the evolutionary significance of
non-coding regions in mammalian genomes.

As the model system, I chose the Dix gene clusters. Dix genes are involved in the
development of the vertebrate forebrain, branchial arch, sensory organ, and limbs. The vertebrate Dix
genes are homologous to Drosophila Distal-less (DIl) gene, that is responsible for limb outgrowth, and
probably arisen as a result of a tandem gene duplication followed by a number of large genomic scale
duplications, according to phylogenetic analyses including my own. There are six Dlx genes in
mammalian genomes, located in three chromosomes as three pairs of duplicated genes, namely, Dix1-2,
DIx5-6, and DIx3-7. These paired genes are convergently transcribed, and the intergenic regions of each
pair contain enhancer elements.- Expression patterns of these known enhancers are often conserved,
even between distantly related organisms such as between mouse and zebrafish. However, evolution
has two faces; conservation among different lineages of organisms and diversification at each lineage of
organism. Therefore, it is possible that an evolutionéiily conserved region in the common ancestral
genome diversified as speciation created morphologically different lineages. A certain non-coding
sequence changes may be responsible for some morphological diversity of placental mammals.

I first analyzed Dix gene cluster sequence data of the following 9 species; human, chimpanzee,
baboon (macaque for DIx5-6), mouse, rat, cow, dog, elephant, and whale. All sequences except for
whale were retrieved from the DDBJ/EMBL/GenBank International Nucleotide Sequence Database.
Because I was interested in the variation of this gene cluster within mammals, I newly determined DixI-2,
DIx5-6, and DIx3-7 genomic sequences (a total of 63.9 kb) for whale (Antarctic minke whale;
Balaenoptera bonaerensis), whose morphology is quite different from other mammals. Whale
sequences always clustered with cow in the phylogenetic trees for three clusters, as expected, and the
branch length for the whale lineage was slightly shorter than that for cow, suggesting a lower
evolutionary rate in whale than cow. This difference may be caused by longer generation times in
whale than cow. The evolutionary rate for the DIx3-7 cluster was highest among the three clusters for
all the 15 branches of the phylogenetic tree except for two. SINEs were observed in much higher
numbers in the DIx3-7 cluster than the other two clusters, and its density was much higher than the
genomic average for human and mouse genomes. This is probably partly because of high GC content
(50-60%) compared to a typical mammalian genome (ca. 40%). In contrast, LINEs, that tend to be
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found in low GC content regions, were rare in neither the DIx3-7 cluster nor the other two clusters.

I also noticed that three highly conserved regions in DIxI-2 and DIx5-6 clusters contain
“ultra-conserved elements” (100% identity for more than 200bp among human, mouse, and rat genomes),
and they coincided with functionally important enhancers, 112a, I12b, and I56i. There is thus a
possibility that other ultra-conserved elements are also responsible for some unknown important
evolutionary changes of placental mammals. I thus sequenced 105 whale and elephant sequences that
are homologous to ultraconserved elements.  Although many sets of ultraconserved element sequences
exhibited extremely high levels of conservation between human and whale and between human and
elephant, there were some changes, and the rate of nucleotide substitution for non-exonic elements was
slower than that for exonic ones. Ultraconserved elements are also highly conserved in non-mammalian
vertebrates but the substitution rate progressively decreased from the common ancestor of vertebrates to
that of mammals; the rate outside amniotes is in the order of 10'9/site/year, while rates for the bird and the
mamumalian lineages are in the order of 10™/site/year, with 2-3 times higher rate for the bird lineage than
the mammalian one. Among mammalian species, dog and whale lineages showed slower rate (2.7 and
3.1x 10™Ysite/year, respectively) than that (4.7x 10"site/year) for elephant. This result suggests that
even the ultra-conserved regions experienced lineage specific changes and some of these changes may be
responsible for lineage specific phenotypes.

As the DIx3-7 cluster had more heterogeneity than the other two DIx clusters, there is a higher
chance to find species or lineage specific changes in this cluster. 1 thus determined nucleotide
sequences of the DIx3-7 cluster for morphologically quite diverse five mammalian species; dolphin,
elephant, aardvark, otter, and sea lion. Dolphin (Dall's porpoise; Phocoenoides dalli) belongs to Order
Cetartiodactyla, elephant (Asiatic elephant; Elephas maximus) and aardvark (Orycteropus afer) belongs
to Order Afrotheria, and ofter (Eurasian river otter; Lutra lutra), and sea lion (California sea lion;
Zalophus californianus) belong to Order Camivora. 1 first determined their mitochondrial ribosomal
RNA sequences, and confirmed species identity by comparing them with already available sequences
deposited in the DDBJ/EMBL/GenBank International Nucleotide Sequence Database.

Four long PCR amplifications were conducted for each species to cover the entire Dix3-7
cluster region. I designed PCR primers from highly conserved regions residing within and nearby the
cluster. All long PCR amplifications were successful, and amplicons were subjected to shotgun
sequencing. In total, I determined about 137.2 kb (average = 27.4kb), and 84.5kb (average = 16.9kb)
were in the intergenic region. Although majority of the determined sequences are non-coding, there are
many regions with high conservation, and the multiple alignment of the entire region was possible using
ClustalW. The phylogenetic trees constructed for the entire region and the intergenic region were both
concordant with the known mammalian phylogeny, indicating orthologous relationship of these newly
determined six species including whale and already available 12 species (human, chimpanzee, baboon,
lemur, rabbit, mouse, rat, dog, bat, cow, pig, and armadillo, retrieved from the DDBJ/EMBL/GenBank
International Nucleotide Sequence Database).

I compared those 18 genomic sequences of the DIx3-7 cluster in order to investigate species
specific changes occurred on the evolutionarily conserved regions among the mammalian species using
mVISTA and MultiPipMaker. A total of nine regions of multispecies conserved non-coding sequences
were found. These conserved nine regions were almost identical with those previously found
(Sumiyama et al., 2002; Sumiyama, personal communication), indicating their highly conserved nature
throughout mammalian evolution. 1 then multiply aligned these nine regions, and extracted species or
lineage specific changes based on the species phylogeny. These species-specific changes included both
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substitutions and insertions/deletions. There was no clear characteristic in substitutions. Among three
species of Cetartiodactyla, whale and dolphin experienced more deletions than insertions compared to
cow. Deletions were also more frequent in three species (dog, otter, and sea lion) of Carnivora.

I found many putative transcription factor binding sites from top five conserved regions using
TRANSFEC. A certain numbers of whale and dolphin lineage specific changes were found from these
multispecies conserved sequences. In particular, one conserved region had 9bp (AGTGCCTGG)
deletion existing in only whale and dolphin. I therefore examined enhancer activity of this whale
sequence using transgenic mice. Although this region contained several substitutions and a 9bp
deletion, mice embryos with whale transgenes showed interdigit and AER expression in limb, more or
less similar expression pattern to that of mouse lines. This result suggests that this region of the whale and
mouse genomes share essential cis-elements for limb expression.

In this study, I analyzed non-coding regions of the three DIx clusters, including newly
determining the three Dix cluster sequences for whale and the DIx3-7 cluster region for five mammalian
species, as well as analysis of ultraconserved non-coding regions for various mammalian species. Some
of these non-coding regions have been highly conserved during mammalian radiation, yet I discovered
many species and lineage specific changes. These changes may be connected to species-specific
phenotypic features and await experimental verifications in the near future.
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