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The vast majority of eukaryotic DNA (97% in humans®) does not code for
proteins or RNAs with clear functions. Such ‘junk’ DNA can be classified into several
categories: introns® ®, mini- and microsatellites*, 3’ untranslated regions®, SINEs?,

LINEs® and pseudogenes’®**. The sentiment that the majority of junk DNA is
nonfunctional has been challenged by studies that demonstrate that long terminal repeats
regulate the expression of nearby genes*2. The Alu sequence upstream of the IgE receptor
gene interacts with transcription factors to regulate its expression*? and similarly the
MRNA of the lin-14 gene is regulated by a small RNA encoded in the repeated sequence
of the 3’-UTR"*8, Furthermore, mutations in minisatellite sequences downstream of the
ras gene may be associated with many types of cancer . If ‘junk DNA’ sequences have
specific functions, then such sequences are likely to be conserved between closely related
genomes, just like gene-coding sequences. Presently, we outline methodologies for
extracting phylogenetic relationships from ‘junk DNA’ using: (1) whole-genome

features, (2) conserved non-coding sequences, (3) SINEs and (4) pseudogenes.

Whole-Genome Features

Eukaryotic genomes range in size from 1.2 X 10’ bp (Saccharomyces cerevisiae)
to greater than 6 X 10™ bp (Amoeba dubia)*® without an apparent correlation with
biological complexity (the C-value paradox). Striking variability in genome size is
apparent in closely related species (for instance, genome size in flowering plants varies
1000-fold)?®. For this reason, we have fully failed to explain whole-genome features
(genome size, intron/exon ratios, numbers of genes, etc) in terms of phylogenetic
relationships. Recent studies provide insight into the C-value paradox by demonstrating
that intra-genome intron distribution is uneven, with larger introns occurring in regions of
low recombination rates in both Drosophila®* and humans®. We anticipate that such
studies may ultimately elucidate the mechanisms through which genome size has
evolved. We postulate that annotation of the genomes of many more taxa will be required

before we can fully explain phylogenetic variations in such whole genome features.



Sequence Similarity between Non-Coding Sequences

Exceptionally high levels of non-coding sequence homology (~71%) have been
identified in a 100 kb stretch in the T cell receptor Ca/Cd region of the mouse and human
genomes, compared to similarity of 73-79% in adjacent gene-coding sequences®.
Similarly, conserved non-coding sequences (CNSs) have been identified in the intergenic
region of both the mouse and human interleukin 4 and interleukin 13 genes; these CNS
were subsequently demonstrated to regulate expression of interleukin genes as distant as
120 kb*!. Hardison (2000) predicts the presence of 270,000 CNSs in the human
genome® and PipMaker®? has been employed to align and construct percent identity
plots for such conserved non-coding regions™.

Non-coding sequences that are conserved between genomes (especially genomes
of distantly related taxa) are more likely to have a specific functionality than sequences
that are unique to a single genome. Presently, we propose to use inter-genomic sequence
alignments of non-coding regions to: (1) identify CNSs, (2) align and compare CNSs to
study phylogenetic relationships (for instance, sequence data from two nuclear introns
has been used to construct a phylogeny for mice?®) and (3) ‘search’ and ‘mine’ a genome
for non-coding regions that are predicted to have some regulatory function® by virtue of
them being conserved between genomes. In summary, we advocate the use of a
bioinformatic approach to identify large populations of CNSs across multiple genomes
and use broad sequence similarities to predict which non-coding sequences may have

some functionality.

Inter-Genome Occurrences of SINEs and LINEs
Short interspersed elements (SINEs) and long interspersed elements (LINES) are
integrated into genomes by retroposition. They are generally not ‘excisable,” represent

irreversible events in genomic evolution and may be valuable phylogenetic markers® 2"

% Murata et. al. (1992) builds a phylogenetic tree for salmonid species based on the
presence or absence of each of three families of tRNA-derived SINESs in closely related
genomes®®; similarly, a cladogram based on both the SINEs and LINES present in
cetartiodactyls** has confirmed relationships established by more conventional

phylogenetic techniques®. One of the principal advantages of the SINE/LINE insertion



approach is that homoplasy is unlikely because there is a very low probability that a
particular SINE will be independently inserted into the same region in two distinct
genomes™. However, the principal disadvantage is that it requires that we can identify
several SINES/LINEs that were inserted at the appropriate point in evolutionary history to
distinguish between the taxa of interest. Presently, we propose that a genome-wide
bioinformatic approach can potentially eliminate this limitation: (a) detail genome
annotations will allow us to identify all of a genome’s SINES/LINEs, (b) sequencing and
annotation of multiple genomes will permit us to both use SINEs to construct

phylogenies and estimate the time of insertion of a given interspersed element.

Pseudogenes

Harrison et. al. (2001) comment that pseudogenes may be valuable in molecular
systematics because they “acquire mutations, insertions and deletions without any
apparent evolutionary pressures”°. However, while many pseudogenes follow the
patterns of mutation expected for non-functional sequences, some experience elevated
rates of genetic drift®®*”. Other pseudogene are remarkably similar to their functional
homologs, which reflects either an evolutionarily recent time of pseudogene formation or
a functional role for that pseudogene (for instance, pseudogenes are involved in
generating immunoglobin heavy chain diversity in chickens)®.

Here, we suggest the comparative genomic studies based on the following
features of the pseudogene populations (as characterized by Harrison et. al.) may be of

value in phylogenetic reconstructions:

(1) Pseudofolds: Folds and structures can be assigned to pseudogenes based on the
structure of the most similar protein®. Differences exist in the relative occurrences of
predicted globular folds in the C. elegans gene products and the hypothetical pseudogene
products™. Folds more common in the gene than the pseudogene population may
represent evolutionarily recent additions to the ensemble of available structural motifs.
Evolutionarily trees can be constructed based on both the occurrence of folds in proteins

and ‘pseudoproteins’ in different genomes. Comparative genomics of pseudofold



occurrence may help us assess how the ‘preference’ for particular folds or motifs has

changed over evolutionary history in distinct lineages.

(2) The Number of Pseudogenes Relative to Genes in a Family: Some gene families (for
instance, chemoreceptor and seven-transmembrane receptor genes) have many
pseudogenes'®. Such families may face diminished “evolutionary pressures for their

conservation,”*°

which probably reflects a loss of functionality or duplication of
functionality by another suites of genes™. Comparative genomics should help us answer
the questions: (a) At what in evolutionarily history did a families stop facing pressure for
its conservation, i.e. when did it lose functionality? (b) How have the evolutionary
pressures conserving any particular gene (which may reflect the value of that gene to an

organism) vary across phylogenetic lineages?

(3) Amino Acid Composition®: Older suites of pseudogenes have amino acid
compositions® more similar to random genomic DNA than younger suites, an
observation which can be employed to predict the ‘age’ of a pseudogene®. Inter-
genomic comparisons of the estimated age of pseudogenes (coupled with an
understanding of the variations in nucleotide mutation rates discussed previously) may
provide another dimension of genomic information that can be incorporated into

phylogenetic analyses.

In conclusion, sequence comparisons of vast non-coding regions have already
been used to assemble molecular phylogenies and we propose that detecting non-coding
sequences in diverged genomes may help us to predict which introns may have regulatory
functions. Recent studies have also used SINEs and LINES to construct phylogenies of
closely related organisms. We contend that bioinformatic techniques should be applied
to identify the large population of non-coding sequences, SINEs and pseudogenes in a
genome and genome-wide characterization of these elements may be useful in

phylogenetic analyses.



TABLE 1: Proposed Strategies for Using Non-Coding DNA to Construct

Phylogenetic Analyses

Proposed Approach

Suggested Advantage

Probable Disadvantage

Conserved Non-coding
Sequences

May over be 270,000 CNSs in
human genome to study; software
already available for multiple
sequence alignments.

As many non-coding sequences
are not conserved, a genome must
be searched using bioinformatic
techniques to identify these
conserved regions.

SINES/LINES Insertions

Insertion of SINES/LINES
represent irreversible events in
genome evolution; good markers
for phylogenetic reconstructions.

We need extensive bioinformatic
surveys and annotations of
multiple genomes to find SINEs
and LINEs appropriate for the
taxa under study.

Pseudogenes

Nucleotide mutations in some
pseudogenes may occur without
“any apparent evolutionary
pressures™*. Possible to use
pseudofolds to augment more
traditional structural genomic
comparisons.

Some pseudogenes do not adhere
to the pattern of mutation
expected for non-functional,
random sequences, suggesting
they may have some type of
functionality.

TABLE 1 (continued):

Proposed Approach

Applied Previously at the
Level of Specific Sequences
to Construct Phylogenetic
Trees?

Applied Previously at a
Genome-Wide Level?

Conserved Non-Coding Yes (Ref. 28) No

Sequences

SINES/LINES Insertions Yes (Refs. 7, 27, 28, 34) No

Pseudogenes No Yes in C. elegans. (Harrison et.

al. 2001)
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