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The Quest for Genomic Homology
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Abstract: New initiatives to sequence complete genomes of related organisms have introduced a new era of large-scale
evolutionary genomics. The comparative analysis of these genomes allows us to obtain a comprehensive view of many
aspects of eukaryotic genome evolution. Consequently, new computational methods and approaches are being developed
in order to investigate chromosomal organisation, rearrangements and segmental homology. Here, we review the ditferent
techniques currently available to identify homologous chromosomal segments in closely and more distantly related
species and highlight some of the difficulties inherent to the statistical validation of putative genomic homology. In
addition, advantages of cross-species genome analysis are discussed as well as novel approaches to study large-scale gene

duplications.
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INTRODUCTION

Comparative genomics provides an efficient way to
detect functional elements in genomic sequences. The
observation that functional regions are conserved throughout
evolution, in contrast to their non-functional counterparts,
has triggered the sequencing of (at least parts of) genomes of
closely related animals, plants and fungi [1-6]. Such large-
scale sequencing projects offer an integrated framework for
comparative sequence analysis and greatly enlarge our
knowledge about gene structure, function and regulation.
Perhaps the most illustrative example is the sequencing of
the mouse genome, which, in comparison with the human
genome, has allowed the identification of many regulatory
elements and has improved gene annotation in both human
and mouse [7-14]. Moreover, the detection of signals that are
conserved, but cannot be recognised in the absence of a
cross-species comparison makes it possible to discover new
functional elements, such as non-coding RNAs [15, 16], and
hint to their importance in biological systems.

Apart from the improved detection of conserved elements
and a better understanding of the complexity embedded in
biological processes through the comparative analysis of the
genes involved, the availability of an increasing amount of
genome sequences from a large variety of organisms makes
it possible to study the organisation of genes in a genome.
Especially the characterisation of different types of
rearrangements (e.g. inversions, translocations and transposi-
tions), duplications and gene loss exposes the actual impact
of genome evolution on the complete catalogue of genes
encoded by the genome [17-22]. However, in order to study
genome organisation and genome evolution, it 1s essential
that conserved regions between and within genomes can be
correctly identified. Since these homologous regions, derived
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from a common ancestral region, may have been extensively
rearranged, their identification is not always obvious. In this
review, we discuss the different techniques currently applied
for the detection of homologous chromosomal regions and
their application to the analysis of large-scale duplication
events. Furthermore, we highlight some of the advantages of
having access to related genomes when unravelling a
genome’s evolutionary past.

THE DETECTION OF HOMOLOGOUS CHROMO-
SOMAL SEGMENTS

Choosing the best method for the detection of homology
at the genomic level highly depends on the resolution one
wants to obtain and on the nature of the genomic information
that is available. If complete genomic sequences of closely
related species are available, the most straightforward way to
detect homology is by comparing the sequences at the DNA
level using a standard sequence similarity search tool such as
BLAST [23] or FASTA [24]. Similarly, a DNA-based
sequence comparison can be applied to identify recently
duplicated and thus paralogous chromosomal regions within
the same genome. For the comparison of very long stretches
of DNA, both pairwise alignment tools (e.g., Smith-
Waterman [25], DOTTER [26], MUMmer [27], PipMaker
[28], SSAHA [29], BLAT [30], BLASTZ [31], AVID [32],
LAGAN [33]) and multiple alignment tools (Multi-LAGAN
[33], MultiPipmaker [34]) have been developed. If both
input sequences are closely related, large-scale alignments
can be generated, which show a detailed base-to-base
mapping between the two genomic sequences. Although
some of the programs listed above are able to cope with
genomic sequences from more distantly related organisms,
the increasing amount of sequence dissimilarity between
such genomes, or alternatively between anciently duplicated
regions within the same genome, seriously complicates the
detection of significant homology over long genomic
distances (e.g. 100-1,000kb). Rather, small conserved frag-
ments, typically conserved exons or non-coding conserved
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sequences might be recovered, but these provide little overall
information on the evolution of chromosomes or complete
genomes.

When the amount of sequence similarity at the DNA
level is too low to determine homology between or within
genomes, the inference of conserved gene content and order
(1.e. colinearity) provides an elegant alternative to unravel
common ancestry of chromosomal regions. The advantage of
this method, compared to DNA sequence alignment
methods, 1s that similarity that has faded away at the DNA
level still can be detected at the protein level. This is
demonstrated in (Fig. 1) showing a comparison of two highly
similar and two degenerated paralogous chromosomal
regions in the genome of Arabidopsis thaliana, both at the
DNA level and at the protein level. Where for recently
duplicated (and thus highly similar) regions homology can
still clearly be inferred by both methods (i.e. DNA-based
alignments and colinearity at the protein level), the
homology between the degenerated paralogous regions is
only visible through the detection of colinearity at the protein
level.

THE MAP-BASED APPROACH: DETECTION OF
CONSERVED CONTENT AND ORDER

The identification of homologous chromosomal regions
between distantly related organisms is thus usually based on
a genome-wide comparison that aims at delineating regions
of conserved gene content and order in different parts of the
genome. The same is true for the detection of duplicated
chromosomal regions within the same genome. Although the
map-based approach can be applied on the basis of different
types of genomic information (e.g. genes, molecular markers
or local DNA similarities, see further), we will explain the
general concept of this method with genes as the genomic
units of a chromosome. Essential in the map-based approach
1s that the (absolute or relative) chromosomal locations of all
genes (or in general the units describing the chromosome
under investigation) are known.

Although the detection of colinearity seems a fairly
simple way to detect genomic homology, the dynamic nature
of genomes, responsible for the duplication, deletion, and
rearrangements of genomic DNA, results in a degraded
pattern of colinearity that makes it difficult to detect more
ancient homology. Nevertheless, the correct identification of
homologous segments remains an important issue. Regarding
large-scale gene duplication, several studies already applied
a map-based approach for the detection of duplicated
segments in fully sequenced genomes [35-38]. Recently, we
developed a publicly available software tool, called
ADHoRe, for the automatic detection of homologous regions
combined with a robust statistical validation [39, 40]. The
general concept of ADHoRe makes it possible to use the
software tool for the analysis within one genome, i.e. to look
for paralogous regions with duplicated genes, or for
comparisons between genomes of different organisms, i.e. to
look for orthologous regions. Moreover, events such as
inversions, deletions and tandem duplications that compli-
cate the detection of homology, can be taken into account.
Based on similar principles, Gaut and coworkers recently
published the LineUp package that aims at detecting
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significant chromosomal homology based on molecular
marker information, even if substantial rearrangements of
marker order have occurred [41].

THE ADHoRe ALGORITHM

[n the map-based approach as implemented in ADHoRe,
the information on homologous gene pairs is stored in a
matrix of (m.n) elements (m and n being the total number of
genes on each genomic tfragment), each non-zero element (x,
y) being a pair of homologous genes (x and y denote the
coordinates of these homologous genes or anchor points).
Figure 2a shows a small hypothetical gene homology matrix
(GHM). In the matrix, colinear segments are represented as
diagonal lines, while tandem duplications form horizontal or
vertical lines, inversions can be detected by considering the
orientation of the elements, and gaps in diagonal regions
refer to gene loss or gene insertions in duplicated blocks. To
detect colinearity, one has to find more or less diagonal
series of elements (i.e. homologous genes) in the matrix.
This way of presenting the organization of genes on genomic
segments reduces finding colinearity to a clustering problem.
During construction of the GHM, ADHoRe subjects it to a
number of procedures. For example, after identification of
the homologous genes, irrelevant data points need to be
removed, a process we refer to as negative filtering [39].
During this step, all elements that cannot belong to a cluster
pecause they are too far away from other elements in the
nomology matrix — i.e. homologous genes that most
probably have not been created by the block duplication - are
removed. Also tandem duplications are removed from the
matrix. Since we are looking for diagonal regions in the
GHM, purely horizontal or vertical regions due to tandem
duplications are remapped by collapsing all tandem
duplications. This way it is easier to detect diagonal regions,
since they are no longer interrupted by horizontal or vertical
clements. The end result is a matrix that has been cleaned up
by filtering and a colinear region is now defined in the
matrix representation as a number of elements (which we
refer to as anchor points) showing clear diagonal proximity
(Fig. 2b). In order to find such diagonals on a mathematical
basis, we have developed a special distance function that
yields a shorter distance for elements that are in diagonally
close proximity than points that are in horizontal or vertical
proximity [39]. Figure 3 shows the application of this
distance function to a hypothetical example. Briefly, all
elements in the GHM that are in close proximity are grouped
into clusters. Subsequently, the quality of each cluster is
examined and can be used to remove non-colinear homo-
logous regions (see Fig. 3). Finally, it is investigated whether
detected clusters can be combined into larger homologous
regions [39].

STATISTICAL SIGNIFICANCE OF COLINEARITY

When all clusters (i.e., colinear regions) have been
compiled as described above, colinear segments (or clusters
in the homology matrix) that are not statistically significant
need to be removed. The goal of this procedure is to
determine which colinear regions could occur purely by
chance and are therefore not biologically significant. This
problem was first recognised by Gaut (2001) who introduced
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Fig. (1). Comparison of duplicated regions in Arabidopsis through both DNA-based alignments and the detection of colinearity (conserved
gene content and order). Figs 1A and 1B show a recently duplicated chromosomal segment between chromosome 3 (size 55.6 kb or 21
annotated genes) and chromosome 5 (size 65.5 kb or 20 annotated genes) that can be detected by DNA-based alignments and by colinearity at
the protein level, respectively. DNA-based alignments were created using MUMmer (parameters: -1 15 —b —c; Delcher et al., 1999). The
zoom-1n, created with DOTTER (Sonnhammer and Durbin, 1995), shows the conserved exon-intron structure at the DNA level of a
paralogous gene pair. Figs 1C and 1D show an ancient duplication event between chromosome 1 (size 89,7 kb or 26 annotated genes) and
chromosome 3 (size 100,4 kb or 24 annotated genes). Whereas colinearity at the protein level enables the detection of this anciently
duplicated segment (D), no similarity at the DNA level can be found (C). Note that in panels A and C the axes of the graph represent the base
pairs of the chromosome, where in panels B and D the graph represent genes positioned along the chromosome.
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Fig. (2). Hypothetical gene homology matrix. Arrows on the axes of both segments represent genes on the genomic segments. Grey cells
illustrate homologous genes (anchor points). In fig 2A, the original organisation of all genes, including tandem duplications and inversions, 1s
shown. Fig. 2B shows the same gene homology matrix after remapping of tandem duplications and the removal of irrelevant single data
points, 1.e., homologous genes that are most likely not part of the block duplication. In addition, the small inverted colinear segment of 3
anchor points was restored to i1ts original orientation, 1n order to create a larger colinear region.

a statistical test to validate whether colinearity of genetic
markers represented genuine homology or could be expected
by chance. To this end, the number of anchor points (i.e.
homologous genes) within a colinear segment together with
the size of the segment was compared with colinear
segments found in a large number of randomised data. If the
original colinear segment contains more markers or markers
in closer proximity than expected by chance, the conclusion
1s that both segments are indeed homologous. This 1s usually
implemented as a statistical test (a so-called permutation test
or Monte Carlo simulation), sampling a large number of
reshuffled data sets and calculating the probability that a
colinear region, characterised by a number of conserved
genes and an average gap size, can be found by chance.

Several recently published analyses have applied statis-
tical validation through comparisons of observed data with
expected data obtained by randomization tests [39, 43-45].
Although frequently done, the selection of colinear segments
based solely on the number of anchor points within a
colinear region 1s not entirely correct. This 1s due to the fact
that the significance of colinearity strongly depends on the
overall distribution of the homologous genes in a colinear
segment, rather than on the total number of homologous
genes [46]. One can easily imagine that the significance of 7
homologous genes within a colinear region of 15 genes is
much higher than a colinear region of 100 genes with 7
homologous genes. Therefore, taking into account the

number of anchor points in a cluster together with the
average distance between all anchor points in a cluster (or
reciprocal density) provides a more reliable way to calculate
the probability that a cluster detected in the real dataset could
have been generated by chance. This will result in small but
dense clusters being retained, whereas loose small clusters
will be rejected, since the chance that they were generated by
chance 1s high.

A major drawback of the validation of colinearity
through the comparison with randomised datasets 1s that the
analysis of the large number of permutated datasets
(typically 100 or 1000) is computationally expensive and in
many cases more time-consuming than analysing the original
dataset. Consequently, new methods have been developed
for the validation of colinearity that do not require the
presence of randomised data [47, 48].

SELECTION AND IDENTIFICATION OF HOMO-
LOGOUS GENES

In order to identify statistically significant orthologous or
paralogous colinear segments based on the gene homology
matrix, it is important to use strict criteria before concluding
whether two genes (or markers) are anchor points. In the
case of genetic maps, information about similar units —
applied for describing the chromosome - is derived from
markers that cross-hybridize on different chromosomal
locations, whereas in sequenced genomes anchor points are
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Fig. (3). Application of the diagonal pseudo distance (DPD) function to the detection of elements with diagonal proximity in the gene
homology matrix. Fig. 3A shows the DPD for a given cell in the matrix to the central black dot (anchor point). The diagonal pseudo distance
1s smaller for diagonally orientated elements (grey boxes) than for elements deviating from the diagonal. Shaded boxes represent elements
(genes) with an infinite distance to the central dot, since these elements are unlikely to be part of the duplicated segment that contains the
anchor point (black dot). Fig. 3B shows the iterative clustering of elements for a colinear region with positive orientation (i.e. from top left to
down right) in the homology matrix. All genes lie within a maximum gap distance G (e.g.. 30) of each other. The best-fit line and its
coefficient of determination (r*) shows the quality of the cluster, which is clear y above the predefined Q value cut-off, here set to 0.9. As a
result, all four homologous genes are considered to have been arisen by a block duplication.

simply homologous DNA or protein sequences. In the map-
based approach, usually lists of predicted genes resembling
the order of the genes on the chromosome are used for
comparing genomic segments. Recently, Pevzner and Tesler
(2003) used local similarities at the DNA level to compare
the genomes of human and mouse, bypassing problems due
to possible erroneous gene annotation. Nevertheless, as
discussed above, homology at evolutionary distances where
only protein similarity is conserved is missed. A possible
solution, not yet implemented as far as we know, would be to
identify homology between two segments by combining
local similarities both at the DNA level and protein level.
This method would have the advantage that it offers higher
resolution compared to using only protein sequences and
consequently should provide a more accurate view of the
actual similarities between genomic sequences, both in
coding and non-coding regions.

A first crucial step in applying the map-based approach
as described above is the identification of homologous genes.
Usually, an all-against-all sequence similarity search (e.g.
BLASTP; [23]) 1s performed to find homologous proteins.
Apart from applying an E-value or a similarity score cut-off,
additional parameters such as the coverage of the alignable
region on both potentially homologous genes can be applied
to select ‘suitable’ homologues (for examples, [36, 37]). A
major problem in identifying homologous genes based on
sequence similarity is the discrimination between paralogous
and orthologous genes, especially if genes belong to large

multigene families [49]. For example, finding colinearity
considering gene families with only one member in each
genome will provide strong evidence to define truly
orthologous segments between distantly related genomes. In
contrast, the inclusion of large gene families will introduce a
large number of homologous anchor points in the GHM of
which only a very small fraction represents genuine
orthology. Therefore, prior to the construction of the GHM,
one should consider to first define all gene families and their
sizes using specifically designed cluster algorithms [50-53].
[n order to reduce the noise created by paralogy, only small

gene families could then be selected and included in the
analysis.

LARGE-SCALE GENE DUPLICATION EVENTS AND
GENE LOSS

Often, very degenerated block duplications that origi-
nated hundreds of millions of years ago cannot be identified
as such by directly comparing the duplicated segments.
Difterential gene loss, which 1s responsible for the loss of a
different, but complementary set of genes on both paralogous
genomic segments, makes it impossible to detect significant
colinearity by directly comparing anciently duplicated
regions. Therefore, two genomic segments in the same
genome form a ghost duplication when their homology can
only be inferred through comparison with the genome of
another species [54]. In Figure 4, the chromosomal segments
A3.1 and A2.1 from Arabidopsis clearly show a pattern of
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differential gene loss when compared with the rice segment
R10.1, since a number of genes located on the rice segment
have been lost in one of the two paralogous segments of
Arabidopsis (e.g. genes belonging to gene family 6733
(serine/threonine protein kinase), 4240 (bZIP leucine zipper)
and 7796 (palmitoyl-protein thioesterase precursor)). Based
on similar principles, hidden duplications can be inferred,
which are heavily degenerated block duplications that cannot
be identified by directly comparing both duplicated segments
with each other, but only through comparison with a third
segment of the same genome [55]. Consequently, hidden
duplications are important to consider for determining the
actual number of duplication events that have occurred over
time, as previously demonstrated for Arabidopsis |56, 40].
Indeed, by taking into account hidden duplications, one can
often group additional segments in a multiplicon (a set of
mutually homologous segments), as shown in (Fig. 4). The
number of segments in a multiplicon, referred to as the
multiplication level [40, 48, 55], can be used to infer the
number of duplication events that must have occurred. For
example, the presence of three homologous rice segments In
the multiplicon, shown in (Fig. 4), reveals that 2 duplication
events must have occurred.

Apart from combining data of two genomes, Wong and
co-workers [57] integrated partial sequence information of
14 related yeast strains in order to find evidence for an entire
genome duplication event in S. cerevisiae. In their approach,
the combination of a large number of chromosomal homo-
logous segments allowed detecting heavily degraded
duplicated regions, scattered throughout the genome.

GENOMIC PROFILES: AN EXTENSION TO THE
MAP-BASED APPROACH

Although considering transitive homologies such as
hidden and ghost duplications allows the identification of
many additional, previously undetectable, homologous
genomic segments, it still requires that each of the
homologous segments show significant colinearity with at
least one other homologous segment. However, it is possible
that, within a given multiplicon, one or more segments have
diverged that much from the others in gene content and gene
order, that they no longer show any clear colinearity with
any of the other segments. Such segments that are in the
twilight zone of genomic homology cannot be detected with
any of the currently available methods. Recently, we have
been developing a new software to uncover chromosomal
segments that are homologous (in respect with having
common ancestry) to others, but can no longer be identified
as such due to extreme gene loss. This is done by aligning
clearly colinear segments and using this alignment as a
'senomic profile' that combines gene content and order
information from multiple segments to detect these heavily
degenerated homology relationships (see Fig. 5); [48].

After the initial detection of a level 2 multiplicon with
the basic ADHoRe algorithm, an alignment of the two
segments that form this multiplicon, is created where the
anchor points of the multiplicon are positioned 1n the same
columns. Using this alignment now as a profile, a new type
of homology matrix can be constructed in which the gene
products of a segment are compared to the gene products of
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the profile. Once this homology matrix is constructed, it is
again presented to the basic ADHoRe algorithm, which will
again detect clusters of anchor points applying the same
statistical validation method as described before. This time,
however, new significant clusters will not reveal homology
between two individual segments, but between the two
segments inside the profile (i.e. the initial level 2
multiplicon) and a third segment. Because this type of GHM
combines gene content and order information of the different
segments in the profile, it is possible to detect homology
relationships with a third segment that could not be
recognised by directly comparing any of the segments of the
multiplicon individually with this third segment. If such a
third segment is detected, it is added to the multiplicon,
thereby increasing its multiplication level, and the corres-
ponding profile is updated by aligning the new segment to it.
The entire detection process can now be repeated with the
newly obtained profile [48].

BIOLOGICAL IMPLICATIONS OF LARGE-SCALE
GENE DUPLICATIONS FOR GENE FUNCTION

The widespread occurrence of large and small-scale
duplication events highly complicates the extrapolation of
functional relationships between homologous genes of
different species. Whereas one-to-one orthologous
relationships suggest conservation of gene function, complex
many-to-many homologous relationships offer limited
information regarding conservation or divergence of gene
function [58]; (see Fig. 4). Although initially duplicated
genes harbour redundant gene function, models have been
formulated to explain the evolution of new functions (neo-
functionalisation) or preservation of both duplicates by sub-
functionalisation, where both members of a pair experience
degenerative mutations that reduce their joint levels and
patterns of activity to that of the single ancestral gene [59].
Some biological examples of sub-functionalisation have
been documented [60], but it remains unclear whether this
model accounts for the majority of preserved gene duplicates.

One way to further understand the evolutidnary
mechanisms underlying the expansion of gene families is to
combine segmental or tandem duplications with gene phylo-

~genies. Recently, Cannon and co-workers [61] developed a

suite of programs for the detailed analysis of gene families
combining comparative genomic positional information with
phylogenetic reconstructions. As such, the impact of tandem
and segmental duplications on gene family evolution can be
inferred, allowing scientists to get deeper insights into the
evolution of gene sub-families, which might be associated
with functional divergence, or the acquisition of extra,
potentially redundant gene copies in particular species.
Finally, this approach can provide valuable clues about
conserved gene function in orthologous genes and functional
divergence in paralogous genes.

CONCLUSION

[t is clear that large-scale genome sequencing and
advanced comparative sequence analysis offer a powertful
combination to study the complex evolutionary forces that
shape the structure of genomes. The analysis of complete
genomes and the comparison of gene organisation in related
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Fig. (4). Set of homologous chromosomal segments (multiplicon) of Arabidopsis (segments A) and rice (segments R). Boxes represent the
genes on the chromosomal segments whercas connecting lines indicate the anchor points (i.e. homologous genes part of the same gene
family). Dark grey connecting lines show gene families of which 50% or more of all genes are present in the multiplicon shown (see text for
details). Therefore, these genes provide a particularly strong case for homology. For each genomic segment, the names of the genes preceded
by the gene family ID are shown. Grey shaded boxes represent genes with no homologues in Arabidopsis and rice (gene family S’ for
singleton) and white boxes represent annotated genes with high similarity to retrotransposons. By considering the colinearity between
Arabidopsis and rice, a sct of, at first sight unrelated. Arabidopsis scgments can be joined into a multiplicon with multiplication level 4 (i.e.
the number of homologous segments in a multiplicon). Vice versa, this colinearity reveals that all three rice segments are linked with each
other by two duplication events.
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Fig. (5). Detection of homology through a genomic profile. The upper section shows an initially detected level 2 multiplicon (a pair of
homologous chromosomal segments). The grey boxes connected by black lines represent pairs of homologous genes (anchor points) between
the two segments. The lower section shows the construction of a homology matrix using this multiplicon as a profile. To accomplish this, the
multiplicon is first aligned by inserting gaps at the proper positions (depicted by empty spaces in the alignment). The homology matrix can
now be constructed by comparing this profile with the genes of a chromosomal segment C (shown on the left of the matrix). Anchor points in
the matrix are detected whenever a gene of this chromosomal segment belongs to the same gene family as one of the genes in any of the
segments In the profile. The black squares represent homologues between segments A and C, the dark grey between B and C. The black/dark-
grey square denotes a gene that has a homologue on both segment A and B. Combining segments A and B in a profile thus results in 5 anchor
points with segment C, whereas the individual segments A and B only have 3 anchor points with segment C, which might be too few to
decide on statistical significant homology.
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