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Comparative gene mapping and chromosome painting permit the tentative reconstruction of ancestral
karyotypes. The modern human karyotype is proposed to differ from that of the most recent common
ancestor of catarrhine primates by two major rearrangements. The first was the fission of an ancestral
chromosome to produce the homologues of human chromosomes 14 and 15. This fission occurred before
the divergence of gibbons from humans and other apes. The second was the fusion of two ancestral
chromosomes to form human chromosome 2. This fusion occurred after the divergence of humans and
chimpanzees. Moving further back in time, homologues of human chromosomes 3 and 21 were formed by
the fission of an ancestral linkage group that combined loci of both human chromosomes, whereas homo-
logues of human chromosomes 12 and 22 were formed by a reciprocal translocation between two
ancestral chromosomes. Both events occurred at some time after our most recent common ancestor with
lemurs. Less direct evidence suggests that the short and long arms of human chromosomes 8, 16 and 19
were unlinked in this ancestor. Finally, the most recent common ancestor of primates and artiodactyls is
proposed to have possessed a chromosome that combined loci from human chromosomes 4 and 8p, a
chromosome that combined loci from human chromosomes 16q and 19q, and a chromosome that

combined loci from human chromosomes 2p and 20.

Keywords: comparative mapping; chromosome painting; conserved synteny; ancestral karyotype;
primates; artiodactyls
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1. INTRODUCTION

Chromosomes do not fossilize, but ancestral chromosomal
states can (at least in principle) be reconstructed from the
pattern of similarities and differences of the genetic maps
of extant species. My aim here is to present a set of hypoth-
eses about the evolution of human autosomes based on the
accumulated data of comparative gene mapping and
comparative cytogenetics. Because less 1s known about the
linear order of genes along chromosomes than about which
genes belong on which chromosomes, my analysis will
disregard inversions (which rearrange gene order within a
chromosome) and emphasize reciprocal translocations,
fissions and fusions (which join or fragment ancestral
linkage groups). These hypotheses are provisional and will
undoubtedly be modified as new data become available.
Perhaps, at some time in the future, the genetic maps of
extant species can be supplemented by a historical atlas of
their ancestors’ chromosomes.

A knowledge of ancestral karyotypes has several
potential uses. First, the identification of regions of
conserved synteny allows the location of a gene in one
species to be predicted from the location of its homologue
in another species. In this way, gene mapping in other
species can be used to narrow the search for disease-
associated loci in humans, and gene locations in humans
can be used to identify homologues in laboratory animals
that can be ‘knocked-out’ to develop animal models of
human disease. Second, an accurate history of duplicated
(paralogous) segments in the genome can help to recon-
struct the evolution of multigene families. Third, chromo-
somal differences between species can help to resolve the
species’ phylogeny, but only if ancestral character states
can be distinguished from derived character states.
Fourth, mapping karyotypic changes to phylogenetic trees
will help to elucidate the role of chromosomal rearrange-
ments in speciation and macroevolution.

The reconstruction of ancestral karyotypes requires the
repeated application of simple, mundane chains of
reasoning (described in §2). The problem of describing
this process in an interesting way can be likened to the
difficulty of writing an entertaining account of the piece-
by-piece assembly of a jigsaw puzzle: the process is
fundamentally nonlinear and ill-suited to conventional
narrative. Nevertheless, it 1s important to lay out my
evidence and arguments in some detail because the
strength of evidence in support of different hypotheses
varies from highly convincing to merely suggestive, and
because some arguments will need to be revised if future
analyses contradict my working hypothesis about the
phylogenetic relationships between higher mammalian
taxa. Therefore I have chosen to present my overall
conclusions first (§3), without the full supporting
evidence, followed by more detailed discussions of
individual human chromosomes (§4). In fact, §4 can be
considered as an overgrown appendix that should be
consulted for details but never read at one sitting.

2. METHODS

Two loci are said to be syntenic if they reside on the same
chromosome. Conserved synteny has been defined as ‘the

syntenic association of two or more homologous genes in two
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separate species regardless of gene order or interspersing of non-
contiguous asyntenic segments between the two markers’
(Comparative Genome Organization; First International Work-
shop 1996). The further qualification should be added that
synteny is conserved if and only if the shared association of
markers has been inherited from the most recent common
ancestor of the two species and has not subsequently been
disrupted in the lineage of either species. Conserved synteny can
then be contrasted with coincidental shared synteny, which
occurs when markers are syntenic in two species for reasons
other than uninterrupted ancestral linkage. As an example of
coincidental shared synteny, LRP2 and /LIA4 both map to human
chromosome 2 and mouse chromosome 2 but there is strong
evidence that these genes were unlinked as recently as the last
common ancestor of humans and chimpanzees (§4(b)). In the
language of cladistics, conserved synteny is resemblance due to
symplesiomorphy, whereas coincidental shared synteny is resem-
blance due to homoplasy. Coincidental shared synteny, if
undetected, could lead to an erroneous conclusion that two
markers were ancestrally linked.

Inferences based on the shared absence of linkage are much
weaker than inferences based on shared linkage. Suppose that
chromosomes were assembled by randomly drawing loci from
an urn without replacement. If a species had several chromo-
somes, many more pairs of loci would be unlinked than linked.
Therefore if the random assignment of loci to linkage groups
were repeated for a second species, there would be many more
pairs of loci that were unlinked in both species than were linked
in both. The argument is informal, but suggests that greater
weight should be attached to shared linkage than shared non-
linkage when reconstructing ancestral linkage groups. Put in
other words, homoplasy is more likely for shared non-synteny
than for shared synteny.

Linkage relationships between pairs of species are conveni-
ently represented by an Oxford Grid in which rows represent
chromosomes of one species, columns represent chromosomes of
the other species, and occupied cells represent genes or chromo-
some segments that map to the corresponding row and column.
In the absence of other evidence it is parsimonious to assume
that, if two genes belong to the same cell of an Oxford Grid, the
genes were linked in the common ancestor of the grid-species.
Otherwise, two independent translocations would be required to
explain their present linkage. However, parsimony is not an
infallible guide. As the number of translocations that fragment
ancestral linkage groups increases, so does the probability that
some cells of a grid will contain genes that have been brought
together by chance in the two species. (“Translocation’ will be
used in this paper as a collective term for all rearrangements
that alter synteny, including reciprocal translocations, transposi-
tions, fissions and fusions.)

An Oxford Grid can be considered to be a first-order hypoth-
esis about linkage in the common ancestor of the grid-species.
That is, members of a grid-cell are hypothesized to be linked in
the common ancestor but no presumption is made about the
linkage or non-linkage of loci from different cells. Hypotheses
about the ancestral linkage of loci from different grid-cells can be
generated by comparing linkages of more than two species if
something is known about their phylogeny. For example, two
cells of an Oxford Grid can be inferred to have been linked in the
common ancestor of the grid-species by using information from a
third, more distantly related, species (an outgroup). If a pair of
loci are linked in the outgroup and one of the grid-species, then
the most parsimonious explanation is that the loci were linked in



History of human autosomes  D. Haig 1449

rat mouse cow human

sheep pig

werepig

weremouse

Figure 1. Putative phylogeny of the six mammalian species
for which most genes have been mapped. The most recent
common ancestor of primates and artiodactyls is labelled the
wereplg. The most recent common ancestor of rodents and
primates (plus artiodactyls) is labelled the weremouse.

the common ancestor of the three species and in the (more
recent) common ancestor of the grid-species.

Two principal sources of data will be used in this paper to
identify occupied cells of Oxford Grids. Comparative mapping
provides evidence of conserved synteny when two (or more) loci
are mapped to the same chromosome in two (or more) species.
Chromosome painting identifies regions of homology between
two species without mapping individual loci. In this procedure,
chromosome-specific ‘paints’ from one species are hybridized to
the chromosomes of a second species (Wienberg & Stanyon
1997). Chromosome painting is an invaluable source of informa-
tion about chromosomal homologies of species in which few
genes have been mapped, but can fail to identify some small
regions of homology.

Genetic maps are currently best known for six mammalian
species: humans, mice, rats, cattle, sheep and pigs. Figure 1
presents a putative phylogeny of these species in which rodents
(rats and mice) are the outgroup to artiodactyls (sheep, cattle
and pigs) and primates (humans). The phylogeny is supported by
the analysis by Li et al. (1990) of nuclear genes and that by Penny
& Hasegawa (1997) of entire mitochondrial genomes. However,
other molecular data support an alternative arrangement in
which artiodactyls are the outgroup to rodents and primates (see,
for example, Stanhope et al. 1996). The third possibility, that
primates are the outgroup to rodents and artiodactyls, has few (if
any) supporters. Many, but not all, of this paper’s conclusions are
robust to exchanging artiodactyls and rodents as the outgroup.
The evidence seems strongest for the first interpretation (rodents
as outgroup (Cao et al. 1998)); this will be my working
hypothesis. The other features of the phylogenetic tree are uncon-
troversial: rats and mice are more closely related to each other
than to any of the other species; and, among the artiodactyls,
pigs are the outgroup to cattle and sheep (Gatesy 1997).
Comparative mapping in these species allows inferences to be
drawn about the linkage groups of two human ancestors, namely
the most recent common ancestor of primates and artiodactyls,
and the most recent common ancestor of primates (plus artio-
dactyls) and rodents. For want of better names, I shall call these
creatures the werepig and weremouse.

Mapping data were obtained from the literature and from
computer databases: the Human Genome Database (GDB) for
human map locations (Letovsky et al. 1998); the Mouse
Genome Database (MGD) for map locations in mice and
homologies with other species (Blake et al. 1998); Bovmap
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(http://locus.jouy.inra.fr/cgi-bin/bovmap/Bovmap/main.pl) for
SheepMap
PiGMaP (http://www.ri.bbsrc.ac.uk/pigmap/ecpigmap.html) for

cattle; (http://dirk.invermay.cri.nz/) for sheep;
pigs; and RatMap (http://ratmap.gen.gu.se/) for rats. Homo-
logous loci sometimes have different names, and different
symbols, in different species. In such cases, I have used the
human locus symbol (from GDB) to refer to all homologues.
All databases contain errors and, to be conservative, I have
ignored Oxford Grid cells that contain a single locus, unless
there is independent evidence for the map locations. The paper
has had a long gestation and has been periodically updated as
new information became available, but it is possible that some
bits of outdated information have survived from earlier drafts.
As far as possible, however, the final version is intended to
reflect the content of the public databases in mid-1998.

The chromosomes of humans, mice, rats, cattle, sheep and
pigs will be distinguished by a single-letter prefix (h, m, r, c, s
and p, respectively). Thus, hl will refer to human chromosome 1,
m2 to mouse chromosome 2, and so on. The cells of an Oxford
Grid will be identified by the shorthand names of two chromo-
somes separated by a solidus (for example, hl/m4 will refer to
the set of genes that map to human chromosome 1 and mouse
chromosome 4). These conventions can be adapted to refer to
sets of loci formed from the union of two or more grid-cells (hl/
m(3 +4) will refer to the set of loci that map to either hl/m3 or
hl/m4) and to refer to genes that map to the same chromosome
in three or more species (for example h7/c4/pl8). There has been
considerable confusion in the literature as to the numbering of
cattle chromosomes. This paper adopts the standardized nomen-
clature of Popescu et al. (1996).

Table 1 lists species whose chromosomes have been hybridized
with ‘paints’ derived from a complete set of human autosomes.
With the exception of Sorex araneus, these species can be classified
as ferungulates or primates. Ferungulates are members of a
proposed clade that includes carnivores, artiodactyls and perisso-
dactyls (Krettek et al. 1995; Penny & Hasegawa 1997). If
ferungulates are indeed a monophyletic group, then horses, cats
and pigs share the werepig as their most recent common ancestor
with primates. Tursiops truncatus (bottlenose dolphin) is listed as an
artiodactyl on the basis of recent evidence that whales are more
closely related to cattle than cattle are to pigs (Shimamura ef al.
1997). The phylogenetic affinities of Sorex are unclear. ‘Insecti-
vores’ are traditionally considered to be an outgroup (or
outgroups) of other eutherians (see, for example, Dixkens et al.
1998). However, two recent molecular studies place soricid insec-
tivores closer to ferungulates than to either primates or rodents,
although the authors do not place strong confidence in this place-
ment (Onuma et al. 1998; Stanhope et al. 1998).

Strepsirrhine primates are represented in table 1 by Fulemur
Sulvus mayottensis. This lemur will serve as an outgroup to the
other primates. Platyrrhine primates (New World monkeys) are
the sister group to catarrhine primates. The latter are divided
into two monophyletic groups: apes (including humans) and
Old World monkeys (represented by Presbytis, Colobus and
Macaca). Among the apes, our closest relative is Pan, followed
(in order of decreasing relatedness) by Gorilla, Pongo and
Hylobates (Purvis 1995). This paper will make frequent reference
to the results of chromosome painting. For the sake of brevity,
the species of table 1 will be identified simply by their generic
name, but the statements might not apply to other members of
the genus (Hylobates will be identified to species). In all cases,
the source of the information can be found by consulting the
references cited in table 1.
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Table 1. Species whose karyotypes have been painted’ with a complete set of human chromosome-specific libraries

primates
catarrhine primates

Pan troglodytes (chimpanzee)
Gorilla gorilla (gorilla)
Pongo pygmaeus (orang-utan)
Hpylobates lar (lar gibbon)
Hylobates syndactylus (siamang)
Hpylobates concolor (concolor gibbon)
Presbytis cristata (silvered leaf monkey)
Colobus guereza (black and white colobus)
Macaca fuscata ( Japanese macaque)

platyrrhine primates
Ateles geoffroyt (black-handed spider monkey)
Alouatta seniculus (red howler monkey)
Cebus capucinus (capuchin monkey)
Callithrix jacchus (common marmoset)

strepsirrhine primates
Eulemur fulvus mayottensis

ferungulates
artiodactyls

Sus scrofa (pig)

Bos taurus (cattle)

Mountiacus muntjak vaginalis (Indian muntjac)
Tursiops truncatus (Atlantic bottlenose dolphin)

carnivores
Felis cattus (cat)

Phoca vitulina (harbor seal)

Moustela vison (American mink)
perissodactyls

Equus caballus (horse)

insectivores
Sorex araneus (common shrew)

Jauchetal. (1992)
Jauchetal. (1992)
Jauchetal. (1992)
Jauchetal. (1992)
Koehler etal. (1995a)
Koehler etal. (19955)
Bigoni etal. (1997a)
Bigoni etal. (1997b)
Wienberg etal. (1992)

Morescalchi etal. (1997)
Consigliere et al. (1996)
Richard etal. (1996)
Sherlock et al. (1996)

Muiller etal. (1997)

Rettenberger et al. (1995a)
Fronicke etal. (1996)

Goureau etal. (1996)

Hayes (1995)

Solinas-Toldo etal. (1995)
Chowdhary et al. (1996)

F. Yangetal. (1995, 19974, 19975)
Fronicke & Scherthan (1997)
Bielec et al. (1998)

Rettenberger et al. (19956)
Wienberg etal. (1997)
Fronicke etal. (1997)
Hameister et al. (1997)

Raudsepp et al. (1996)

Dixkens et al. (1998)

3. ANCESTRAL KARYOTYPES

My overall conclusions will be presented as a set of
conjectures about the linkage groups of the most recent
common ancestors of catarrhine primates (§3(a)), of all
extant primates (§3(b)) and of primates and artiodactyls
(§3(c)). Tentative karyotypes for these human ancestors
are presented as the ‘Cambridge Grids’ of tables 2—4. A
Cambridge Grid is simply an Oxford Grid in which cells
that are proposed to have been linked in the most recent
common ancestor of the grid-species are given the same
identifying symbol (there is no necessary homology
between chromosomes represented by the same symbol in
the three Cambridge Grids, although I have tried to
maintain a loose correspondence). The Cambridge Grids
are based primarily on the results of chromosome
painting and have undoubtedly missed some small
regions of homology that have arisen because the initial
fragment of translocated chromosome was small or
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because two (or more) larger translocations had nearby
breakpoints. Therefore tables 2—4 should be considered as
a framework around which more detailed reconstructions
of ancestral karyotypes can be assembled.

My analysis also provides evidence about ancestral
linkage groups in the most recent common ancestor of
rodents and primates, but I have not attempted to construct
a Cambridge Grid for this creature (the weremouse).
Consideration of its karyotype is deferred to the discussions
of individual human chromosomes (§4). In § 3(d) I discuss
the instability of terminal and pericentric segments of chro-
mosomes; in § 3(e) I discuss variation in the rate of chromo-
somal change, and its evolutionary significance.

(a) Common ancestor of catarrhine primates

Table 2 presents a Cambridge Grid for Homo sapiens
and Macaca fuscata based on the chromosome-painting
data of Wienberg et al. (1992). M. fuscata was chosen for
this comparison, rather than Presbytis cristata or Colobus
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Table 2. Cambridge Grid representing the karyotype of the most recent common ancestor of catarrhine primates

The autosomes of Homo sapiens (a representative ape) and Macaca fuscata (an Old World monkey) are represented, respectively,
by columns 1-22 and rows 1-20. Occupied grid-cells are taken from the chromosome-painting study of Wienberg et al. (1992).
Each autosome of the proposed ancestral karyotype (2n=46) is represented by a different Greek letter. Thus, the loci of human
chromosomes 14 and 15 are proposed to have been linked in the most recent common ancestor of catarrhine primates, whereas
the loci of human chromosome 2 are proposed to have been divided between two separate linkage groups.

10

11

12 | 1314|1516 |17 |18 |19 |20 | 21 | 22

15 X

16

17

18

20

guereza, because the karyotype of Macaca has undergone
fewer translocations since the common ancestor of catar-
rhine primates. However, similar conclusions are reached
if Presbytis or Colobus is used in the place of Macaca
(D. Haig, unpublished data).

The common ancestor of all extant catarrhine primates
1s proposed to have had a karyotype of 46 chromosomes
in which the loci of h2 were located on two smaller chro-
mosomes ( and y) and the loci of hl4 and hl5 were
linked on a single chromosome (o). The fusion that
produced h2 occurred after humans diverged from chim-
panzees, but the fission of h(14 + 15) occurred before great
apes diverged from gibbons. For both translocations,
M. fuscata retains the ancestral arrangement.

The karyotypes of macaques and humans differ by two
other translocations for which humans retain the ances-
tral state: h7 and h21 both paint macaque chromosome 2;
and h20 and h22 both paint macaque chromosome 13.
Chromosome painting reveals no evidence of an h(7 + 21)
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synteny group in Presbytis or Colobus (nor is there evidence
in apes, New World monkeys, artiodactyls or carnivores).
Therefore macaque chromosome 2 seems to have
originated from a recent fusion in the macaque lineage.
h20 and h22 also paint a single chromosome in Alouatta.
However, chromosome painting reveals no evidence of
this association in other species, including other Old
World monkeys (Preshytis, Colobus) and New World
monkeys (Ateles, Callithrix, Cebus). The simplest scenario is
that loci of h20 and h22 have recently, and independently,
become linked in Macaca and Alouatta.

(b) Common ancestor of extant primates

Table 3 presents a Cambridge Grid for H. sapiens and
E. fulvus mayottensis. Chromosome painting of FEulemur
chromosomes with human autosomal probes identified 38
occupied grid-cells (Miiller et al. 1997). These cells can
tentatively be assigned to 24 ancestral autosomes, yielding
a karyotype of 2n=>50 for the last common ancestor of
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Table 3. Cambridge Grid representing the karyotype of the most recent common ancestor of catarrhine and strepsirrhine primates

Columns 1-22 represent the autosomes of Homo sapiens (a representative catarrhine). Rows 1-29 represent the autosomes of
Eulemur fulvus mayottensis (a representative strepsirrhine). Occupied grid-cells are taken from the chromosome-painting study of
Miiller et al. (1992). Eulemur chromosome 29 remained unpainted by human chromosomes. Each autosome of the proposed
ancestral karyotype is represented by a different Greek letter.

1 2 3 4 5 6 7 8 9 10 | 11 213|141 ]16 |17 18|19 ] 20|20 |22

10 K u
11 A

12 n

13 € Y

14 K

15 0

16 p

17 T

18 € €

19 [0 [0

20 b

21 g

22 | o

23 | o

24 ]
25 o}
26 K

27 n

28 ¢

29

extant primates. This number is provisional. Eulemur  that some of the proposed linkage groups should be
chromosome 29 was not painted by any of the human  merged.

probes and could conceivably represent an additional In the proposed karyotype of the ancestral primate, h2
ancestral linkage group. Coonversely, the ancestral diploid ~ corresponds to two chromosomes (B and ), whereas hl4
number would decrease if future evidence were to show  and hl5 correspond to a single chromosome (o). These
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syntenic groups are also present in the proposed karyo-
type of the ancestral catarrhine (§3(a)). In addition, h3
and h2l are represented by a single chromosome (8) and
the loci of hl12 and h22 are shared between two ancestral
chromosomes ( and ®). The evidence for these additional
rearrangements can be summarized briefly as follows.

(i) h3 and h2l both paint FEulemur chromosome I.
Linkage of loci from h3 and h21 has been detected in
rodents, artiodactyls and platyrrhine primates, but
not in catarrhine primates. Therefore Eulemur retains
the ancestral arrangement, and h3 and h2l origi-
nated from the fission of & after the common
ancestor of platyrrhine and catarrhine primates.

(i1) h12 and h22 both paint Eulemur chromosome 10 and
Eulemur chromosome 19. The arrangement in Eulemur
1s ancestral because hl2 and h22 also paint shared
chromosomes in ferungulates. However, hl12 and h22
paint different chromosomes in catarrhine and platyr-
rhine primates. Therefore a reciprocal translocation
has occurred between p and ® at some time after our
common ancestor with lemurs, but before the diver-
gence of catarrhine and platyrrhine primates.

h8 and hl6 both paint two chromosomes in Eulemur,
Callithrix, Cebus, Alouatta, Ateles and ferungulates but h8
and hl6 each paint a single chromosome in Macaca,
Colobus, Pongo, Gorilla and Pan. The data are consistent
with the hypothesis that h8 was formed by the fusion of 1
and {—and hl16 by fusion of m and y—at some time after
the divergence of platyrrhine and catarrhine primates but
before the divergence of apes and Old World monkeys.
Similarly, h19 paints a single chromosome in (at least
some species of ) Old World and New World monkeys, but
two chromosomes in Eulemur and ferungulates. Therefore
a chromosomal equivalent of hl9 is proposed to have been
formed by fusion of ¢ and & at some time after lemurs
diverged from human ancestry, but before the divergence
of platyrrhine and catarrhine primates. These hypotheses
are based on the absence of evidence for earlier linkage,
rather than on direct positive evidence, and are thus
subject to revision as better evidence becomes available.

Human chromosomes 1, 4, 5, 6, 7, 10 and 15 all paint
more than one FEulemur chromosome, but evidence from
outgroups suggests that the human linkage groups are
ancestral. Human chromosomes 11, 13, 17, 18 and 20 each
paint a single chromosome in Eulemur that is painted by no
other human chromosome. Therefore these linkage groups
seem to have been maintained intact in both Eulemur and
Homo since their divergence from a common ancestor.

(c) Common ancestor of primates and artiodactyls
Table 4 presents a Cambridge Grid for H. sapiens and
Bos taurus. In contrast with the previous grids, I have
reordered the columns and rows to accentuate the
proposed ancestral linkage groups. The grid contains 45
occupied cells assigned to 21 ancestral autosomes, yielding
a karyotype of 2n=44 for the common ancestor of
primates and artiodactyls (the werepig). This karyotype
differs from that proposed for the ancestral primate by
three additional translocations: a single chromosome ()
combines loci from h2p and h20 (§4(b)); a single chromo-
some (€) combines loci from h4 and human 8p (§4(d));
and a single chromosome (m) combines loci from hl6q
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and h19q (§4(p)). The proposals of ancestral h(2p +20)
and h(16q + 19q) linkage groups are tentative.

The modern human karyotype consists of 22 autosomal
synteny sets. When compared to the proposed karyotype
of the werepig (table 4), ten human autosomes (hl, h5,
h6, h7, h9, hl0, hll, hl3, h17, hl8) have gene memberships
closely resembling ten ancestral autosomes. An additional
six human autosomes (h3, h4, hl4, h15, h20, h21) have
gene memberships that have been conserved as a block
since the werepig, but in these cases each ancestral
synteny set also contains loci from a second human auto-
some (i.e. the modern synteny sets are subsets of the
ancestral synteny sets). The gene memberships of the
remaining human autosomes (h2, h8, h12, h16, h19, h22)
are proposed to have been assembled from loci that
belonged to two ancestral synteny sets. This summary
refers only to ‘major’ changes in synteny sets, and
undoubtedly overlooks some ‘minor’ changes that involved
small chromosome segments.

(d) Telomeric and pericentric rearrangements

Synteny seems to be less conservative for loci at peri-
centric and terminal locations than for loci located in
central regions of chromosome arms (Eichler 1998).
Examples of recent terminal exchanges include: the trans-
location of the functional ILIR gene from an autosomal
location to the human sex chromosomes (§ 4(p)); members
of the olfactory receptor gene family that are duplicated at
several subtelomeric locations (Trask et al. 1998); a sub-
telomeric domain from 17q that has spread to the terminal
segments of seven other chromosomes (Monfouilloux et al.
1998); and the terminal segments of chromosomes 4q and
10q that are highly homologous and undergo frequent
interchromosomal exchanges (Van Deutekom et al. 1996;
Cacurri et al. 1998). An increased frequency of terminal
translocations is not unexpected because, by definition,
terminal translocations are small and are therefore less
likely to have severe fitness consequences.

Examples of recent translocations to centric locations
can be found on h2, hl0, h16 and hl19 (§§4(b), 4(k), 4(p)
and 4(s)). The small h8/ml6 grid-cell—{PRKDC,
SLUGH, CEBPD}—seems to be the result of a recent
translocation to 8qll of loci that were originally located
at 22ql1.2 (§4(i)). The hl0/m6/r4 grid-cell—{RET,
ALOX5, SDFI}—at 10ql11.2 is perhaps another example,
although interpretation of this cell’s history requires the
mapping of its loci in additional species (§4(k)). The
transposition of sequences to centric locations cannot be
explained by simple reciprocal translocations and might
involve novel mechanisms (Eichler et al. 1996; Régnier et
al. 1997).

(e) Stability and change

The overriding impression from this study is the
evolutionary conservatism of human synteny groups. If
random pairs of syntenic loci were selected from the
human genome, most would have been syntenic in the
werepig. Conservatism, however, does not extend to gene
order within synteny groups (Johansson et al. 1995;
Carver & Stubbs 1997). Thus translocations seem to be
evolutionarily perpetuated less frequently than inversions.

Syntenic groups are not always as stable as they seem
to have been during human ancestry. A marked example
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Table 4. Cambridge Grid representing the karyotype of the most recent common ancestor of primates and artiodactyls

The autosomes of a representative primate, Homo sapiens, are represented by columns; the autosomes of a representative
artiodactyl, Bos taurus, are represented by rows. Each ancestral autosome is represented by a different Greek letter. The rows and
columns have been reordered to clarify the proposed ancestral linkage groups. Occupied grid-cells are taken from the Zoo-FISH
(‘chromosome painting’) study of Solinas-Toldo et al. (1995) except that (1) the numbering of cattle chromosomes 25 and 29 has
been reversed to conform to the standardized nomenclature of Popescu et al. (1996); (ii) the h4/c24 cell of Solinas-Toldo et al.
(1995) has been interpreted as h4/c27 (see §4(d)); (ii1) the h1/c28 cell, not detected by Solinas-Toldo et al. (1995), is shown as
occupied because of the comparative mapping of ACTAI (see §4(a)).
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is provided by catarrhine primates. The karyotype of
M. fuscata differs from that of humans by as few as four
major translocations (Wienberg et al. 1992), whereas the
karyotype of Hylobates syndactylus (a closer human relative)
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differs from that of humans by at least 33 translocations
(Koehler ¢t al. 1995a). Clearly, there has been a much
higher rate of chromosomal change in the gibbon lineage
than in the human lineage in the time since the two
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lineages diverged from their common ancestor. Rapid
chromosomal change is also evident in howler monkeys,
with at least 11 translocations separating the karyotypes
of Alouatta seniculus arctoidea and Alouatta seniculus sara
(Consigliere et al. 1996).

Clades undergoing rapid speciation often show chro-
mosomal differences between closely related species, and
chromosomal changes are sometimes thought to have an
important role in speciation (White 1978; King 1993).
However, the reconstructed history of human autosomes
(presented here) is not compatible with any period of
rapid chromosomal change—comparable to what is
observed in gibbons or monkeys—having
occurred at any stage in human ancestry, since we
diverged from the werepig. This does not mean that
theories of chromosomal speciation are necessarily wrong.
Frequent chromosomal speciation could be reconciled
with long-term stability of karyotypes if lincages in which
there is active chromosomal change produce a large
number of descendant species in the short term, but few
(if any) of these species leave long-term descendants. This
might be so if rapid chromosomal change is associated
with costly conflicts within the genome—because of
meiotic drive (Hedrick 1981) or mobile genetic elements
(Wichman et al. 1991; Fontdevila 1992)—rather than with
adaptive evolution. In the future, the reconstruction of
ancestral karyotypes in multiple evolutionary lineages
will provide insights about the evolutionary consequences
and correlates of karyotypic stability or instability.

howler

4. HISTORIES OF INDIVIDUAL HUMAN AUTOSOMES

Two principal kinds of evidence are used below to infer
the ancestral karyotype of the werepig (represented by
table 4). First, if two loci (or chromosomal segments) are
linked in an artiodactyl and a primate, this is prima facie
evidence that the loci were linked in the werepig. (If the
ferungulates are recognized as a monophyletic group, a
carnivore or a perissodactyl can be substituted for the
artiodactyl of the previous sentence.) Second, if two loci
are linked in a rodent and either an artiodactyl or
primate, this is prima facie evidence that the loci were
linked in the werepig (and the weremouse). The latter
kind of inference is, of course, weaker than the former
because the additional translocations that separate
rodents from the werepig provide more opportunities for
coincidental shared synteny.

Inferences about the karyotype of the weremouse
follow the same principles but are more tenuous. If two
loci are linked in a rodent and either an artiodactyl or a
primate, this is prima facie evidence that the loci were
linked in the weremouse. However, there is no outgroup
available to determine which is the ancestral state if the
loci are linked in rats and mice but are unlinked in
primates and artiodactyls (or vice versa). In this case,
clues might be obtained from paralogy relationships
within gene families. Suppose that genes 4" and 4" were
derived from ancestral gene 4 by a c¢is duplication and
that 4" and A" are linked in humans but unlinked in
mice, then the parsimonious conclusion would be that the
genes were linked in the weremouse. Similarly, suppose
that a genetic segment 4B underwent a duplication to
produce segments A'B" and A”B”; that A" and B’ remain
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linked in humans and mice; and that 4” and B’ are
linked in humans but unlinked in mice. Then the parsi-
monious interpretation would be that 4” and B” were
linked in the weremouse. Such forms of reasoning depend
critically on being able to distinguish ¢is from trans dupli-
cations, because the inference will often be reversed if the
duplication is misidentified, and on correctly identifying
when two pairs of paralogous loci are part of the same
duplication.

(a) Human chromosome 1

Comparative mapping reveals three large blocks of
conserved synteny between human chromosome 1 and
mouse chromosomes: hl/m4 (Ipter—1p31), hl/m3
(Ip31—1q22) and hl/ml (1q22—1q41). Figure 2a presents
a set of loci from hl superimposed upon an unrooted
phylogenetic tree of humans, cattle, pigs and mice. What
can be inferred? First, {ENOI, PGD, ALPL, FUCAI,
LEPR, PGMI} are linked in humans, mice and pigs.
Therefore these loci were probably linked in the were-
mouse. If so, the dispersion of ENOI, TSHB and ALPL to
three different cattle chromosomes must have occurred
after the common ancestor of cattle and pigs. Second,
{CR2, MYOG, FH} and {ENOI, PGD} are linked in
humans and cattle, as are {TSHB, NGFB} and {LEPR,
PGMT}. Therefore {CR2, MYOG, FH} and {TSHB,
NGFB} were probably linked to {ENOI, PGD, ALPL,
FUCAI, LEPR, PGMI} in the werepig, and in the
common ancestor of cattle and pigs. If so, the dispersal of
ENOIL, TSHB, MYOG and FH to four pig chromosomes
must have occurred after pigs diverged from cattle.

Most loci of hl are thus conjectured to have been
located on a single chromosome in the werepig and in the
common ancestor of pigs and cattle. If so, this conserva-
tion is unusual. Pan, Gorilla, Pongo, Macaca and Tursiops are
the only species from table 1 for which hl paints a single
chromosome. In contrast, hl paints two chromosomes in
Presbytis, Felis, Phoca, Mustela and Sorex; three chromo-
somes in . syndactylus, Colobus, Cebus, Callithrix, Eulemur,
Equus, Muntiacus and Bos (c2, c3, c16); four chromosomes
in Hylobates lar, Hylobates concolor, Ateles and Alouatta; and
five chromosomes in Sus (p4, p6, p9, pl0, pl4).

The distal long arm of human chromosome 1
(1qg42—qter) contains loci that map to m8 {RN5S, AGT,
ACTAI} and m13 {NID, RYR2, ACTN2}. All six loci have
been mapped to pl4. This suggests that hl/m8 and hl/m13
were linked in the werepig. {ACTAI} has been mapped to
c28 1n cattle (Threadgill et al. (1994); hl/c28 has not been
detected by chromosome painting) and is therefore
unlinked to most other loci from hl in cattle, pigs and
mice (figure 24). One could interpret this shared absence
of linkage as evidence that hl/c28/pl4 was unlinked to
hl/c(2+3+16)/p4+6+9+10) in the werepig, but
comparative mapping in M. vison (American mink)
suggests otherwise. Figure 25 presents the linkage relations
of selected loci from hl and hlOq superimposed on a
phylogenetic tree of humans, cattle, pigs, mink and mice.
Mink chromosome 2 includes {ENOI, PGD, PGMI1} from
human Ipter—Iq4l and {RN3S} from 1q42—>qter
(Matveeva et al. 1987; Serov et al. 1987; Christensen et al.
1998). The shared linkage of these loci in humans and
mink suggests that the loci were also linked in the werepig
(the common ancestor of primates and ferungulates).
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(a)

h1: {ENO1, PGD, ALPL, FUCAT1,
LEPR, TSHB, NGFB, CR2,
PGM1, MYOG, FH, ACTA1}

c2: {ALPL, FUCAT}
c3: {LEPR, TSHB, NGFB, PGM1}
¢16: {ENOT, PGD, CR2, MYOG, FH}
©28: {ACTA1}

A B

AN

m1: {CR2, MYOG, FH} p4: {TSHB, NGFB

m3: {TSHB, NGFB} p6:
md: {ENO1, PGD, ALPL, FUCA1, LEPR, PGM1} p9: {CR2, MYOG}
m8: {ACTAT1} p10: {FH}

p14: {ACTA1}
(e)

h4: {ALB, KIT, CSN2, PGM2, ADH3, MANBA,
IL2, FGG, F11, MTNR1A, ANT1}
h8: {PLAT, GSR}

¢6: {ALB, KIT, CSN2, PGM2, ADH3, MANBA }
¢17: {IL2, FGG, F11}
c27: {MTNR1A , ANT1, PLAT, GSR}

A B

N

m3: {ADH3, MANBA, IL2, FGG }
ms: {ALB, KIT, CSN2, PGM2}
m8: {F11, MTNR1A , ANT1, PLAT, GSR}

p8: {ALB, KIT, CSN2, PGM2, ADH3,
MANBA, IL2, FGG }
p17: {MTNR1A }

}
{ENO1, PGD, ALPL, FUCAT1, LEPR, PGM1}

(b)

c3: {PGM1}

c16: {ENO1, PGD }

c26: {GOT1, ADRA2A, OAT}
¢28: {ACTA1, RBP3, PLAU, HK1}

h1: {ENO1, PGD, PGM1, ACTA1, RN5S}
h10: {HK1, GOT1, RBP3, PLAU, ADRA2A, OAT}

ma: {ENOT1, PGD, PGM1}
m7: {OAT

m8: {ACTA1, RN5S}
m10: {HK1}

m14: {RBP3, PLAU}

m19: {GOT1, ADRA2A }

(d)

h7: {IL6, PGY3, MDH2, GUSB, PAI1, COL1A2,
LAMB1, DLD, CFTR, INHBA, TCRG, HOXA@,
IGFBP3, EPO, ACTB, CYP3A, ZP3}

mink2: {ENO1, PGD, PGM1,
RN5S, HK1, GOT1}

p6: {ENO1, PGD, PGM1}
p14: {ACTA1, RN5S, RBP3,
PLAU, ADRA2A, OAT}

ca: {IL6, PGY3, CFTR, INHBA, TCRG, HOXA@,
IGFBP3, COL1A2, LAMB1 }
¢25: {EPO, MDH2, GUSB, PAI1}

m5: {IL6, PGY3, MDH2, GUSB, PAI1, p3: {EPO, ACTB, CYP3A, ZP3}

EPO, ACTB, CYP3A, ZP3}
mé: {CFTR, HOXA@, COL1A2}
m11: {IGFBP3}

m12: {LAMB1, DLD}

m13: {INHBA, TCRG }

p9: {IL6, COL1A2, LAMB1, DLD}
p18: {CFTR, INHBA, HOXA@, IGFBP3}

Figure 2. Comparative mapping of selected loci from mice, cattle, pigs and humans superimposed on an unrooted phylogenetic
tree of the four species. The presumed root of the tree (the weremouse) is indicated by the arrow. Node A represents the most
recent common ancestor of primates and artiodactyls (the werepig). Node B represents the most recent common ancestor of
cattle and pigs. (a) Chromosome locations in mice (ml, m3, m4, m8), cattle (c2, c3, c16, c28) and pigs (p4, p6, p9, pl4) of

selected loci from human chromosome 1 (hl). () Chromosome locations in mice (m4, ...), cattle (c3, ..

.) and pigs (p6, p14) of

selected loci from human chromosomes 1 and 10q. This panel also includes data from the American mink. Some data are missing
(for example, ACTAI has not been mapped in mink; RN5S has not been mapped in cattle). Node C represents the most recent
common ancestor of carnivores and artiodactyls. (¢) Chromosome locations in mice (m3, m5, m8), cattle (c6, c17, c27) and pigs
(p8, pl7) of selected loci from human chromosomes 1 and 8p. (d) Chromosome locations in mice (m5, m6, m11, m12, m13),
cattle (c4, c25) and pigs (p3, p9, p18) of selected loci from human chromosome 7 (h7).

The common ancestor of carnivores and artiodactyls
seems to have possessed a chromosome that combined loci
from hl with loci from hl0: both human chromosomes
paint chromosome 2 of Mustela, chromosomes 10 and 14
of Sus, and chromosome m#4 of Phoca. Moreover, {ENOI,
PGD} from hl and {HKI, GOTI} from hl0 have been
mapped to chromosome 2 of Mustela, and {ACTAI} from
hl and {RBP3, PLAU} from hl0 have been mapped to pl4
and c28 (figure 2b). These data are equivocal about
whether an h(l +10) linkage group was present in the
werepig or was formed after the divergence of primates
and ferungulates. I have provisionally adopted the latter
alternative because of the absence of evidence for such an
association in mice. (The sporadic occurrence of a chro-
mosome that is painted by hl and hl0 in H. concolor,
Colobus and Callithrix seems to represent three independent
translocations because h(l +10) was not detected in any
other primate listed in table 1.)

{CD2, ATPIAl} map to hl/m3 but {CD48, ATPIA2}
map to hl/ml. Therefore the CD2/CD48 and ATPIAIl
ATPIA2 gene pairs provide evidence of an hl/m(l + 3)
syntenic block in weremouse, because this pattern would
be explained if the products of an ancestral ¢is duplication
were separated to different chromosomes in the rodent
lineage but remained linked in humans (Y. W. Wong ¢t al.
1990; Kingsmore et al. 1995). Whether hl/m4, hl/m8 and
hl/ml3 were linked to hl/m(l +3) in the weremouse is
unclear.
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(b) Human chromosome 2

Human chromosome 2 is the product of a recent telo-
mere-to-telomere fusion between two acrocentric chromo-
somes, with the fusion point near 2ql3. This fusion
accounts for the difference in chromosome number
between humans (2z=46) and chimpanzees, gorillas and
orang-utans (2n=48) (Wienberg e al. 1994). Chromo-
some painting with h2 identifies two chromosomes in Pan,
Gorilla, Pongo, Macaca, Presbytis, Colobus, Alouatta, Cebus,
Callithrix, Eulemur, Tursiops, Sus (p3, pl5), Bos (c2, cll), Felis
(A3, Cl), Mustela and Phoca. Clearly, the chromosomal
fusion that produced h2 occurred in the human lineage
after our most recent common ancestor with chimpanzees.

For purposes of discussion, the pre-fusion linkage
group that contained the loci now located on 2ql3— qter
will be called h2a (corresponding to chromosome 13 of
Pan and chromosome 11 of Gorilla) and the pre-fusion
linkage group that contained the loci now located on
2pter—ql3 will be called h2b (corresponding to chromo-
some 12 of Pan and Gorilla). Loci from h2a map to c2/pld
{TNPI, LRP2, NEB} and either ml or m2, whereas loci
from human 2p map to cll/p3 {APOB, LHCGR, CD8A}
and to m6, mll, ml2 or ml7. In what seems a perverse
coincidence, loci from proximal 2q that belong to h2b
map to the same pair of mouse chromosomes (ml and
m?2) as loci from distal 2q that belong to h2a.

Most loci of the h2/ml and h2/m2 grid-cells can be
assigned unambiguously to h2a. However, there is strong
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Table 5. Linkage relations of loct from h2/m1, h2/m2 and h20/m2

The first figure in the superscript is the map location on ml or m2 (obtained from the Mouse Genome Database). Subsequent
figures in the superscript are the locations on cattle chromosomes (c2 or cll), on pig chromosomes (pl5 or pl7) and on cat
chromosomes (catA3), when these are known. These data are used to assign loci from h2/ml and h2/m2 to either h2a or h2b

(§4(b)).
h2a h2b h20

ml COL3A121(-M/«2 LAF419(:M —
GDF829CM/(:2/p15 SLC9A220CM .
NRAMPI1 39cM/c2/pld ZAP7020(71\’1 o
HTR5B63cM ILIRIQOCMMI o
EN164CM ILIRQQOCI\’”C]] _
INHBB(M—(‘,I\{/(‘,? STQ?](iI\{ o
LCTGGCM,’pls NPASQQQcM o

m2 NEBZOcM/’cQ/‘p15 PAXSIOcM AVP73cM/c13
DPP435M/pl5 IL1RN!0cM PDYN74cM/pl7
GCGBGCM,’CQ 1L1 A73cM/’c1 1/p3/catA3 I'1‘PA7"1C1\L’Clfi,fcalAS
SNCQAISGCM/‘CQ ILIB73cM/c11/‘p3 PRNP75¢M/c13
LRPQS!J(-M/‘:QJ’pIS ADRAQBB(-M CST384(:M,/p1 7
GAD143cM/p15 BUB]?B(:M SRC(chM/‘clS/catAS
HOXD-’l—5(;\1/’p15 SLCQOA 1 73cM ADA9-’1—(il\'l,’('13J’(iz|tA3

evidence that three members of the interleukin-1 family
{ILIA, ILIB, ILIRN} from h2/m2 should be assigned to
h2b rather than h2a and somewhat weaker evidence that
three members of the interleukin-1 receptor family
{ILIRI, ILIR2, ST2} from h2/ml should be assigned to
h2b rather than h2a. If correct, this means that the
h2/ml and h2/m2 grid-cells both contain loci that are
linked in humans and mice for reasons other than unin-
terrupted ancestral linkage.

Table 5 summarizes linkage relationships of selected
loct from h2/ml and h2/m2, and assigns these loci to
either h2a or h2b. Human ILIA, ILIB and ILIRN are
located within 1Mb of the interstitial telomeric repeat
that is believed to represent the point of fusion between
h2a and h2b (Hildebrandt et al. 1996). This gene cluster
has been disrupted on m2, with IL/IRN (and PAX$8) trans-
located to a location more than 60 ¢cM from /L/A and
ILIB. ILIA and ILIB have been mapped to cll/p3
(together with {APOB, LHCGR, IGK} from human 2p)
and therefore unambiguously belong to h2b. {ADRAZB,
BUBI, SLC20AI} also map to proximal human 2q and
probably belong to h2b/m2. In contrast, the loci assigned
to h2a/m2 map to more distal locations on human 2q
and are not interspersed with loci of h2b/m2 in either the
human or mouse genome.

The evidence for assigning a subset of loci from
h2/ml to h2b rather than h2a is based solely on the
mapping of ILIRI and ILIR? to cll by multipoint
linkage analysis (Yoo et al. 1994). This assignment
should be confirmed because ILIR! and ILIB map more
than 50 cM apart on cll (Sonstegard et al. 1998),
because loci from h2b/ml and h2a/ml occur close
together in both the human and mouse genomes, and
because the proximity of the human genes for inter-
leukin-1 ligands and interleukin-1 receptors to each
other, and to the site of the recent chromosome fusion,
raises the intriguing possibility that the linkage of
ligands and receptors in humans (but not in mice) was
a consequence of the fusion (Haig 1996aq).
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Linkage of loci from h2a and h2b occurs in . araneus
as well as in humans (Dixkens et al. 1998). Clearly, the
occurrence of an h(2a+2b) linkage group in Sorex and
Homo does not represent conserved synteny. However, it is
possible that Sorex retains an ancestral linkage group that
has been ‘reconstituted’ in Homo. If true, this scenario
would help to explain the cross-membership in h2a and
h2b of loci from ml and m2. Alternatively, an h(2a + 2b)
linkage group might have been absent from the common
ancestor of shrews and humans, but have been derived
independently in both lineages.

Table 5 hints at an ancestral association of h2b with
h20: ILIA is located on m2 near the border of a large
block of conserved synteny with h20; loci from h2b
(including ILIA) have been mapped to chromosome A3 of
cats together with loci from h20 (Wienberg et al. 1997);
and chromosome painting reveals linkage of loci from h2
and h20 in Phoca and Mustela. On this evidence,
h(2b+20) is tentatively proposed to have been an ances-
tral linkage group of the werepig. If so, a similar break-
point must have independently disrupted this linkage
group in artiodactyls and primates because loci from h2b
map to cll/p3, whereas loci from h20 map to cl3/pl7.
Synteny of {ILIA, ILIB, AKI, ABLI} in cattle and mice
(cll/m2)—Dbut their separation on h2b {ILIA, ILIB} and
h9 {AKI, ABLI}—probably represents coincidental shared
synteny because I have found no evidence of this associa-
tion in other ferungulates.

Linkage group 9 of zebrafish contains loci from h2a/ml
{ENI, DES, IHH} and h2ajm2 {HOXD4, EVX2, DLX?2,
INHBB} (Postlethwait el al. 1998). This suggests that these
loci were linked in the common ancestor of teleost fishes
and tetrapods, and that the loci of h2a/ml and h2a/m?2
were linked in the weremouse and werepig.

The neighbouring block of h2b/m6 in the mouse
genome 1is h7/m6; the neighbouring block of h2b/mll is
h7/mll, and the neighbouring block of h2b/m]12 1s h7/ml12.
Thus, loci from h2b and h7 are closely associated on three
chromosomes in mice. This association is compatible with
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several possible histories. One of the simpler scenarios is
that h2b/m(6 + 11 + 12) and h7/m(6 + 11 + 12) were ances-
tral linkage groups of the weremouse that underwent a
reciprocal translocation and subsequent fissions in the
rodent lineage.

Proximal h2 has undergone a number of recent re-
arrangements, both before and after the fusion of h2a and
h2b. These changes include: sequences duplicated from
Xq28 that are found near the h2 centromere in chimpan-
zees, gorillas and some humans, but not in orang-utans or
gibbons (Eichler et al. 1996, 1997); a duplication of CD8B
that 1s present in humans, chimpanzees and gorillas, but
not orang-utans (Delarbre et al. 1993); a pericentric inver-
sion that has dispersed genes of the immunoglobulin x
(IGK') complex to both sides of the centromere in chimps
and humans, but not in gorillas (Ermert et al. 1995); and
a duplication of IGK that is found on most (but not all)
human chromosomes (Weichhold et al. 1993).

A familial pericentric inversion, inv(2)(pl2ql4), was
detected in almost 1% of patients in an Israeli hospital
and has been observed in healthy homozygotes (Gelman-
Kohan et al. 1993). This inversion contributed 87 out of
305 independently ascertained pericentric inversions in a
large French survey (Groupe de Cytogénéticiens Frangais
1994), and is probably the same as inv(2)(pll.2ql3) that
contributed 31 out of 102 familial pericentric inversions in
an American survey (Daniel et al. (1988); neither survey
included the common pericentric inversions of h9).

(c) Human chromosomes 3 and 21

A shared chromosome is painted by h3 and h2l in Bos
(cl), Sus (pl13), Felis (C2), Tursiops, Phoca, Mustela, Tupaia,
Oryctolagus and Sorex. Among primates, h3 and h2l paint
a shared chromosome in FEulemur, Ateles, Cebus, Callithrix
and Pithecia, but different chromosomes in Alouatta,
Macaca, Presbytis, Colobus, Hylobates, Pongo, Gorilla and Pan
(Richard & Dutrillaux 1998; references in table 1). Thus,
an ancestral h(3 +21) linkage group seems to have been
disrupted in the human lineage some time after our
common ancestor with New World monkeys but before
the divergence of Old World monkeys and apes (Richard
et al. 1996; see also Threadgill et al. 1991; Threadgill &
Womack 1991). Chromosome painting and comparative
mapping suggest that the h(3+2l) linkage group is
preserved largely intact in the pig genome and, by infer-
ence, was present in the werepig.

Comparative mapping reveals traces of an ancestral
h(3+21) association in mice and marsupials: {PIT],
SIATI, SST} map to h3/cl/ml6, whereas {APP, SODI,
IENARI} map to h2l/cl/ml6; TF from h3/cl/m9 and
SODI from h21/cl/ml6 are syntenic in Sminthopsis crassicau-
data (Maccarone et al. 1992). The shared synteny of { TE
SODI} in Bos and Sminthopsis, if it is conserved synteny,
would indicate that h3/m9 and h(3 + 21) /m16 were linked
However, the low chromosome
numbers of marsupials increase the likelihood of coinci-
dental shared synteny.

in the weremouse.

(d) Human chromosome 4

Chromosome painting identifies three cattle chromo-
somes with homology to h4. Hayes (1995) interpreted
these to be R-banded chromosomes 4, 17 and 29, whereas
Solinas-Toldo et al. (1995) interpreted them to be G-banded
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chromosomes 6, 17 and 24. In the nomenclature used here
(Popescu et al. 1996), both studies identified c¢6 and cl7, but
disagreed about whether the third chromosome was c27
(the equivalent of R-banded chromosome 29) or c24. No
genes have been mapped to h4/c24 but {ANTI, MTNRIA}
have been mapped to h4/c27. Therefore c27 seems to be the
correct identification. h4 painted a single pig chromosome
(p8), but MTNRIA has been mapped to pl7, identifying a
second region of conserved synteny with h4 (Messer et al.
1997).

Figure 2¢ presents the linkage relations of selected loci
from human chromosomes 4 and 8p. Four observations
suggest hypotheses about ancestral synteny.

(i) Synteny of {ALB, KIT, GSN2, PGM?2} is conserved in
humans, cattle, pigs and mice. Therefore h4/c6/p8/
mb5 was an ancestral syntenic block in the weremouse
and werepig.

(ii) Synteny of {ADH3, MANBA, FGG, ILZ} is conserved
in humans, pigs and mice, but not in cattle. There-
fore h4/p8/m5 was a syntenic block in the
weremouse, werepig and common ancestor of pigs
and cattle, but the block was subsequently split
between two chromosomes (c6, cl7) in the cattle
lineage.

(iii) Synteny of {FII, MTNRIA, ANTI} is conserved in
humans and mice, but not in cattle. Therefore h4/m8
was a syntenic block in the weremouse and werepig,
but was split between two chromosomes (cl7, ¢27) at
some time after cattle diverged from the werepig.

(iv) Synteny of {MTNRIA, ANTI, PLAT, GSR} is
conserved in cattle and mice, but not in humans.
Therefore an h(4+8p)/m8 synteny group was
present in the weremouse and werepig, but was split
between two chromosomes in the human lineage.

Taken together, observations 1-4 suggest that
h(4+8p)/c(6+17+27)/p(8+17)/m(3+5+8) was a syn-
tenic block in the werepig. The hypothesis that loci from
h4 and h8p were syntenic in the werepig is supported by
chromosome painting: ¢27 1s painted by h4 and h8 (see
above); h4 and h8 similarly paint a shared chromosome
in [Felis, Phoca and Mustela. However, the h(4+8p)
linkage group was disrupted at sometime before the
common ancestor of extant primates, because h4 and h8
paint different chromosomes in Eulemur, Ateles, Cebus,
Callithrix, Macaca, Presbytis, Colobus, Pongo, Gorilla and Pan.

Comparative mapping reveals three large blocks of
conserved synteny between h4 and mouse chromosomes:
h4/m5 (4pter—4q21), h4/m3 (4q21—-4q3l) and h4/m8
(4q31—4qter). The h4/m8 and h8/m8 cells were probably
linked in the weremouse (Grewal et al. (1998); see also
above). The h4/m3 and h4/m) grid-cells both contain
loci with paralogues on h5 (table 6; §4(e)) and can be
conjectured to have been linked in the weremouse. This is
because it seems simpler to assume that the paralogies
reflect a single large trans duplication that has been
conserved intact on h4 and h5 than that the paralogies
are the result of several smaller duplications that have
been assembled independently on h4 and h5. The
evidence is admittedly weak and subject to alternative
interpretations. Curiously, several paralogies can be noted
between h4/m(3+5) and h(4 +8)/m8 (table 6; §4(e)). If
these paralogies were the result of a ¢is duplication or cis
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Table 6. Selected paralogies between human chromosomes 4, 5, 8 and 10

Chromosomal location in the human and mouse genome (when known) is indicated by superscripts. Data obtained from the

Human Genome Database (Letovsky et al. 1998) and the Mouse Genome Database (Blake et al. 1998).

h4/m (3+5) h5 h(4+8)/m8 h10
FABP2114,’1n3 FABP6h5/mll o o

FGFQI]-’]—;’mS FGFlhf)/mlS o o

IL2h4,r‘m3 IL4_h5,'mll ILl5h4/m8 .
NPY2R114/1113 NPY6R1)5,’mlS NPY1 Rh-’},/m8 NPY4Rth,’ml4
ANX5I14J’m‘3 ANXGhS/ml 1 . ANX7h]O/ml4
GRIAQM/mS GRIA]lﬁ/’mll o o

GLRBM,/mS GLRAI h5/m11 GLRAth,,fmS _
GABRA2™/™ GABRAL™/™!! — —
ADRAQQM/mS ADRAlBhé/mll ADRAL1 ChB ADRAQAhlU/mw
- ADRBQl‘:-""“‘IR ADRB?)hS/mS ADRBI h10/m19
DRD5M,/m5 DRDI h5/m13 o o

KDRI14/m5 FLT4_h5J’ml 1 o .

KIT114/1115 FMShﬁ,’mlS . o
PDGFRAM,’m.% PDGFRBM/mlS PDGFRLM% o

FGFR3h4J’m5 FGFR4_h5/m13 FGFRIhS,’mS FGFR2I]10/m7
PPP3CA™ — PPP3CICM PPP3CB""
GPRK2LM/m GPRK6™ — GPRK5"
PDEG6GBR/mS PDEGAI3/mI8 — PDEG6ChI0/m7
o GRLhB/ml%S MLRh4/m8 o

. F1 2h5 PLATh8/m8 PLAUh 10/m14
o o EIF4EB1118,/m8 EIF4EB2]110,fmlO
— — SLC18Ah#mS SLC18A2M0mI9

duplications, h4/m(3+5) and h(4+8)/m8 might have
been ancestrally linked in the weremouse. Alternatively,
the paralogies could represent the results of a #rans dupli-
cation (or duplications) whose products were brought
together at some stage in the ancestry of the werepig.

(e) An interlude concerning paralogy

Lundin (1993) observed that several loci from h4 could
each be paired with a paralogous locus on h5. He
suggested that these relationships were vestiges of an
ancient doubling of the vertebrate genome. Some of these
loci also have paralogues on human 8p and hl0
(Pébusque et al. 1998). The first two columns of table 6
present an updated, and selected, list of paralogies
between h4 and h5, the third column presents paralogous
loci from h(4+8)/m8 (§4(d)), and the fourth column
presents loci from hl0 that have paralogues in the other
columns. Loci of the first column occur on a single
human chromosome but on two mouse chromosomes,
whereas loci of the third column occur on a single mouse
chromosome but two human chromosomes. Therefore the
possibility of extended paralogy between h4/m(3 +5) and
h(4 +8)/m8 would not have been recognized by consid-
ering linkage relationships in either mice or humans
alone. Moreover, a simple list of loci from h4 with para-
logues on h5 (see, for example, Lundin 1993) would
include loci belonging to two distinct blocks of extended
paralogy.

The recognition of large ancestral duplications
(extended paralogy) is still largely impressionistic and
subject to the human proclivity for finding patterns, even
where no pattern exists. A minimum of two duplications
are required to explain the relationships of table 6. At the
other extreme, 36 duplications would be required if each
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paralogue were the result of an independent duplication
(the number would actually be higher to take account of
paralogues on other chromosomes). There is currently no
fully reliable method to distinguish the products of a
single large ancestral duplication from the products of
multiple smaller duplications, but the reconstruction of
ancient linkage groups will clearly help to distinguish
recent juxtapositions of loci from conserved ancestral
syntenies.

(f) Human chromosome 5

Chromosome painting with h) identifies a single chro-
mosome in Felis, Phoca, Mustela, Tursiops, Cebus, Callithrix,
Macaca, Colobus, Pan, Gorilla and Pongo; two chromosomes
in Sorex, Equus and Sus (p2, pl6); and three chromosomes
in Bos (c7, cl0, ¢20). h5/c(7 + 10+ 20) probably formed an
ancestral linkage group in the werepig because {HTRIA,
HEXB, MAPIB, HMGCR, RASA} map to h5/ml3 but are
scattered on three cattle chromosomes: {HTRIA, HEXB,
MAPIB} on ¢20, {HMGCR} on cl0, and {RASA} on c7.

Most loci from h) that have been mapped in mice are
located on one of mll, ml3, m15 or m18. The h5/m13 and
h5/ml5 cells seem to have been linked in the most recent
common ancestor of rats and mice because {PDE4D,
HTRIA, DHFR} map to h5/ml13/r2, whereas {MPLVI?,
GHR, PRLR} map to h5/ml5/r2 (Qiu el al. 1997). The
h5/mll and h5/ml8 cells also seem to have been linked
to h5/ml3 in the weremouse, because loci from all three
cells have putative paralogues on h4 (table 6; §4(e)).
The existence of an ancestral h5/m(11+ 13+ 15+ 18)
linkage group in the weremouse is supported by paralo-
gous relationships within h5 that can be explained by a
series of cis duplications: {IL3, IL4, IL5, ILI3, CSF2}
map to h5/mll, whereas {/L9} maps to h5/ml3;
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{PDGFRB, FMS} map to h5/ml8 whereas {FLT4} maps
to h5/mll (Rousset et al. 1995). The small h5/ml7 grid-
cell can probably be added to this ancestral linkage
group because CHDI (from h5/ml7) is linked to GHR
(from h5/ml5) on the Z chromosome of chickens
(Fridolfsson et al. 1998). If so, the common ancestor of
rats and mice probably possessed an hd/m(ll +17)
syntenic group that was disrupted in the mouse lineage
as a result of the same event that disrupted hl6/
m(11 +17)/r10 (§4(p)).

(g) Human chromosome 6

Chromosome painting with h6 identifies a single chro-
mosome that is painted by no other human chromosome
in Felis, Mustela, Phoca, Cebus, Callithrix, Macaca, Pongo,
Gorilla and Pan. h6 thus seems to represent an ancient
syntenic group that has been conserved intact in (at least
some) primates and carnivores since their most recent
common ancestor. In domestic artiodactyls, h6 paints two
cattle chromosomes (c9, ¢23) and two pig chromosomes
(pl, p7). {IGF2R, SOD2} map to h6/c9/ml7, whereas
{MHC@, TCPI} map to h6/c23/ml7. Therefore the most
parsimonious interpretation is that h6/c(9+23)/p(1 +7)
was an ancestral linkage group of the werepig.

Loci from h6 map to at least six mouse chromosomes
(ml, m4, m9, m10, ml13, ml17). At least some, and perhaps
all, of these grid-cells were linked in the weremouse.

(1) Butyrophilin (B7N) is a chimaeric protein with
carboxy-terminal sequences that resemble the ret
finger protein (RFP) and amino-terminal sequences
that resemble the myelin oligodendrocyte glycopro-
tein (MOG). {BTN, RFP, MOG} map to 6p22-p21.3
in the class I region of the human major histocom-
patibility complex (Vernet et al. 1993), but {Rfp, Bin}
are located on ml3 unlinked to {Mog} on ml7
(Amadou et al. 1995). Therefore h6/ml3 and h6/ml7
were most probably linked in the weremouse.

(ii) {ESRI, MYB} map to h6/ml0/rl, whereas {MASI,
TCPI, IGF2R} map to h6/ml7/rl. Similarly, {FYN}
maps to h6/ml0/r20, whereas {MHC@, GLOI,
PIM1} map to h6/ml17/r20 (Johansson et al. 1998). In
both comparisons, loci that are linked in rats and
humans are divided between ml0 and ml7. These
results suggest that h6/m(10+17)/r(l1 +20) was a
syntenic block in the weremouse.

(iii) The FACIT collagens {COL9AI, COLI2A, COLI9AI}
are clustered at human 6ql2—ql3 (Gerecke et al.
1997), but {Col9al, Coll9al} map to ml (Warman et
al. 1993; Khaledduzzaman et al. 1997) unlinked to
{Col12al} on m9 (Oh et al. 1992). If these genes arose
by cis duplications of an ancestral locus, then h6/
m(l +9) was probably a syntenic block in the were-
mouse.

(iv) {€D24} maps to h6/ml0/r8 (Johansson e/ al. 1998),
whereas {GSTAI, HTRIB, MEI} map to h6/m9/r8.
Therefore h6/m9 and h6/ml0 might have been
linked in the weremouse. However, this hypothesis 1s
based on evidence from a single locus {CD24} and is
therefore only weakly supported.

Observations (i) and (ii) argue that h6/m(10 + 13 + 17)
was a syntenic block in the weremouse (and in the
common ancestor of rats and mice). Observation (iv)
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hints that this syntenic block also included h6/m(1 +9).
Whether it also included h6/m#4 1is unclear.

(h) Human chromosome 7

Two cattle chromosomes (c4, ¢25) and two pig chromo-
somes (p9, pl8) are painted by h7. (The smaller bovine
chromosome painted by h7 was identified as c25 by infer-
ence from map locations listed in Bovmap). In addition,
{EPO, ACTB, CYP34, ZP3} have been mapped to h7/p3,
identifying a third block of pig—human synteny that was
not detected by chromosome painting (Bruch et al. 1996;
Liu et al. 1998; Thomsen et al. 1998). Figure 2d presents
comparative mapping data for selected loct from human
chromosome 7. These data suggest the following conclu-
sions.

(i) Synteny of {IL6, PGY3, MDH2, GUSB, PAIl, EPO} is
conserved in humans and mice (h7/m)), but not in
cattle. Therefore the h7/c4 and h7/c25 grid-cells
were separated at some time in the ancestry of cattle,
after the werepig.

(i) Synteny of {IL6, CFTR, INHBA, HOXA@, COLIA2,
LAMBI} is conserved in humans and cattle, but not
in pigs. Therefore these loci belonged to a shared
linkage group in the werepig, and in the common
ancestor of cattle and pigs, with h7/p9 and h7/pl8
becoming separated after pigs diverged from cattle.

(iii) {IL6} is linked to {EPO, ACTB, CYP34, ZP3} in
humans and mice, but not in pigs. Therefore h7/p3
and h7/p9 were linked in the werepig.

Observations (1)—(ii1) imply that h7/c(4 +25)/p(3 +9 + 18)
was an ancestral syntenic block of the werepig. Therefore
h7 seems to be an ancient linkage group that has been
conserved largely intact since the common ancestor of
primates and artiodactyls. This conclusion is supported
by the observation that h7 paints a single chromosome in
Equus, IFelis, Phoca, Cebus, Callithrix, Macaca, Presbytis,
Colobus and the great apes. Despite this conservation of
gene content, gene order has undergone recent rearrange-
ment because comparative cytogenetics suggests that at
least two inversions of h7—one pericentric and the other
paracentric—have occurred in the human lineage since
we diverged from our common ancestor with orang-utans
(Borowik 1995). The pericentric inversion might explain
why loci from p9 and pl8, and loci from m5, m6 and
ml2, map to both arms of h7.

Loci from h7 map to at least five mouse chromosomes
(m5, m6, mll, ml2, ml3) and four rat chromosomes (r4,
rl12, rl4, rl7), as follows.

(iv) {IL6, PGY, HGF, NOS3} map to h7/m5/r4, whereas
{TCRB, HOX@, MET, CFTR} map to h7/m6/r4.
Therefore h7/m(5+6)/r4 was probably a syntenic
block in the common ancestor of rats and mice.

(v) ACTB from h7/m) and EGFR from h7/mll both map
to chicken chromosome 2 (Burt et al. 1995). This
suggests that h7/m(5 + 11) was a syntenic block in the
weremouse.

(vi) SPI, SP2, SP3 and SP4 are each syntenic with a HOX
cluster in the human genome, but SP4 (h7/ml2/r6)
and HOXA@ (h7/m6/r4) are unlinked in rats and
mice. This suggests that h7/m(6+ 12)/r(4 +6) was a
syntenic block in the weremouse (Scohy ez al. 1998).
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Taken together, observations (iv)—(vi) suggest that
h7/m(5+6+11 +12) was a syntenic block in the were-
mouse. Whether this linkage group also included h7/m13

is unclear.

(i) Human chromosome 8

Human chromosome 8 paints a single chromosome in
great apes (Pan, Pongo, Gorila) and Old World monkeys
(Macaca, Presbytis, Colobus); two chromosomes in Cebus,
Callithrix, Alouatta, Ateles, FEulemur, Sorex, Felis, Phoca,
Mustela and Sus (p4, pl4); and three chromosomes in Bos
(c8, cl4, c27). Human 8p is painted by pl4 and cat chro-
mosome Bl, whereas 8q is painted by p4 and cat chromo-
some F2 (Goureau et al. 1996; Wienberg et al. 1997).
Moreover, loci of human 8p map to m8 and ml4, whereas
loct of human 8q map to m3, m4 and ml5. Therefore the
h8 linkage group probably came into existence by the
fusion of ‘8p’ and ‘8q’ sometime after the last common
ancestor of Old World monkeys and New World monkeys
but before the last common ancestor of the Old World
monkeys and apes. In §4d, loci of human 8p were
proposed to have been linked to loci from h4 in the
werepig (see figure 2c).

The limited evidence from comparative mapping
suggests that h8/c8 {LPL, CTSB, NEFL}, h8/c27 {PLAT,
GSR} and h8/pl4 {LPL} will contain loci from human 8p,
whereas h8/cl4 {MOS, CRH, MYC, ODFI} and h8/p4
{ODFI} will contain loci from human 8q. If so, the
dispersion of loci from human 8p to ¢8 and ¢27 seems to
have occurred since the last common ancestor of pigs and
cattle, because pl4 paints the whole of human 8p
(Goureau et al. 1996). The mapping of {LPL} from h8/c8
and {PLAT, GSR} from h8/c27 to the same mouse
chromosome (m8) supports the hypothesis that these
grid-cells were syntenic in the werepig.

The earlier history of h8p and h8q is unclear. Human
chromosome 8p and chromosome 13 both contain loci
from m8 and ml4. This could be interpreted as evidence
for an ancestral association of h8p and hl3, or as evidence
for a translocation that occurred in the mouse lineage
after it diverged from the weremouse. {CA2, CALBI,
MYC} map to human 8q and chicken chromosome 2, but
to three different mouse chromosomes: CA2 on m3,
CALBI on m4, and MYC on ml5 (Burt et al. 1995). If the
shared linkage of these loci in humans and chickens
reflects conserved synteny, then h8q/m(3 +4 + 15) was an
ancestral linkage group of the weremouse.

{SLUGH, CEBPD, PREDC} identify a small region of
homology between human 8qll and ml6. In the mouse,
these loci map close to Ig/@ (h22/cl7/pl4/rll/ml6). This
grid-cell might correspond to a recent translocation of
material from ‘h22’ to ‘h8’ because a VA orphon maps to
8qll.2 (Frippiat et al. 1997). This orphon has more than
90% sequence identity to VA8a from IGL@ at 22q11.2.

(j) Human chromosome 9

Chromosome painting with h9 identifies a single chro-
mosome in Sorex, Tursiops, Sus (pl), Felis, Mustela, Eulemur,
Cebus, Callithrix, Ateles, Alouatta, Macaca, Colobus, Presbytis
and the great apes, but two chromosomes in Bos (c8, cll).
{IFNBI} maps to h9/c8/pl, whereas {GGTAI, HSPA5}
map to h9/cll/pl. Similarly, {C5, GSN} map to h9/c8/m2,
whereas {GGTAI, HSPA5, AK1, ABLI} map to h9/cll/m2.
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Both lines of evidence suggest that h9/c(8+11) was a
syntenic group of the werepig and that h9 has been
conserved largely intact since this ancestor.

Loci from h9 map to at least four mouse chromosomes
(m2, m4, ml3, ml19). Several genes of the lipocalin family
map to h9 but are shared between m2 and m4: {LCN2,
C8G, PTGDS} from h9/m2, and {ORMI, AMBP} from
h9/m4 (Chan et al. 1994). This pattern is compatible with
repeated cis duplications of an ancestral lipocalin gene
followed by a translocation in the mouse lineage that split
the gene cluster. Similar evidence for an h9/m(2 +4)
linkage group comes from the mapping of 4BCI to h9/m4
and ABC2 to h9/m2 (Luciani et al. 1994). The history of
the h9/ml3 and h9/m19 cells is obscure.

The homologue of h9 is acrocentric in orang-utans
and gorillas, but metacentric in humans and chimpan-
zees, owing to a pericentric inversion in the human—
chimpanzee lineage (Yunis & Prakash 1982; Tanabe et al.
1996). The h9 homologue is smaller than the homologues
of hl0, hil and hl2 in macaques, orang-utans, gorillas
and chimpanzees (if size can be judged from the
numbering of chromosomes). This reordering of relative
chromosome size is caused by the acquisition of a large
band of heterochromatin at proximal 9q in humans
(Gosden et al. 1977).

Structural variants of chromosome 9 are the most
common, cytogenetically recognizable, chromosomal vari-
ants of humans. A pericentric inversion, inv(9)(pllql3),
was detected in 0.9% of live births in Scottish hospitals
(Buckton et al. 1980) and in 2.0% of prenatal diagnoses
from New York City (Hsu et al. 1987). In the latter study,
the frequency of the inversion was 3.6% among Blacks,
but 0.7% among Whites. Individuals have been reported
who are homozygous for this inversion (Wahrman et al.
1972; Vine et al. 1976). In the Scottish study, a further
0.3% of live-born infants were heterozygous for an extra
large block of heterochromatin (9gh+). Variants of chro-
mosome 9 have also been reported with additional
euchromatic bands (Jalal et al. 1990; Reddy 1996).

(k) Human chromosome 10

Human chromosome 10 paints a single chromosome in
Pan, Pongo, Gorilla, Macaca and Presbytis. This suggests that
an equivalent of hl0 was present in our common ancestor
with Old World monkeys. hl0 also paints a single
chromosome in Felis (D2) and Tursiops. In contrast, hl0
paints two (or three) chromosomes in Colobus, Ateles,
Alouatta, Cebus, Callithrix, Eulemur, Sorex, Phoca, Mustela,
Equus, Bos (cl3, ¢26, ¢28) and Sus (pl0, pl4). These data
are equivocal between two interpretations: either hl0 is
an ancestral linkage group that has been conserved
largely intact in Old World monkeys and Felis but has
been independently disrupted in lemurs, New World
monkeys and artiodactyls, or the similarity in gene
membership between human chromosome 10 and cat
chromosome D2 is an example of convergence. On the
basis of the principle that coincidental shared synteny is
less likely than coincidental shared non-synteny, table 4
interprets hl0 as an ancestral linkage group that has been
conserved since the werepig.

Loci of hlOp map to two mouse chromosomes
(m2, ml8). The mapping of GADZ to hl0/m2/rl7 and
TPL2 to hl0/ml8/rl7 provides a hint that the hl0/m2
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and h10/ml8 grid-cells were linked in the weremouse. If
so, hl0p can be conjectured to be a block of conserved
synteny, inherited from the weremouse. At the time of
writing, the only loci from hlOp that had been mapped
in artiodactyls were IL2RA (cl13/s13) and VIM (cl13/pl0).
Both loci map to hl0/cl3/m2 and are thus linked in
cattle and mice to {PRNP, ITPA, AVP, ADA} from
h20/c13/m2. This could be interpreted as evidence for an
ancestral h(10+20)/cl3/m2 linkage group in the were-
mouse and werepig. However, loci from hl0/cl3 map to
proximal m2, loci from h20/cl3 map to distal m2, and
chromosome painting reveals no association between loci
from hl0 and h20 in primates, carnivores, pigs or horses.
Therefore c13/m2 probably provides another example of
coincidental shared synteny.

The bulk of hl0q can similarly be conjectured to be a
block of ancient synteny that has been conserved intact
in the human lineage since at least the weremouse but
has been fragmented in the mouse lineage. Figure 25
presents strong evidence that the hl0/c26 and hl0/c28
grid-cells were linked in the werepig: both cells contain
loci that map to hl0, pl4 and mink chromosome 2. This
linkage block contained loci that are dispersed on m?7,
ml0, ml4 and ml9 (figure 2b). §4(a) presents evidence
that loci of hl and hl0q were linked in an ancestral
ferungulate.

Human 10q shares loci with at least five mouse chro-
mosomes (m6, m7, ml0, ml4, ml9). I have found few
clues about the history of hl0/m6 {RET, ALOX5, SDFI},
but the remaining grid-cells seem to have formed a
syntenic block in the weremouse. {CYP2E, FGFR2} from
h10/m7 and {GOTI, CYPI7, ADRA2A4} from h10/m19 map
to rl, suggesting that these cells were linked in the most
recent common ancestor of rats and mice. hl0/ml0 can be
tentatively added to the ‘hl0q’ linkage group of the were-
mouse because HK7 (hl0/ml0) and PLAU (h10/ml14) both
map to chromosome 1 of the tammar wallaby (Spurdle ez
al. 1997). Finally, ml4 and ml9 are related to each other
by a series of paralogous gene pairs: {Mbll, Rbp3, 13ra}
on ml4, and {Mbi2, Rbp4, Csf2ra} on ml9. In humans,
{MBL, MBLIPI, RBP3, RBP4} map to 10q (Guo el al.
1998), whereas {GSF2RA, IL3RA} are closely linked at
the Xp/Yp pseudoautosomal region (Milatovitch et al.
1993). This pattern is most simply explained by one or
more cis duplications that have been split between ml4
and ml9 in the mouse lineage. (CGSF2RA has been
mapped to the X chromosome of sheep (Toder et al. 1997)
and to chromosome 5 of the tammar wallaby, a marsupial
autosome that contains several loci that map to eutherian
X chromosomes (Gliser et al. 1998). Therefore {CSF2RA,
IL3RA} were probably pseudoautosomal in the were-
mouse, with a subsequent translocation to an autosome
during mouse ancestry.)

The recent history of pericentric hl0 seems to have
been cytogenetically wunstable: duplicate clusters of
zinc-finger genes occur on both sides of the hl0 centro-
mere (Jackson et al. 1996), and a portion of the ALD
gene from Xq28 is inserted at 10pll (Eichler et al. 1997).
A familial pericentric inversion without detectable
phenotype, inv(10)(pll.2q21.2), has been repeatedly
ascertained in many unrelated families (Daniel et al.
1988; Groupe de Cytogénéticiens Francais 1994
Collinson et al. 1997).
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(1) Human chromosome 11

Human chromosome 11 paints two chromosomes in Bos
(cl5, ¢29), Sus (p2, p9) and Sorex, but a single chromo-
some in Felis, Mustela, Phoca, Tursiops, Equus, Eulemur,
Ateles, Cebus, Callithrix, Macaca, Presbytis, Colobus and the
great apes. Data in the Mouse Genome Database suggest
that most, if not all, of hll is conserved on chromosome
D4 of cats {HRAS, LDHA, FGF3, HBBC, ACP2, CD3,
ETSI, GANAB, THYI} and chromosome 1 of rabbits
{HRAS, LDHA, PTH, HBBC, ACP2, CD3, ETSI, APOAI,
HPX}. Loci from hll/rl/m7 are found on both clI5
{HBBC, PTH} and 29 {IGF2, LDHA, TYR}. Therefore
hll/cl5 and hll/c29 were probably linked in the werepig.
If so, the homologue of hll has undergone independent
fissions in the cattle and pig lineages because loci from
hll/p2 are found on both c15 {PTH, MYODI, FSHB} and
c29 {LDHA}, and loci from hll/c29 are found on both p2
{LDHA} and p9 {TYR}. Therefore hll seems to have
been an ancestral linkage group, present in the werepig,
that has been conserved intact in the human lineage.

Loci from hll map to at least four mouse chromosomes
(m2, m7, m9, m19). The hll/m7 and hll/ml9 cells were
probably linked in the common ancestor of rats and mice
(and, by the same inference, in the weremouse) because
both cells contain loci that map to rl: {HRAS, TYR, IGF2,
HBB} from hll/rl/m7, and {GSTPI, PYGM} from hll/rl/m19.
There is circumstantial evidence that the hll/m2 and hll/m9
cells were linked to hll/m(7 + 19) in the weremouse, because
HBB (hll/m7) and CAT (hll/m2) are syntenic in tammar
wallabies (Sinclair & Graves 1991). Similarly, BB (hll/m7)
and PGR (hl1/m9) are syntenic in chickens (Burt ef al. 1995).
This hypothesis receives indirect support from the observa-
tion that loci from hll and h15 map close to each other on m2,
m7 and m9 (Elliott 1996). One possible interpretation is that
hll/m(2+7+9+19) formed an ancestral linkage group
that underwent a fusion or reciprocal translocation with
hl5/m(2+7+9) in the rodent lineage.

(m) Human chromosomes 12 and 22

Human chromosome 12 can be divided into two blocks
with different histories. The larger block (hl2a) extends
from the 12p telomere to the neighbourhood of 12q23
(near IGFI). Loci from hl2a map to ¢5 in cattle, p5 in
pigs, and m6, ml0 or ml15 in mice. Loci from the smaller
block (hl2b) map to distal 12q in humans, cl7 in cattle,
pl4 in pigs, and m5 in mice.

An hl2a/c5/p5/m(6+ 10+ 15) syntenic block seems to
have been conserved intact in the human and artiodactyl
lineages, at least since the weremouse, but to have been
split between three chromosomes in the mouse lineage.
One of these splits occurred after the common ancestor of
rats and mice because hl2a/r7 unites loci that map to
hl12a/ml0 {IGFl, PAH, PEPB} and hl2a/ml5 {RARG,
HOXC, WNTI}. The hl2a/m6 and hl12a/ml0 cells can be
inferred to have been linked in the weremouse on the
basis of paralogy between hll and hl2a (Haig 19964;
Patton et al. 1998): {LDHB, KRAS2, PTHLH} from h12a/m6
and {MYF5, PAH, IGFI} from hl2a/ml0 have paralogues
{LDHA, HRASI, PTH, MYODI, TH, IGF2} on hll. These
relationships are more parsimoniously explained by a
single large duplication than by two (or more) smaller
duplications that were fortuitously assembled on hl2a.
The conclusion that hl2/m(6+10) was an ancestral
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linkage group of the weremouse is supported by the
mapping of {GAPD, CCND2} from hl2/m6 and {IGFI,
LYZ} from h12/ml0 to the same linkage group in chickens
(Burt et al. 1995; Klein et al. 1996; Masabanda et al. 1998).

Human chromosome 22 can similarly be divided into
two blocks: one block (h22a) contains loci that map to ¢5
in cattle, p5 in pigs, and m6, ml0 or ml5 in mice; the
other (h22b) contains loci that map to cl7 in cattle, pl4 in
pigs, and m5, mll or m16 in mice. Thus, loct of h12a and
h22a are associated together in cattle, pigs and mice, as
are loci of hl2b and h22b. These relationships are
most easily explained if hl2 and h22 are related to
cd/pd/m(6+ 10+ 15) and cl7/pl4/m(5+ 11 + 16) by a reci-
procal translocation that occurred in the human lineage
at some time after it diverged from the werepig.

Chromosome painting provides strong evidence for this
translocation: hl2 and h22 both paint ¢5 and cl7 of Bos;
p5 and pl4 of Sus; chromosome B4 of Felis; chromosomes
3 and 12 of Mustela; chromosome m3 of Phoca; chromo-
somes 8 and 9 of Tursiops; chromosomes 1, 8 and 26 of
Equus; and (most significantly) chromosomes 10 and 19 of
Eulemur. In contrast, h12 and h22 paint different chromo-
somes in Ateles, Alouatta, Cebus, Callithrix, Macaca, Presbytis,
Colobus and the great apes. Therefore a reciprocal translo-
cation between h(12a+22a) and h(12b+22b) seems to
have occurred sometime after our divergence from lemurs
but before our divergence from New World monkeys.

A possible relict of this translocation is the presence in
the human genome of VIWF at 12pl3 and an unprocessed
pseudogene VWFP at 22qll (Mancuso et al. 1991).
However, the pseudogene’s location might be coincidental
because the evolutionary breakpoint that separates loci of
hl2a and hl2b is located on distal 12q far from VIWE
VIWEP belongs to the small h22/m6 grid-cell that also
contains ATPOE and BID (Yootz et al. 1998). An alter-
native interpretation would be that these loci have been
translocated to ‘h22’ from ‘hl2’ at some time after the
reciprocal translocation.

The h(12a+22a) linkage group of the werepig was
probably inherited intact from the weremouse because
hl2a seems to have been conserved since the weremouse
(see above) and because of the close juxtaposition on ml10
and ml5 of loci that map to hl2a and h22a. The evidence
1s less clear for the h(12b + 22b) linkage group. The loci of
h12b/m5 and h22b/m5 were almost certainly linked in
the weremouse but there is no strong evidence to suggest
that this block was associated with loci from h22b/mll or
h22b/ml16. One hint of an ancestral association 1s the
observation that h(I12b+22b)/m5 and h22b/mll are
neighboured in the mouse genome by h7/m5 and h7/mll,
respectively.

(n) Human chromosome 13

Human chromosome 13 paints a single chromosome in
Sorex, Bos (c12), Sus (pll), Mustela, Felis, Phoca, Tursiops,
Equus, Eulemur, Ateles, Alouatta, Cebus, Macaca, Presbytis,
Colobus and the great apes. No other human chromosome
paints cl2 or pll, and no genes on hl3 have been mapped
to other pig or cattle chromosomes. Therefore this linkage
group seems to have been conserved intact in all these
species since they diverged from the werepig. Loci of the
hi13/cl12/pll linkage group map to ml, m5, m8 or ml4. I
have found no clear signal to indicate whether the
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hi8/cl2/pll/m(l +5+ 8 + 14) linkage group of the werepig
was also present in the weremouse—and was fragmented
during rodent evolution—or whether the linkage group
was formed by the coalescence of unlinked fragments
present in the weremouse.

(o) Human chromosomes 14 and 15

Human chromosomes 14 and 15 both paint cl0 and c21
in cattle, and pl and p7 in pigs. This relationship would
be explained most simply by a reciprocal translocation.
However, other evidence argues strongly that genes on
hl4 and hl5 formed a single linkage group in the werepig
and have been partitioned independently to two chromo-
somes in humans, cattle and pigs. First, Sorex, Fels,
Mustela, Phoca, Tursiops, Equus, Eulemur, Ateles, Callithrix,
Cebus, Macaca, Colobus and Presbytis all possess a chromo-
some that is jointly painted by hl4 and hl5. In the three
species of Old World monkey (Macaca, Presbytis and
Colobus), hl4 and hl5 paint no other chromosome. In
contrast, hl4 and hl5 paint different chromosomes in
H. concolor, H. lar, H. syndactylus, Pongo, Gorilla and Pan.
These observations suggest that h(l14 + 15) was an ances-
tral linkage group in the werepig and in our common
ancestor with Old World monkeys but that this chromo-
some underwent fission in the lineage leading to apes.
Second, the mapping of {NP} to hl4/cl0/p7, {IGH@} to
h14/c21/p7, {PEM2} to h15/cl0/p7 and {MPI} to hl5/c2l/
p7 suggests that the separation of loci to cl0 and c2l1
occurred after the common ancestor of pigs and cattle.
Third, there seems to have been a reciprocal transloca-
tion in the pig lineage between the homologue of h6 and
the homologue of h(14 + 15) because pl and p7 are both
painted by h6, as well as by hl4 and hl5.

Loci from hl4 and hl5 are therefore proposed to have
been located on a single chromosome in the werepig. This
chromosome is then hypothesized to have undergone
independent centric fissions in human and cattle ancestry;,
and to have undergone a reciprocal translocation during
pig ancestry. There seems to have been a pericentric
inversion in the artiodactyl lineage because loci from
both hl4 and hl5 are found on cl0, ¢21 and p7. This inver-
sion occurred in the artiodactyl lineage, rather than the
primate lineage, because genes on hl4 map to ml2 and
ml4, whereas genes on hl5 map to m2, m7 and m9. If the
inversion had occurred in the primate lineage, one would
expect loci from hl4 and hl5 to map to overlapping sets
of mouse chromosomes. Nevertheless, the observation
that loci from hl4 and hl5 map to non-overlapping sets of
chromosomes in mice (and rats) is curious because,
although there is strong evidence that hl4 and hl5 were
linked in the werepig, there is little evidence of a shared
earlier history. (These arguments are predicated on the
hypothesis that primates and artiodactyls are more
closely related to each other than either is to mice.)

As noted previously (§4(1)), loci from hll and hl5 map
close together on m2, m7 and m9 (Elliott 1996). This
juxtaposition of loci is compatible with the existence of an
ancestral h15/m(2 + 7 4+ 9) linkage group in the weremouse.
An ancient association of h15/m2 and h15/m7 is supported
by the mapping of {B2M} from hl5/m2 and {IGFIR,
AGCI} from hl5/m7 to the same microchromosome of
chickens (Jones et al. 1997). The early history of the h14/m12
and h14/ml4 cells is unclear.



1464 D. Haig History of human autosomes

(p) Human chromosome 16

Human chromosome 16 paints a single chromosome in
Macaca, Colobus, Pongo, Gorilla and Pan, but two chromo-
somes 1n Presbytis, Ateles, Callithrix, Cebus, Eulemur, Sorex,
Tursiops, Equus, Felis, Phoca, Mustela, Bos (18, ¢29) and Sus
(p3, p6). Therefore an equivalent of hl6 was probably
present in the common ancestor of Old World monkeys
and apes, but might have been absent from the common
ancestor of catarrhine and platyrrhine primates. In
Eulemur, the two chromosomes painted by hl6 are not
painted by any other human chromosome. In four species
of platyrrhine primates (Ateles, Callithrix, Cebus, Alouatta),
hl0 and hl6 paint a shared chromosome. However, this
combination is absent from all other species in table 1
(except Phoca, in which the combination is probably
derived independently).

Synteny of loci from the two arms of hl6 seems to be
limited to catarrhine primates. Therefore the ancestries
of hl6p and hl6q will be considered separately. Loci
from human 16 map to a single chromosome in cattle
(c18), pigs (p6), rats (rl9) and mice (m8). Thus, ‘hl6q’
seems to have been conserved as an ancestral linkage
block in all these species since they diverged from the
weremouse.

The karyotypes of Mustela, Phoca, Felis, Tursiops,
Muntiacus, Bos and Sus all contain a chromosome that is
painted by both hl6 and hl9. Reciprocal painting in Felis
and Sus (and comparative mapping in cattle and humans)
suggest that this chromosome combines loci of human 16q
and 19q (Goureau et al. 1996; Wienberg et al. 1997).
Chromosome painting also detects an h(l6q+ 19q)
linkage block in Sorex: hl6 paints segments of two
chromosome arms, one of which (arm h) is painted by
hl9 (hl6 and hl9 paint adjacent segments); furthermore,
{GOT2} from hl6q and {PEPD} from hl9q have both
been mapped to arm h (Dixkens et al. 1998). The
interpretation of these observations depends on the phylo-
genetic placement of Sorex. If Sorex is an outgroup to
primates and ferungulates, the sharing of h(l6q+ 19q)
synteny by shrews, artiodactyls and carnivores suggests
that loci of hl6q and hl9q were syntenic in the werepig
(and in the earlier common ancestor of humans and
shrews). If, however, primates are an outgroup to shrews
plus ferungulates, h(16q + 19q) could be either a synapo-
morphy that unites shrews, artiodactyls and carnivores,
or a symplesiomorphy that has been lost in primates.
Although the evidence is subject to alternative inter-
pretations, § 3c and table 4 propose that h(16q + 19q) was
an ancestral linkage group of the werepig.

Among primates, hl6 and hl9 paint a shared chromo-
some in Fulemur macaco macaco (Miller et al. 1997).
However, reciprocal painting reveals that this chromo-
some combines loci from hl6q and hl9p (rather than
h19q). Moreover, the association is absent from FE. fulvus
mayottensis. Evidence of an h(16q+ 19q) association is
lacking in rodents: loci of hl6q map to m8/rl9, whereas
loct of h19q map to m7/rl.

Loci from human 16p map to at least four mouse chro-
mosomes (m7, mll, ml6, ml7). The hl6p/mll, hl6p/ml6
and hl6p/ml7 cells were almost certainly linked to each
other in the common ancestor of rats and mice (and in
the weremouse) because loci from all three cells map to
rl0: {MPG} from mll, {GSPTI, PRMI, GRIN24} from
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ml6, and {7SC2, PKDI} from ml7. The ancestral linkage
of hl6ép/m(11 +17) is also indicated by the presence of
Hba on mll and Hba-ps4 (an unprocessed o-globin
pseudogene) on ml7 (Tan & Whitney 1993).

Whether hl6p/m7 was linked to hl6p/m(1l + 16 + 17)
in the weremouse is unclear. However, these blocks were
clearly linked in the werepig because both contain genes
that map to ¢25 and p3. Therefore a linkage block corre-
sponding to hl6p seems to have been present in the
werepig, but whether this block was associated with loci
from any other human chromosome is uncertain. The
karyotypes of Mustela, Tursiops, Bos and Sus contain a
chromosome with homology to both h7 and hl6
(comparative mapping suggests that this chromosome
shares loci with hl6p) but I have found no evidence to
suggest that an h(7+ 16p) linkage group was present in
the werepig.

Distal 16p has been evolutionarily unstable in the
recent past. /l97 maps close to Hba on mll and an ILIR
pseudogene is located near HBA on human 16pl3.3.
However, the functional /L9R gene of humans is located
in the Xq/Yq pseudoautosomal region. A copy of ILIR is
present on Xq of chimpanzees and gorillas, but the
Y-linked gene is unique to humans. Thus, there seems to
have been a recent translocation of autosomal material
from distal ‘16p’ to the X chromosome and an even more
recent translocation from the X to the Y chromosome
(Kermounti et al. 1995; Vermeesch et al. 1997). Sequences
related to the IL9R pseudogene have also been trans-
located to the telomeric regions of chromosomes 9q, 10p
and 18p (Flint et al. 1997). Telomeric 16p has three
common alleles: the A and C alleles differ in length by
260 kb; the B allele is intermediate in size but contains
sequences that are unrelated to the A and C alleles
(Wilkie et al. 1990; Wilkie & Higgs 1992). The telomeres
of Xq and Yq are almost identical in sequence to allele A
(Flint et al. 1997). A further example of recent instability
is the duplication of sequences related to PRDI from
16pl13.3 to 16pl3.1 (European Polycystic Kidney Disease
Consortium 1994).

Trisomy 16 is the most common human trisomy. It is
estimated to occur in about 1.5% of late first trimester
pregnancies, with most cases lost at around 12 weeks of
gestation (Wolstenholme 1995). Diagnosed cases are
overwhelmingly of maternal meiotic origin and show a
striking reduction of recombination in the pericentro-
meric region (Hassold et al. 1995). Non-disjunction of hl6
might have different causes from non-disjunction of
other human chromosomes because the risk of trisomy
does not show the marked increase with advanced
maternal age that is observed for the other smaller chro-
mosomes (Risch et al. 1986). Strong segregation distor-
tion of a familial translocation t(10;16)(q26.3; pl13.1) has
been reported in one pedigree, but in this case it was
the derivative chromosome with the hl0 centromere that
was transmitted to all 21 out of 21 offspring (Resta et al.
1996).

The chromosome’s high rate of non-disjunction in
female meiosis might be related to unusual features of its
pericentromeric region. The large block of constitutive
heterochromatin at proximal 16q is polymorphic in size
(Verma et al. 1978), and proximal 16p has been the
integration site for duplicated material from at least four
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other chromosomes (Eichler 1998): immunoglobulin Vy
segments from hl4 are duplicated at 16pll.2 ('lTomlinson et
al. 1994); sequences are shared by 15qll—ql3 and 16pll.2
(Buiting et al. 1992); a 26.5kb segment from Xq28 is
duplicated at 16pll.l (Eichler et al. 1996); and 16pll is
polymorphic for material duplicated from 6p25 (Z. Wong
et al. 1990). Moreover, chromosome 16-specific repetitive
sequences are duplicated on either side of the h16 centromere
(Dauwerse et al. 1992; Stallings et al. 1992). A variant chro-
mosome with an extra euchromatic band in 16p has been
described from asymptomatic carriers in several indepen-

dent families (Thompson & Roberts 1987; Bogart et al. 1991).

(q) Human chromosome 17

Human chromosome 17 is conserved largely (or
completely) intact on cl9, sll, pl2, rl0 and mll (Eppig &
Nadeau 1995; Yang & Womack 1995). At the time of
writing, hl7/mll contained more mapped loci than any
other cell of the Oxford Grid. hl7 paints a single chromo-
some that is painted by no other human chromosome in
Pan, Pongo, Macaca, Presbytis, Ateles, Cebus, Eulemur, Sorex,
Felis, Equus, Tursiops, Bos and Sus. Despite this remarkable
conservation, there is no absolute barrier to disruption of
hl7: gorillas possess a reciprocal translocation between
the homologues of h5 and hl7 (Stanyon et al. 1992); and
hl7 paints two (or more) chromosomes in Hylobates lar
(Jauch et al. 1992), Colobus guereza (Bigoni et al. 19975),
Alouatta seniculus arctoidea (Consigliere et al. 1996) and Canis
Jamiliaris (Werner et al. 1997). Sequences related to NFI at
17q11.2 have recently been dispersed to several pericentric
locations in the human genome (Régnier et al. 1997).

(r) Human chromosome 18

Human chromosome 18 paints a single chromosome in
Pan, Gorilla, Pongo, Hpylobates, Macaca, Presbytis, Colobus,
Ateles, Alouatta, Cebus, Callithrix, FEulemur, Sorex, Felis,
Mustela, Phoca, Equus, Tursiops and Bos (c24). Moreover,
most loci that have been jointly mapped in humans and
mice belong to h18/ml8. These data suggest that the bulk
of hl8 has been conserved intact in all these species since
their last common ancestor. In contrast, hl8 paints two
chromosomes in Sus (pl, p6). When pig chromosomes were
used to paint human chromosomes, pl painted all of hl8
except 18ql1—ql2, which was painted by p6 (Goureau et al.
1996). { MC2R, FECH, MBP} map to h18/c24/ml18 (outside
18q11—ql2), whereas {TTR} maps to hl8/p6/c24/ml8.
Therefore the separation of hl8/p6 and hl8/pl seems to
have occurred in the pig lineage, at some time after the
most recent common ancestor of cattle and pigs.

The chromosome painted by hl8 is not painted by any
other human chromosome in Pan, Gorilla, Pongo, Macaca,
Presbytis, Colobus and Bos, but h8 and hl8 paint a shared
chromosome in Cebus, Callithrix, Ateles and Alouatta. In
Felis, Mustela, Equus and Tursiops, the chromosome painted
by hl8 is also painted by h12 and h22.

(s) Human chromosome 19

Human chromosome 19 paints a single chromosome in
Pan, Gorilla, Pongo, Macaca, Ateles, Alouatta, Cebus and
Callithrix, but paints two chromosomes in Colobus, Presbytis,
Eulemur, Bos (c7, cl8), Sus (p2, pb), Tursiops, Felis, Phoca,
Mustela and Equus. Loci on 19p map to c7/p2/m(7 + 17),
whereas loci on 19q map to cl8/p6/m(8+9+10+17).
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Therefore a chromosomal equivalent of h19 seems to have
been present in the common ancestor of Old World and
New World monkeys, but loci from hl9p and hl9q are
unlinked in most other species for which there are data.
hl9 paints a single segment of a single chromosome of
S. araneus, to which chromosome {PEPD} from hl9q has
also been mapped (Dixkens et al. 1998). This could be
interpreted as evidence for an earlier association of the
two arms of h19 but such a conclusion seems premature
because the possibility remains that a distinct region of
homology to 19p was not recognized by the hl9 ‘paint’. So
far, no loct from h19p have been mapped in Sorex.

Human 19q is preserved largely intact on m7, except
for a 2 Mb segment at 19q13.4 that is homologous to ml17
(Stubbs et al. 1996). None of the genes from this 2 Mb
segment have been mapped in artiodactyls and I am
unable to infer its history. Loci of 19q are linked to loci of
16q in Bos, Sus, Tursiops, Felis, Phoca, Mustela and Sorex.
The evidence that h(19q + 16q) is an ancestral association
of the werepig and weremouse is reviewed 1n § 4(p).

Loci of 19p are linked to loci from h5 in Bos, Sus and
Tursiops—and to loci from h3 in Felis, Phoca and Mustela—
but neither of these associations is found in primates, rats
or mice. The hl9p/p2 grid-cell contains loci that map to
m8 {INSL3, INSR, NFIX}, m9 {ACP5}, m10 {AMH} and
ml7 {C3}. Therefore h19p/c7/p2/m(8 +9+ 10+ 17) can be
inferred to have been an ancestral linkage block of the
werepig, but I have found few clues about its earlier history.
The occurrence of loci from ml7 on both 19p and 19q
seems to be coincidental rather than evidence of conserved
ancestral linkage.

h19 (like hl6) is polymorphic for a pericentromeric
insertion of DNA from another chromosome. Part of the
integrin Bl gene (ITGBI) from pericentromeric hl0 is
duplicated at proximal 19p (FNRBL). This insertion
occurs at frequencies of 20-80% in all human popula-
tions sampled (Giuffra et al. 1990; Kidd et al. 1991). The
FENRBL sequence was considered unlikely to be functional
because it was not present in all individuals (Giuflra et al.
1990). However, the insertion’s high frequency in diverse
human populations suggests that it is maintained as a
selectively balanced polymorphism. Mendelian variation
in centromeric staining has been reported for hl9
(Crossen 1975; Gardner & Wood 1979), but has not been
related to the presence or absence of FNRBL.

There are no well-documented cases of trisomy 19
among human aborted foetuses or live births (Hassold &
Jacobs 1984). Presumably, such trisomies occur but are
lost very early in development. Chromosome 19q carries
several loci that might have important roles in maternal—
embryonic relationships. These include the human chor-
ionic gonadotropin gene cluster (CGB@), the pregnancy-
specific b;-glycoprotein gene cluster (PSG@), the natural
killer cell inhibitory receptors (KIR@) and the placental
IgG receptor (FCGRT ). Two recent studies have reported
segregation distortion for loci on 19q, one in paternal
transmissions (Carey et al. 1994) and the other in
maternal transmissions (Evans et al. 1994).

(t) Human chromosome 20

Human chromosome 20 paints two chromosomes in
H. concolor (Koehler et al. 19955) but paints a single chro-
mosome in all other species listed in table 1. At the time
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of writing, all loci from h20 that have been mapped in
mice are located on distal m2. The h20/m2 cell might
have been linked to h2b/m2 in the werepig (§4b).

(u) Marker chromosomes

An extra ‘marker’ chromosome 1s detected in about one
in 1000 prenatal diagnoses (Hook & Cross 1987, Sachs et
al. 1987, Blennow et al. 1994; Brondrum-Nielsen &
Mikkelsen 1995), and a similar frequency is found among
newborn infants (Gravholt & Friedrich 1995). Approxi-
mately half of these supernumerary chromosomes have
originated de novo (i.e. are absent from parental karyo-
types) and half are inherited (i.e. are present in a
parental karyotype). Marker chromosomes derived from
the short arm and pericentric region of chromosome 15
are particularly common (Blennow et al. 1994; Webb
1994). Most children with marker chromosomes have a
normal phenotype (Gravholt & Friedrich 1995). These
data are mentioned here, not because any of the marker
chromosomes reach frequencies that would justify their
classification as fully-fledged B chromosomes, but because
the extensive literature on human ‘markers’ provides a
wealth of information for evolutionary biologists inter-
ested in the origin of B chromosomes in other species.

This paper could not have been written without the staffs of the
Countway Medical Library and the various genome databases.
I especially thank Dave Shaw at the Mouse Genome Database
for prompt replies on homology queries. Lucas Mix and Yvonne
Parsons made helpful comments on the manuscript.
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