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“Excavating” ancestral genomes

The recent release of the chicken genome sequence (Hillier et al.
2004) provided exciting news for the comparative genomics
community as it allows insights into the early evolution of the
human genome. A bird species can now be used as an outgroup
to model early mammalian genome organization and reshuf-
fling. The genome sequence data have already been incorporated
in a computational analysis of chicken, mouse, rat, and human
genome sequences for the reconstruction of the ancestral ge-
nome organization of both a mammalian ancestor as well as a
murid rodent ancestor (Hillier et al. 2004; Bourque et al. 2005).
This bioinformatic effort joins a molecular cytogenetic model
(Richard et al. 2003; Yang et al. 2003; Robinson et al. 2004; Sv-
artman et al. 2004; Wienberg 2004; Froenicke 2005) as the sec-
ond global approach to explore the architecture of the ancestral
eutherian karyotype—a fundamental question in comparative
genomics. Since both models use the human genome as refer-
ence, they are readily comparable. Surprisingly, however, they
share few similarities. Only two small autosomes and the sex
chromosomes of the hypothesized ancestral karyotypes are com-
mon to both. Unfortunately, given its significance, neither the
extent of these differences nor their impact on comparative ge-
nomics have been discussed by Bourque and colleagues (2005).
In an attempt to redress this, we compare the two methods of
ancestral genome reconstruction, verify the resulting models,
and discuss reasons for their apparent divergence.

Comparative chromosome painting

The cytogenetic model was developed over the last 10 years and
is now based on comparative chromosome painting data from
>80 eutherian species (including 50 primates). Comparative
chromosome painting (or Zoo-FISH) allows a fast generation of
large-scale comparative genome maps in Placentalia (Wienberg
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et al. 1990; Scherthan et al. 1994). It uses cross-species fluores-
cence in situ hybridization (FISH) using human or other chro-
mosome-specific DNA sequences as painting probes. Zoo-FISH
identifies three kinds of genomic data: (1) evolutionarily con-
served chromosomes (Chowdhary et al. 1998), (2) conserved
chromosomal segments (O’Brien and Graves 1990), and (3) syn-
tenic associations (Chowdhary et al. 1998). Syntenic associations
are comprised of adjacent conserved segments that display ho-
mology to two different human chromosomes. The “algorithm”
used in the reconstruction of an ancestral chromosome form is
based on a cladistic analysis of ancestral versus derived features
using appropriate outgroup species (Hennig 1966). A particular
chromosome form is considered ancestral if the trait is not only
found within a given taxon but also in more distantly related
species that serve as outgroups. For example, the homologs of
human chromosomes 3 and 21 are also independent in great
apes but make up a single chromosome in Prosimians and New
World monkeys. This association is further found in all analyzed
nonprimate mammals (e.g., see Fig. 2 below). Thus, the associa-
tion of these two chromosomes represents the ancestral (i.e., ple-
siomorphic) form for primates, while human and apes show the
evolutionarily derived state. Since all analyzed mammalian or-
ders also comprise species with conserved karyotypes, the analy-
sis of ancestral eutherian karyotypes can be achieved by compar-
ing the data in character tables as have been published by several
groups (e.g., Richard et al. 2003; Froenicke 2005). In taxa
with highly rearranged genomes such as New World monkeys
and gibbons, ancestral karyotypes were reconstructed by treat-
ing chromosome rearrangements as discrete characters in parsi-
mony analyses using the PAUP (Phylogenetic Analysis Using
Parsimony) software package (e.g., Miiller et al. 2003; for review,
see Dobigny et al. 2004). Wherever possible, the orthologies
of such identified ancestral chromosome forms are verified by
comparisons to other available genome data (gene-mapping
data, reciprocal Zoo-FISH, and recently genome sequence align-
ments).

In spite of the limitations of the technique (intrachromo-
somal rearrangements usually cannot be identified), Zoo-FISH
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has clearly demonstrated that species within most eutherian
clades have retained rather conserved karyotypes, extending
even to some rodents (Fig. 1A,B). In fact, the average rate of
chromosomal exchanges characterizing their evolutionary his-
tory is estimated at ~1.9 rearrangements per 10 million years
(Froenicke 2005), although some notable exceptions do exist.
Vastly accelerated rates of chromosomal evolution have been en-
countered within murid rodents, caniform carnivores, and gib-
bons (Wienberg 2004).

The molecular cytogenetic model

The first model of an ancestral eutherian karyotype was proposed
as early as 1998 on the basis of Zoo-FISH data from seven non-
primate mammalian species (Chowdhary et al. 1998). The pres-
ent consensus model incorporates data from 14 out of 19 placen-
tal mammalian orders (Fig. 1A) and reflects the independent cla-
distic analyses of several groups (Richard et al. 2003; Yang et al.
2003; Robinson et al. 2004; Svartman et al. 2004; Wienberg 2004;
Froenicke 2005). Figure 1A depicts the ancestral chromosomal
complement of two superordinal clades, the Boreoeutheria and
Euarchontoglires, both with a chromosome number of 2n = 46.
According to the cytogenetic data, the ancestral Placentalia
karyotype was either identical or closely similar to this re-

boreoeutherian ancestor

A (2n=46)
4a
v
|‘ 15
4b -
14
21
5 X
22

14-15 6
BEA 10p-12a 2q 7a 2pq 9 11 10q 13
-22a

' 19
16
8q 17

18 169-19q 20

w

12

27 @12
16 22'

BEA 7b-16p 12b-22b 19p

construction. Our confidence in the model is founded on the
following: (1) Reciprocal chromosome painting (i.e., the heter-
ologous hybridization of chromosome-specific probes of two spe-
cies in both directions) has shown that the proposed ancestral
syntenic associations are made up of orthologous segments. They
are thus likely to represent true homologies and not homopla-
sies. (2) One species (aardvark), which belongs to the presumed
oldest placental clade, the Afrotheria, has retained all of the an-
cestral segments suggested by cross-species chromosome paint-
ing (Yang et al. 2003). (3) The comparisons of Zoo-FISH maps
with genome sequence alignments for the species pairs human/
dog (Sargan et al. 2000), and mouse/rat (Stanyon et al. 1999;
Nilsson et al. 2001) reveal a high degree of concordance between
the two approaches of genome analyses, even for very derived
genomes (Supplemental Fig. 1).

Reconstructions using the Multiple Genome Rearrangement
algorithm

One of the greatest challenges in handling the vast amount of
data produced by the genome projects is the development of
algorithms that can trace the evolutionary process of genome
reorganization based on DNA sequence or gene order informa-
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Figure 1. (A) Reconstructed karyotype of the Boreoeutheria ancestor (BEA) and its conservation in the chicken genome. The ancestral karyotype is

based on comparative chromosome painting data from >80 eutherian species (Richard et al. 2003; Yang et al. 2003; Robinson et al. 2004; Wienberg
2004; Froenicke 2005). Each ancestral chromosome is named according to its orthologous segments in the human genome. The homologies of
individual conserved segments to human chromosomes are identified by individual colors and numbers to the right of the ideograms. The degree of
synteny conservation of the largest conserved segments in the chicken genome (http://www.ensembl.org) is indicated by gray bars to the left of the
ideograms. For the precise homologies of the conserved segments 4a, 4b, 7a, 7b, 12a, 12b, 22a, and 22b see Froenicke (2005). The association of
HSA10p to HSA12a is a comparatively weakly supported ancestral chromosome form as indicated by the dotted line, the scissor symbol, and the
question mark. (B) Reconstructed karyotype of the ancestral rodent genome (RA). The reconstruction is based on recent comparative squirrel genome
maps (Li et al. 2004); the Zoo-FISH data reviewed in Froenicke (2005); and on alignments of mouse, rat, and human genome sequences (http://
www.ensembl.org). The association of human chromosomes 3 and 19 has been included according to yet-unpublished studies of representatives of two
additional rodent suborders (A.S. Graphodatsky, F. Yang, L. Biltueva, T. Li, S. Romanenko, P. Perelman, N. Serdukova, E. Nevo, E. Ivanitskaya, T.J.
Robinson, et al., in prep.). The nomenclature is the same as used in A. The boundaries of orthologous segments of human chromosome 3 are defined
as: 3a: 3pter-3p25.1, 3p14.1-p12.3, 3q21.2-21.3; 3b: 3p25.1-3p14.1, 3921.3-924; 3c: 3p12.3-3921.2, 3g24-qter.
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tion. The most frequently used algorithm (Multiple Genome Re-
arrangement, MGR) (Bourque and Pevzner 2002) explains the
evolutionary changes between the genomes by attempting to
calculate the minimum number of rearrangements between syn-
teny blocks (conserved homologous segments with a mostly con-
served gene order). This method has also been applied to model
the ancestral mammalian genome (Hillier et al. 2004; Bourque et
al. 2005) based on the identification of 586 synteny blocks
among chicken, mouse, rat, and human genome sequences (re-
ferred to here as the “bioinformatic model”). According to the
current molecular phylogenetic tree (Amrine-Madsen et al. 2003;
Margulies et al. 2005), however, this model should correctly be
referred to as a model of a “Euarchontoglires ancestor,” and not
as the “mammalian ancestor,” since it considers only data from
a single superordinal eutherian clade and the chicken.

Comparing the two models

Both approaches reconstruct evolutionary genomic change by
identifying the most parsimonious number of rearrangements of
ancestral building blocks, albeit on vastly different scales. How-
ever, the molecular cytogenetic and bioinformatic models sug-
gest widely divergent ancestral karyotypes. While the chromo-
some numbers of 1n =23 and 1n = 21, respectively, are similar,
the numbers of conserved segments (cytogenetics: 32; bioinfor-
matics: 56) and the numbers of syntenic associations (cytogenet-
ics: 8; bioinformatics: 29) display great differences. Of the 29
proposed syntenic associations suggested by the bioinformatic
model, only four are shared with the eight ancestral syntenic
associations identified by Zoo-FISH. Although it could be argued
that the difference in the numbers of conserved segments is sim-
ply a reflection of the increased resolution provided by DNA
sequence comparisons, this explanation is only applicable to a
very small number of the segments. According to the Supplemen-
tal data (Bourque et al. 2005), the majority of the conserved seg-
ments are well above the resolution limit of Zoo-FISH (~4 Mb).
Thus, these syntenic associations and conserved segments should
have been observed by chromosome painting in at least a subset
of the mammalian species analyzed so far.

The dog genome sequence test

The release of the dog draft genome sequence (Lindblad-Toh et
al. 2005) and the availability of human and dog genome se-
quence alignments through the ENSEMBL browser (http://
www.ensembl.org; assemblies NCBI 35 and CanFam1.0) provide
an excellent opportunity for testing the two putative ancestral
genome models. Syntenic associations can be expected to be the
best conserved markers suitable for a comparison of genome se-
quence alignments, synteny block maps, and Zoo-FISH maps.
From the 29 syntenic associations suggested in the bioinformatic
ancestral model, 17 are absent in the dog genome, and six are
present but have a different gene content in either one or both
participating syntenic blocks (HSA 1/16, 1/17, 2/9, 2/18, 4/6, 10/
11) and are therefore not homologous. The homology of two
associations (HSA 5/9 and 1/18) in the dog cannot be verified
because of a lack of sequence alignments in the respective re-
gions. The four remaining associations that are present in both
the dog genome and the bioinformatic model (HSA 3/21, 4/8,
12a/22a, 12b/22b) are also part of the cytogenetic model (Figs. 1A
and 2). The dog genome shares two further associations exclu-
sively with the cytogenetic model (HSA 7/16, 14/15). In sum-
mary, six out of eight ancestral associations identified by the

2 <

N F ey

s £ v 9
3 < IS
%) X o o N OS¢ X
¢S 888 5958
LK 0 © O Q T < g I Y

Dog 31 Chicken 1
= I
0 oo CHN T WEBAN AT WD Ay,

Mouse 16

. [ERENE R

genome sequence reciprocal Zoo-FISH  ancestral

Figure 2. Comparisons of chicken, dog, and mouse genome sequence
alignments to the human genome (http://www.ensembl.org) and Zoo-
FISH data delineate an ancestral Amniota chromosome. Contiguous syn-
tenic associations of human chromosome homologs 3 and 21 (top) are
found in the genome sequence data indicated to the /left of the human
chromosome ideograms as well as in all of species analyzed by reciprocal
Zoo-FISH. The vertical bars to the right of the G-banded human chromo-
some ideogram indicate the extent of the conserved segments displaying
the syntenic associations in the selected species and chromosomes listed
on top. Homologies to human chromosomes are identified by color: red
(HSA3), blue (HSA21). Note that the intersection of homologous seg-
ments of human chromosome 3 in chicken, mouse, dog, and the horse
(highlighted in yellow) indicate the ancestral fusion point of HSA3 to
HSA21 in 3p12.3 (Froenicke 2005). Small genome alignment gaps inside
conserved segments have been omitted for the sake of clarity. Similar
agreements between chicken/human genome alignments and Zoo-FISH
can be presented for the ancestral boreoeutherian associations HSA7/16,
14/15, and 16/19 (Supplemental Fig. 2). All three of these associations
are missing in the bioinformatic model (Hillier et al. 2004; Bourque et al
2005).

cytogenetic model can be retrieved in alignments of human and
dog sequences. In contrast, none of 25 syntenic associations ex-
clusively delineated by the bioinformatic model can be con-
firmed by such comparisons.

Conservation of ancestral Amniota syntenies

The alignment of chicken/human genome sequences (http://
www.ensembl.org; assemblies NCBI 35 and WASHUC1) (Birney
et al. 2004) enables for the first time an outgroup comparison of
the molecular cytogenetic genome data (Figs. 1A and 2; Supple-
mental Fig. 2). The cytogenetic model differs by only eight syn-
tenic associations from the human karyotype. Seven out of these
eight proposed ancestral placental associations can be recovered
in the chicken genome sequence (Figs. 1A and 2; Supplemental
Fig. 2). Only the HSA10/12 syntenic association seems to be miss-
ing in the chicken genome (Fig. 1A). Despite the presence of
bigger gaps in the alignments, it can be shown for five of the
seven associations that they are, indeed, made up of orthologous
conserved segments by comparing the chicken/human and dog/
human genome sequence alignments (http://www.ensembl.org)
(Fig. 2). Exceptions are HSA14/15 and 16/19. This concordance
provides strong corroboration of the cytogenetic models of an-
cestral Eutherian karyotypes. Moreover, they extend the time
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frame for the conservation of the following larger segments of
the ancestral eutherian genome to the ancestral Amniota ge-
nome itself (>350 million years ago, [Mya]). These are HSA4, 5p,
6p21.2-qter, 8q, 10q, 12pter-q/22qter, 12qter/22cen, 15 qter,
18p+qter, 16q/19q, and 21. Additionally, human/chicken ge-
nome sequence alignments suggest the conservation of chromo-
somes HSA13, 14, 16p, 19p, 20q, Xp, and Xq, although in these
instances the alignments display larger gaps.

A similar analysis of the syntenic associations present in the
bioinformatic model (Bourque et al. 2005, Fig. 2) shows the fol-
lowing: Of the 25 ancestral mammalian associations that are ex-
clusively delineated by the bioinformatic model, eight occur only
in the Muridae, and four are limited to the chicken. Six syntenic
associations are shared by chicken and Muridae genomes (HSA
1/16, 2/3, 2/6, 2/15, 5/9, 11/15). However, none of these shared
syntenic associations is made up of orthologous synteny block
pairs in both mouse and chicken genomes, and thus they are not
truly homologous.

In conclusion, the attempt to verify the two ancestral ge-
nome models using additional genome sequence data does not
provide support for the current bioinformatic model. The cyto-
genetic model, as broad-scale as it is compared to sequence data,
aligns well with the dog and chicken genome sequence data.
Given the taxonomic coverage provided by the cytogenetic data,
coupled to the resolution offered by the dog genome sequence
comparison, we would suggest that the cytogenetic model pro-
vides a far more likely representation of the ancestral Eutherian
genome.

Potential causes for the discrepancies of both models

What are the most compelling reasons for the discrepancies be-
tween the two models? The major factor is probably the small
sample size of just four genomes analyzed by the bioinformatic
study. This problem is likely to be aggravated by the presence of
mammalian genomic rearrangement hotspots. These have been
identified by both bioinformatic and molecular cytogenetic
methods (Murphy et al. 2003; Bailey et al. 2004; Ruiz-Herrera
et al. 2005). Clearly, the “reuse” of such breakpoint regions
(Pevzner and Tesler 2003) complicates the tracing of rearrange-
ments. A reliable determination of the ancestral organization in
such cases will only be possible through the analysis of a wide
range of species, far exceeding the number of currently available
genome sequences.

Other confounding factors should also be considered. One
of these might be introduced by the algorithm used in the cal-
culations. According to Bourque et al. (2004), the MGR algorithm
does not reconstruct an ancestral genome, but “computes a pos-
sible median ancestor.” However, the median between two
closely related and highly rearranged Muridae genomes (Stanyon
et al. 1999), the evolutionarily distant chicken genome, and only
one conserved genome (human), is unlikely to be a representa-
tive of the common ancestor of all mammals. Rather, it will be
biased toward the two highly rearranged murid genomes. This
hypothesis is consistent with the outcomes of an earlier study
that used MGR in the comparative analysis of 114 markers in two
conserved genomes (human and domestic cat), and only a single
murid (mouse) (Bourque and Pevzner 2002). Although the result-
ing “ancestral median” of this study is missing four human chro-
mosome homologs, it displays a much higher overall similarity
to the cytogenetic ancestral model (nine ancestral chromosomes
are in agreement with the cytogenetic model).

Outlook

The reliability of computational reconstructions will certainly be
improved by the future inclusion of more species and more so-
phisticated algorithms. An improved method for the computa-
tional reconstruction of genome evolution might need to include
some form of correction for significantly increased rates of rear-
rangements, in particular, evolutionary lineages such as the Mu-
ridae. Moreover, in cases in which the relationships of the ana-
lyzed species are already established, it might be advantageous to
include a system of cladistic checks to allow for a reliable assign-
ment of rearrangements to specific phylogenetic nodes.

Nevertheless, attempts to identify ancestral genomes might
ultimately remain approximations. For example, Bourque et al.
were able to generate >3000 alternative ancestors that did not
increase the genomic distance to extant genomes simply by ap-
plying two changes each to their original model (Bourque et al.
2005, Methods section). Presumably, with greater computational
effort, there would be far more alternative models conceivable
with similar genomic distances and thus with equal claims to
being the Euarchontoglires ancestor. The ambiguities entailed in
the reported method raise questions about the appropriate pre-
sentation of such models. Should the discussion focus on a single
model? Would the genomic distance to a model that conforms to
the framework established by comparative cytogenetics actually
be greater?

There can be no doubt that the computational reconstruc-
tion of mammalian genome evolution based on genome se-
quences holds great promise for understanding the mechanisms
of genomic change. However, bioinformatic methods and mod-
els, as in any other discipline, need to be verified—the extensive
and well-scrutinized molecular cytogenetic data set provides a
framework for such a check.

Conclusions

We are of the opinion that the apparent conflict between the
cytogenetic and bioinformatic models of the ancestral genome
may, in part, reflect limited taxon sampling in the bioinformatic
analysis coupled to an algorithm that does not cater for evolu-
tionary rate variation among lineages. It can be anticipated that
with the increased availability of genomic data from a wider spec-
trum of species and the development of more sophisticated al-
gorithms, the bioinformatic and the cytogenetic models will
probably converge. However, the most informative and reliable
reconstruction of ancestral genomes is likely to emerge from the
future integration of both data sets.
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