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Abstract

Approaches to understanding genome
evolution
Genome organization has traditionally been inferred using
two approaches: cytogenetic mapping and genetic-linkage or
physical mapping. Comparisons of G-banded chromosome
patterns were first used to infer homologies of whole chromosomes or subregions between species and even across mammalian orders [5-7]. Gene mapping using somatic cell hybrids
subsequently confirmed that large tracts of mammalian
genomes are remarkably conserved [8-11], suggesting that
transferring information from species such as human and
mouse, which have gene-rich maps, to the gene-poor developing maps of domestic animals might be feasible [11-13].

information

With the advent of chromosome painting (or zoo fluorescent
in situ hybridization, Zoo-FISH) in the early 1990s, entire
chromosomal homologies could be readily visualized across
mammalian orders [14-16], and in certain cases (the X chromosome) between placental and marsupial mammals [17]. In
this procedure, individual chromosomes from a given species

interactions

The achievement of the first drafts of the full human genome
sequence this year [3,4] leaves many researchers anxiously
anticipating full genome sequences of other mammalian and
vertebrate species, which are expected to add extra dimensions to our understanding of genome organization and evolution. Using features of genomic organization to better
understand patterns and rates of chromosomal evolution,
and applying these to reveal the processes involved in reshaping genomes, are some of the forthcoming challenges for
comparative genome analysis. To illustrate these potential
applications, we summarize here our current knowledge of
comparative mammalian genome organization and describe
how this field has benefited from cytogenetic, genetic and
physical gene mapping technologies. We discuss important

questions that remain to be answered with these technologies, and suggest some anticipated benefits that would derive
from future comparisons of whole-genome sequences.

refereed research

As the Human Genome Project enters a phase focusing on
comparative and functional genomics, further emphasis will
be placed on understanding our genes, their regulation and
expression and their complex interactions, primarily as they
pertain to human health and medicine. It will be important to
resolve the evolutionary history of the human genome, as this
has affected both genome organization and chromosomal
architecture. Mapping and sequencing projects in several vertebrate species have recently begun to reveal the conservative, though dynamic, nature of genome organization [1,2].

deposited research

Comparative genome analyses, including chromosome painting in over 40 diverse mammalian species,
ordered gene maps from several representatives of different mammalian and vertebrate orders, and
large-scale sequencing of the human and mouse genomes are beginning to provide insight into the
rates and patterns of chromosomal evolution on a whole-genome scale, as well as into the forces that
have sculpted the genomes of extant mammalian species.
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are physically isolated using fluorescence-activated cell
sorting. DNA is extracted from each of these limited pools of
chromosomes and each is labeled with a particular fluorescent dye using degenerate oligonucleotide primed (DOP)PCR. The amplified chromosome pools (paints) are then
hybridized to metaphase chromosomes of a different species
(for an example, see Figure 1). Zoo-FISH has been most
intensively applied to primate genomes [16,18], though ZooFISH analyses have now been performed for over 40 mammalian species from nine placental orders, usually relative to
the human genome (Table 1) [1,2,19].
Although they are extremely powerful for identifying conserved syntenies, somatic cell hybrid mapping and chromosome painting approaches are limited by their inability to
discern gene order within conserved segments. Gene orders
can be determined using subregional probes derived from
whole-chromosome paints from species with highly fragmented genomes, which can then be used to define sub-chromosomal homologies in reciprocal painting experiments.
Alternatively, probes derived from chromosome microdissection or large-insert clones such as cosmids, bacterial artificial chromosomes, and yeast artificial chromosomes allow
even greater precision [20,21]. These methods cannot,
however, resolve smaller rearrangements or inversions
within chromosome segments; this limitation might lead to

Figure 1
In situ hybridization of a human chromosome 3 paint to a
metaphase spread of a flying fox (Pteropus poliocephalus). The
human chromosome paint was made by flow-sorting and
subsequent degenerate-oligonucleotide-primed (DOP) PCR.
The probe was labeled with biotin and detected with avidinfluorescein isothiocyanate (FITC). Note that only two signals
are detected, revealing that human chromosome 3 is
entirely syntenic with a single flying fox chromosome. The
unhybridized section of this chromosome in the flying fox is
homologous to human 21. The association of human
chromosomes 3+21 is ancestral for placental mammals and
is the largest commonly conserved region of synteny in the
mammalian genome.

systematic undercounting of the number of chromosomal
rearrangements between two species.
Even greater precision in identifying conserved segments in
which the gene order is known (CSOs) [22] can be achieved
through gene mapping approaches using genetic linkage or
radiation hybrid mapping technologies, which lend themselves to automation and high throughput. Genetic linkage
maps are best suited to ordering polymorphic microsatellite
markers (also called Type II markers), but are much less efficient for developing comparative maps; this is not surprising
given the limited degree of coding locus (Type I ) polymorphism observed within most intraspecies crosses [12]. The
major exception to this is the mouse genome maps, which
have been largely developed using interspecies crosses [23].
Interspecies backcrosses have the advantage of accumulated
genetic differences between two evolutionary divergent
species, particularly in less polymorphic coding gene loci [12].
Radiation hybrid mapping has proven to be effective for the
rapid ordering of evolutionarily conserved Type I coding
gene markers over the whole genome of various species
[24,25]. In this method, the chromosomes of the species of
interest are fragmented using a lethal dose of radiation on
cultured cells; the cells are then fused to a thymidine-kinasedeficient recipient hamster cell line and hybrids are selected
on HAT medium, on which only cells with active thymidine
kinase (which must be hybrids) can grow. DNA from 90-100
radiation hybrid cell clones (each containing a different
random assortment of chromosome fragments from the
donor (or index) species) are screened for genetic markers
from that species, and the markers are then ordered using
maximum-likelihood ordering strategies. When several
hundred Type I coding genes have been mapped in an index
species, their positions can be compared with those of
homologous loci from the gene-dense human and mouse
Type I maps. Using this approach, whole-genome radiation
hybrid gene maps have been constructed for rat [26], dog
[27], cat [22], cow [28], pig [29] and zebrafish [30-32]. Integrated comparative gene maps for these species are beginning to reveal much about the evolutionary forces reshaping
modern genomes.

Rates of genome evolution
Comparative gene-mapping data collected to date indicate
that the pattern of genome conservation within mammals
appears to be bimodal. The ancestral, or default, pattern of
genome rearrangement is very slow (roughly one exchange
every 10 million years). This slow rate is evident in genomes
of species from several orders of mammals, such as cat,
mink, ferret, dolphin, and human [1,33]. Nested within some
of the same mammalian orders, however, are species whose
genomes are two to four times more reshuffled than those of
species retaining the more slowly evolving genomes.
Rearrangements relative to the ancestral genome are evident
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Table 1
Genome characteristics of selected placental mammalian species studied to date

Primates

Haploid chromosome
number

CSUs

Pan troglodytes
Gorilla gorilla
Pongo pygmaeus
Cercopithecus aethiops
Cebus capucinus
Papio hamadryas
Macaca fuscata
Callithrix jacchus
Ateles geoffroyi
Hylobates lar
Hylobates concolor
Hylobates syndactylus
Presbytis cristata
Eulemur fulvus

Chimpanzee
Gorilla
Orangutan
African green monkey
Capuchin monkey
Baboon
Macaque
marmoset
Black-handed spider monkey
Gibbon
Concolor gibbon
Siamang
Silvered leaf monkey
Lemur

24
24
24
30
27
21
21
23
17
22
25
25
23
30

24
26
24
34
33
24
24
32
49
52
70
59
34
40

Tupaia belangeri

Tree shrew

31

42

Dermoptera

CSOs

~49 autosomal

Citation

[61]
[61]
[61]
[61]
[61]
[62]
[61]
[61]
[61]
[61]
[61]
[61]
[61]
[61]
[20]

Flying lemurs

No data

No data

Oryctolagus cuniculus

Rabbit

22

39

Rodentia

Mus musculus
Rattus norvegicus

Mouse
Rat

20
21

180
152*

Carnivora

Canis familiaris
Felis catus
Mustela putorius
Mustela vison
Phoca vitulina
Ailuropoda melanoleuca

Dog
Cat
Ferret
Mink
Harbor seal
Giant panda

38
19
20
15
16
42

68
34
34
33
31
44

Pangolins

No data

No data

No data

Bos taurus
Ovis aries
Capra hircus
Muntiacus muntjak v.
Sus scrofa
Tursiops truncatus

Cow
Sheep
Goat
Indian muntjak
Pig
Dolphin

30
27
30
4
19
22

50
40
~50
50
47
29

149

Equus caballus

Horse

32

46

[1]

Lagomorpha

Cetartiodactyla

>200*
190
100-102*

107

[3,23]
[26,64]
[34]
[22]
[33]
[2]
[47]
[43]

[28]
[1]
[39]
[2]
[1]
[65]

Chiroptera

Glossophaga soricina

Bat

16

42

[66]

Eulipotyphla

Sorex araneus

Common shrew

10

33

[1]

Sloths, anteaters, armadillos

Macroscelidea

No data

No data

No data

No data

Tenrecs, golden moles

No data

No data

Tubulidentata

Aardvark

No data

No data

Proboscidea

Elephants

No data

No data

Sirenia

Manatees

No data

No data

Hyracoidea

Hyraxes

No data

No data

Galliformes

Gallus gallus

Chicken

37

Atheriniformes

Danio rerio

Zebrafish

25

96*

[37]
418*

[32]

Chicken and zebrafish are included for outgroup comparison. For a complete list of the 25 primate species analyzed by Zoo-FISH, see [61]. CSUs,
conserved segments with unknown gene order; CSOs, conserved segments with known gene order; *predicted using methods of Nadeau and Taylor
[67]. CSUs and CSOs are based on comparison to human chromosomes.

information

Elephant shrews

Afrosoricida
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Xenarthra

refereed research

Perissodactyla

[63]

deposited research

Pholidota

No data

reports

Common name
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Scandentia

Species
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in the dog, bear, cow, mouse and rat genomes, and in those
of the lesser apes and many New World primates [1,34,35].
Rodent genomes analyzed to date (mouse and rat) show very
high rates of genome rearrangement (roughly one rearrangement per million years) relative to other mammal species
[36] or when analyzed with respect to an avian outgroup
species such as the chicken [37].
Thus far, most of the inferences concerning overall rates of
change in mammalian genomes have been made on the
basis of unordered segments derived from chromosomepainting experiments [37,38]. The available ordered
whole-genome comparisons, however, reveal up to three
times as many chromosomal rearrangements as were
inferred from unordered comparisons, because intrachromosomal inversions are not detected in the latter
(Table 1) [21,22,28,39]. Furthermore, the ordered gene
maps of the cat and cow genomes show approximately
twice as many intrachromosomal changes (inversions) as
interchromosomal changes between species, where the
gene order for both species is available [22,28]. These
observations are in contrast with predictions from humanmouse comparisons that translocations would exceed
inversions [40]. Higher rates of intrachromosomal
rearrangements are further indicated by even more distant
vertebrate comparisons, such as between the zebrafish and
human maps [41]. Analysis of mouse-human comparisons
at the sequence level reveal that smaller intrachromosomal
rearrangements may be relatively frequent for these
species, as well as for other mammalian genomes [42]. The
overall contribution of small intrachromosomal rearrangements to genome reorganization will become more apparent with the anticipated sequencing of additional large
genomic regions from mammalian species with putatively
slow and rapid rates of chromosome change.
Human chromosome
Primates
associations
Chimp Macaque Capuchin
12+22a
12+22b
16q+19q
14+15
7
6
3+21
9
7q+16p
4+8p
10+16
5
18+22
12q+22+10p
3+19
2+20
11+19
5+19
8+13
3+8
9+11
5+8
2+7

Lemur
10
19
3
1

Scandentia
Tree Shrew
9
27
5
11
7

Carnivora
Cat Seal Ferret
B4 m3
9
D3
14
E2 m9
18
B3 sm4
8
C2 sm1
1
E3
B1 sm2
5

Perrisodactyla
Horse
1/6/26
8
1

Phylogenomics
One promising use of whole-genome analysis is to aid understanding of phylogenetic relationships within a given taxonomic group [1,38,43]. The application of genomic data has
yet to be utilized specifically for this purpose in mammals.
One approach is to use as a phylogenetic (or cladistic) character associations of genes or segments syntenic to regions on
two or more chromosomes of humans - the standard mammalian reference species - within a single chromosome of two
or more other species. When the same association is found in
two related species, the association was probably inherited
from a common ancestor of the two species. A corollary to that
assumption would be that disruption of the associations found
in some species but not in others are also phylogenomic
markers, because chromosomal breaks are probably sufficiently infrequent and near-random in chromosomal position
to define unique events in evolutionary history. For example,
regions homologous to human chromosomes 14 and 15 are
associated together on a single chromosome in most mammalian species, although they are separated into two distinct
chromosomes in all hominoids. Given the presence of the
14+15 association in a broad array of placental species [2,19],
it is most parsimonious to assume that the 14+15 association
is ancestral for placental mammals and that its fission into two
chromosomes represents a derived state gained by a more
recent common ancestor of humans and extant ape species.
Figure 2 lists nineteen human chromosome segments whose
homologous regions are found associated in various species, as
analyzed by chromosome painting. Most orders of mammals
are characterized by at least one chromosome association;
these also provide support for superordinal clades identified by
previous phylogenetic studies [44,45]. For example, the order
Carnivora retains two chromosome-segment associations not
found in any other mammalian species: 2p+20 and 3+19
Cetartiodactyla
Pig
Dolphin
Cow
5
8
5
14
9
17
6
17
18
1&7
3
21
13
5
1
3
13
29

Chiroptera
Bat
3
8
13
1
3
4

Eulipotyphla
Shrew

hn
ik
af

Lagomorpha
Rabbit
21
5
17
14
6
2

Rodentia
Rat
Mouse
7
10&15
12
5
19
8
11

16

Chicken

Zebrafish

1
LG7
5-S
1
LG3

1
D3
B4
A2
A3

m7
m3
sm1
m5

14
9
1
11

8
1-S

7

9
14-S

2
2

2

7
8

bc

7

af
1
3
7

1&3
2
4/6/14

2&19
15
6/11/12

Figure 2
Human chromosome segment associations observed in other placental mammals by Zoo-FISH or gene mapping
[2,22,32,37,41,48,49,68]. Numbers indicate the number of the chromosome in the indicated species that contains the human
chromosome association shown in the left column. S, syntenic but uncertain if homologous in the absence of reciprocal
chromosome painting. Note that multiple chromosome associations provide additional support for the cohort Glires
(rodents plus lagomorphs) and Chiroptera plus Eulipotyphla; these clades are also supported by molecular data.
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One of the primary goals now within reach of mammalian
comparative mapping is to determine the arrangement of
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Figure 3
A hypothesis for the chromosome content of the ancestors of (a) all placental mammals, (b) all living primates, and
(c) carnivores. To derive the ancestral syntenic karyotype of primates (b) from the ancestral placental mammalian karyotype,
three fissions and three fusions are necessary, whereas only four fusions are needed to derive the ancestral karyotype of
carnivores (c). Numbers to the left and right of each chromosome represent homologous regions of the human and cat
genomes, respectively. Numbers below each chromosome are identifiers for the chromosome in each ancestral genome. The
colors represent the chromosome in the ancestral mammalian genome from which each region originated. The G-banded
karyotype depicted for the ancestral placental genome is speculative.
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Recently, the phylogenomics approach has been applied to
the genomes of living primates, allowing a reconstruction of
the ancestral genome organization for this group of 279
living species [19,20,38,46]. The ancestral primate genome
(Figure 3), which is thought to have existed some 60-70
million years ago, is remarkably similar to that of modern

comment

humans: 19 of the 26 ancestral chromosomes are unchanged
- at least at the gross level revealed by chromosome painting
- and the remaining chromosomes have only a single
exchange that discriminates humans from the ancestral
primate disposition. The average rate of genome exchanges
among primates is remarkably slow (one exchange every 10
million years), as is the default rate across all mammals
[1,2]. For most primate species, fewer than 20 rearrangements are sufficient to reassort the genome of a modern
species into that of the primate ancestor (Figure 3) [38].
Similarly, the domestic cat genome can be derived by one
fission and three fusions from the ancestral carnivore karyotype (Figure 3). Furthermore, as many as 18 of the ancestral primate chromosomes are found intact in the genomes
of other placental mammals [2,47], suggesting that similar
phylogenomic approaches can reach back further to the
ancestors of all placental mammals (Figure 3).

(Figure 2). A third association, 12q+22+10p, is also found in
Carnivora and may be homologous or related phylogenomically (after some inversions that have involved segments of
other chromosomes) to the segment associations
22+10+2+15+12+15+14 and 8+12+22+1+10 found in the
horse and pig genomes, respectively (Figure 2) [2]. If the
12q+22+10p associations of Carnivora, Perissodactyls
(including horses) and Cetartiodactyls (including pigs) are
indeed homologs, then the sharing of this putatively ancestral
association would be consistent with the phylogenetic association of these orders within the mammalian superordinal
clade Fereuungulata [44,45]. The use of specific chromosome-exchange events as phylogenomic cladistic characters
may be helpful in providing independent phylogenetic
support for relationships previously inferred using morphological or molecular techniques.
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the ancestral placental mammalian genome. Once the ancestral genome is defined, it will be possible to determine the
mode and tempo of evolutionary changes that have occurred
in the phylogenetic lineages that gave rise to the genomes of
members of the 18 extant placental orders. This would
provide a framework for assessing lineage-specific rates of
chromosomal evolution and would allow the explicit recognition of the different types of genomic exchange that characterize different mammalian taxa.
Figure 2 shows syntenic associations that are widespread in
the eutherian orders. In several cases, these associations are
also present in outgroup taxa, such as chicken and zebrafish
[37,41]. The form and content of the ancestral genome of all
placental mammals can be proposed from analyses of these
data (Figure 3). On the basis of their widespread occurrence
over several mammalian orders, it seems likely that the following associations homologous to human chromosomes or
chromosome segments were present in the ancestral mammalian genome: 3+21, 4+8p+4, 7q+16p, 12p-q+22qt,
12qt+22q, 14+15, and 16q+19q (Figure 3). The number of
hybridization signals found for each human chromosome
and its distribution in extant orders provides additional
data on the ancestral genome organization of placental
mammals. Twelve human chromosomes (5, 6, 9, 11, 13-15,
17, 18, X, and Y) are found conserved in a block, either as
single chromosomes or associated with other chromosome
segments, in different species [2,19,41,48]. The remaining
nine human homologs (1, 2, 7, 8, 10, 12, 16, 19, 22) are
found in, at most, two fragments. For example, the regions
homologous to human chromosome 2 are found in almost
all mammals as two chromosomes. Their fusion in the
human lineage is responsible for the origin of the human
diploid number of 46; all great apes have 48 chromosomes.
The ancestral genome of placental mammals probably had a
diploid number (2n) of about 50 (Figure 3). The diploid
numbers and chromosome associations present in the
reconstructed ancestral genome may be slightly modified
when further mapping is performed in eutherian orders
that have not yet been studied. Further chromosome painting with improved probes may help detect associations that
have gone as yet unobserved. For instance, the 4+8p and
7q+16p associations were not observed in original painting
studies on pig and cat but were first found in gene-mapping
studies and then later confirmed using improved painting
probes [2,22,49].
There remain major gaps in our understanding of genome
organization in vertebrate groups nearer the transition
between birds and placental mammals; data from these
species would be useful to test these and similar hypotheses.
First, gene-mapping data are too sparse in marsupials and
monotremes to identify large regions of conserved synteny
with eutherian autosomes [50]. The only successful chromosome-painting experiment to date between marsupials and
placentals showed that a portion of the X chromosome

(Xp11.2-Xqter) is conserved between the two lineages [17].
Second, all species of placental mammals examined to date
by Zoo-FISH or gene mapping are limited to just two of four
superordinal clades of placental mammals: Laurasiatheria
(Chiroptera (bats), Eulipotyphla (shrews, moles and others),
Carnivora, Pholidota (pangolins), Cetartiodactyla (whales,
ruminants and others), and Perissodactyla (horses and
others)) and Euarchontoglires (Primates, Scandentia (tree
shrews), Dermoptera (flying lemurs), Rodentia and Lagomorpha (rabbits and others)) [44,45,51]. The two putative basal
clades of mammals, Afrotheria (Proboscidea (elephants),
Sirenia (including manatees), Tubulidentata (aardvarks),
Hyracoidea (hyraxes), Afrosoricida (tenrecs and golden
moles), and Macroscelidea (elephant shrews)) and Xenarthra
(sloths, armadillos and anteaters), are unrepresented in gene
mapping or Zoo-FISH experiments [2] (but see [52]). A comprehensive assessment of the history of placental mammalian
genomes can be achieved only when these genomic missing
link species are examined in the context of outgroup species,
such as marsupials, monotremes and other amniotes.
Comparative mapping data from the zebrafish genome [41]
has offered some intriguing hypotheses addressing whether
certain mammalian chromosomes may have been part of
larger composite chromosomes that subsequently underwent fissions in different mammalian lineages. Postlethwait
et al. [41] used the zebrafish gene map to infer the ancestral
chromosomes that may have been present in the vertebrate
ancestor of bony fishes and tetrapods. These authors
propose that the widespread 2n = 48 karyotype characterizing most fish genomes - and the similarly high numbered
karyotype defining many mammalian genomes - derives
from excessive fissions during the tetrapod radiation and a
single round of duplications in the fish lineage, and that
tetrapods and fish both had a low-numbered, possibly 2n =
20-24, ancestral vertebrate karyotype [41]. Several large
contiguous blocks of chromosome associations in the
zebrafish are fragmented in human, cat and mouse genomes.
Postlethwait et al. [41] hypothesize that there was an ancestral vertebrate chromosome consisting of homologs of
human chromosomes 11+15+19q, which occurred in the
ancestor of human and mouse but split independently in
each lineage. Chromosome painting data clearly demonstrate, however, that the 19q+16p and 14+15 associations are
ancestral for placental mammals (Figure 2) [19,38,52].
Apparently, both humans and muroid rodents have independently lost the ancestral association of 14+15. Thus, there is
no evidence for the retention or occurrence of a 11+19+15
ancestral synteny in the modern primates or rodents, nor in
other placental orders, especially given that 14+15 is also
found in the chicken (Table 1). Convergence is the most
likely reason for why this 11+19+15 association is found in
both muroid rodents and zebrafish. Nevertheless, it cannot
yet be ruled out that this synteny was found in the ancestor
of all amniotes (birds, reptiles, and mammals) and was fragmented prior to the diversification of placental mammals.
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