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SCIENCE‘d DIRECT?®

A platypus’ eye view of the mammalian genome
Frank Gritzner® and Jennifer A Marshall Graves

The genome of monotremes, like the animals themselves,

is unique and strange. The importance of monotremes to
genomics depends on their position as the earliest offshoot of
the mammalian lineage. Although there has been controversy in
the literature over the phylogenetic position of monotremes,
this traditional interpretation is now confirmed by recent
sequence comparisons. Characterizing the monotreme
genome will therefore be important for studying the evolution
and organization of the mammalian genome, and the proposal
to sequence the platypus genome has been received
enthusiastically by the genomics community. Recent
investigations of X-chromosome inactivation, genomic
imprinting and sex chromosome evolution provide good
examples of the power of the monotreme genome to

inform us about mammalian genome organization

and evolution.
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Introduction

Monotremes are an extraordinary group of egg-laying
mammals that live in Australasia. There is no question
that they are mammals, because they bear fur and suckle
their young with milk licked from glands on the abdom-
inal skin. They regulate their body temperature at a lower
level (about 31 °C) and with higher flexibility than therian
mammals.

Monotremes are usually classified as the mammalian
subclass Prototheria, which separated early from the
subclass Theriformes, consisting of infraclasses Placenta-
lia (also known as Eutheria) and Marsupialia. There are

only two orders of monotremes: Platypoda (platypus) and
Tachyglossa (echidnas) [1]. The duck-billed platypus
(Ormithorhynchus anatinus) is a toothless semi-aquatic ani-
mal about half the size of a cat, which is equipped with a
soft and sensitive bill. Males have a poisonous spur.
Platypus inhabit rivers and lakes of south and eastern
Australia. Echidnas are spiny terrestrial animals that
hibernate in winter. The short-beaked echidna (7acky-
glossus aculeatus) is abundant in all principal habitats in
Australia. The much larger and endangered long-beaked
echidna (genus Zaglossus), which has been recently cate-
gorized into three species on the basis of morphological
diversity [2], is restricted to New Guinea.

Monotremes have a fascinating mixture of features typ-
ical of mammals (fur, mammary glands, regulated body
temperature and most skeletal features) and features
typical of reptiles and birds (egg laying, fibrillar sperm,
absence of teeth, some skeletal features of the skull and
shoulder girdle). Their anatomy — especially that of their
skeleton und urogenital system — has given monotremes
the reputation of being generally plesiomorph (ancestral),
and the many highly specialized aspects of their physiol-
ogy that are adapted to their lifestyle, such as the posses-
sion of electro-receptors for localizing prey [3], are often
overlooked.

Although there is only one living platypus species, the
fossil record of monotremes in Australia, coupled with a
single fossil in South America, shows that they existed in
various forms and were widespread in eastern Gondwana
during the early Cretaceous period [4°]. Echidnas
appeared much more recently in the fossil record, in
the mid-Tertiary period (about 10-15 million years
ago). It is this early divergence that makes monotremes
uniquely interesting for studies of genome evolution;
thus, we will evaluate the challenges to this traditional

grouping.

Here we review recent investigations of X-chromosome
inactivation, genomic imprinting and sex chromosome
evolution, which provide good examples of the power
of the monotreme genome to inform us about mammalian
genome organization and evolution.

Challenges to monotreme systematics: the
Theria versus Marsupionta debate

The conventional view that monotremes are the oldest
branch of the mammalian tree and are placed outside the
Theria (marsupials and placentals) is supported by an
increasing amount of fossil data, as well as by differences
in many morphological and physiological features such as
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egg laying, and the conjoining of the uterus and intestine,
which are separated in Theria [5]. But some morpholo-
gical similarities between monotremes and marsupials,
such as the possession of epipubic bones, led Gregory [6]
and later Kiihne [7] to propose a model in which mono-
tremes and marsupials are aligned as sister groups within
the mammalian subclass ‘Marsupionta’. This model has
not gained widespread acceptance because most of the
characters used by Gregory and Kiihne are considered
ancestral or their interpretation is controversial. Fossil
data also show that monotremes existed much earlier than
Gregory recognized [8].

The availability of DNA technology promised to settle
this controversy but has, instead, rekindled the debate
because different studies favor different models (‘T'able 1).
The first results from platypus mitochondrial DNA
supported the Theria hypothesis because the gene order
was identical to that of amphibians, fish and placental

Table 1

mammals, but differed from the order of transfer
RNA genes in several marsupials [9]. However, the
Marsupionta theory enjoyed a renaissance when the
sequences of 12 platypus and echidna mitochondrial
genes proved to group consistently with marsupials to
the exclusion of placentals [10,11]. Support for the Mar-
supionta hypothesis has also come from DNA-DNA
hybridization [8], from phylogenetic analysis of ribosomal
RNA sequence [12] and, ironically for the toothless
platypus, from analysis of the Amelogenin gene, which
encodes tooth enamel [13].

The molecular evidence for the Marsupionta hypothesis
must be treated with caution. In the DNA-DNA hybri-
dization experiment, the sampling of taxons was limited
[8]. Moreover, this technique is considered to be useful
only for divergence times of less than 50 million years
[14]. The most significant evidence for the Marsupionta
hypothesis (the sequence analysis of 12 mitochondrial

Rival theories of monotreme systematics.

aTHERIA 210 Mya bMARSUPIONTA
180 Mya
Prototheria Marsupialia Placentalia Prototheria Marsupialia  Placentalia
Theria Marsupionta
Symbol Gene Length (bp)/Species Symbol Gene Length (bp)/Species
Mt Mitochondrial genes 13856/0 Mt Mitochondrial genes 9840/0
Mt Mitochondrial genes 10764/T Mt Mitochondrial genes 9840/T
B2M HBB B2-Microglobulin 939(cDNA)/O 1096(cDNA/NT AMEL Amelogenin 362(cDNA)/O,T
APOB Apolipoprotein B 1300/0 1218/T DNA-DNA hybridization
MHCA Major histocompatibility 1828(cDNA)/O,T 18S Ribosomal RNA 1850(cDNA)/O,T
complex class-I rRNA
IgA Immunoglobulin A 1632(cNDA)/T
1gG Immunoglobulin G 1662(cDNA)/O,T
IgM Immunoglobulin M 1521(cDNA)/T
IgE Immunoglobulin E 470(cDNA)/T
PRM1 Protamine P1 532/0 555/T

NT3 BDNF NGF Neutrophin-3 Brain-derived neutrophic

factor Nerve growth factor 127(cDNA)/O,T
LA a-Lactalbumin 126aa/0,T
IGF2 Insulin-like growth factor 2
M6P/IGF2R Mannose 6-phosphate/Insulin-like

growth factor 2 receptor

B-Globin 2308/T
RAGH1 Recombination activating gene-1 1182/0,T

130(cDNA)/O,T 256(cDNA)/O,T

1106(cDNA)/O,T 819(cDNA)/O,T
9024(cDNA)/O 1505(cDNA)/T

3The Theria hypothesis places monotremes outside marsupials and placentals; this conventional view is supported by morphological and
growing molecular evidence [9,16°°,52-64]. ®The Marsupionta hypothesis is supported by limited morphological similarities between marsupials
and monotremes, as well as by some molecular data [8,10-13]. Abbreviations: Mt, mitochondrial; O, Ornithoryhnchus anatinus;

T, Tachyglossus aculeatus. Mya, million years ago.
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Table 2

Sequencing projects in the platypus.

Project Sequence Mb Accession. No Institution/Reference
ENCODE Genomic 1,27 NT_086567 NIH, NISC: http://www.nisc.nih.gov./The
ENCODE Consortium.
Evolutionary discrimination of 58 PCR BX936288, CC936500, CC936499, CC936498, [21]
mammalian conserved products CC936497, CC936496, CC936495, CCI936494,

non-genic sequences (CNGs)

CC936493, CC936492, CC936491, CCI36490,

CC936489, CC936488, CC936487, CCI36486,
CC936485, CC936484, CCY36483, CCI36482

BAC sequencing Genomic 0,76

BX295537

CR536601, BX936293, BX936280, BX936288,

Wellcome Trust Sanger Institute

genes) has been challenged on the grounds that differ-
ences in pyrimidine frequencies between mitochondrial
genomes affect the reconstruction of phylogenetic deep
branching. Re-analysis using purines (A+G) and pyrimi-
dines (T+C) pooled into two-state categories (R for A+G
and Y for T+C; termed RY-coding), rather than the
standard four-state categories (A, C, T and G; termed
N'T-coding), now clearly favors the Theria hypothesis
[15,16°°], but suggests that the Prototheria—Theria diver-
gence preceded the Marsupialia—Placentalia divergence
by only 10-20 million years. This contrasts with the
deeper branching of the monotremes indicated by mor-
phological analyses [16°°].

Because nuclear sequences resolve deep-level phyloge-
netic reconstruction more reliably than do mitochondrial
DNA [17], the accumulation of monotreme nuclear gene
sequence has proved essential. Indeed, most of the
nuclear genes used for phylogenetic analysis clearly sup-
port the conventional view that monotremes are grouped
outside Theria (Table 1). This view has been confirmed
by the recent integration of morphological data and
nuclear sequences [18°°].

We therefore take exception to the commonly used
introductory statement that morphological and molecular
data give contradictory views of monotreme phylogeny
[11,16°°,19]. Although there remain many issues about
the evolution of the morphological features of mono-
tremes, most analyses favor the Theria hypothesis. The
molecular data also now come down firmly on the side of
the Theria hypothesis, especially if the analysis of mito-
chondrial genes is dismissed as an artifact arising from
biased base composition. Analyses of a growing number of
nuclear genes confirm the classical view that the mono-
tremes are the earliest branch of the mammalian lineage.

The monotreme genome

The monotreme genome is virtually unexplored territory.
The size of the haploid genome of monotremes is
about the same size as the human genome (3000 Mb)
[20] and well within the range of mammalian genomes

(see the Animal Genome Size Database, http://www.
genomesize.com).

Little monotreme sequence is currently available but its
accumulation is accelerating. For platypus, 72 entries
were submitted to the National Centre for Biotechnology
Information (NCBI) in the seven years between 1993 and
2000, and about the same number has been submitted
in the six months between January and June 2004, total-
ling 340 entries. Several recent sequencing projects
(Table 2) [21] that include platypus testify to the emerg-
ing awareness of the importance of the monotreme
genome for understanding the mammalian genome.
Available sequences include many immunoglobulin and
MHC sequences [22°,23], as well as 20 olfactory receptor
sequences [24] and the whole mitochondrial genome
[10]. For echidna, the total of 150 entries includes the
mitochondrial genome [12], and immunoglobulin and
MHC sequences [22°,23]. Only three entries are listed
for Zaglossus in the NCBI.

Some global comparisons are therefore possible. A recent
comparative survey of genomic sequences in a range of
insects and vertebrates has shown that the platypus
genome contains higher frequencies of GC and CG
dinucleotides than do placental or marsupial genomes,
and has a G+C content even higher than that of the Fugu
genome. Jabbari and Bernardi [25°] claim that a lower
body temperature is correlated with a higher C+G content
in platypus, as it is in cold-blooded animals. Clearly, more
sequence is needed to test this hypothesis — particularly
valuable would be the inclusion of sequence from birds,
which have a high body temperature and are evolutiona-
rily closer to reptiles than are monotremes.

Recently the sequencing of the platypus genome has
been proposed and has been given a high priority by
the National Human Genome Research Institute (hetp://
www.genome.gov/10002154). The complete sequence of
a monotreme genome will provide definitive answers to
the lingering phylogenetic questions. More importantly,
it will help to identify conserved mammalian genes
and pathways, and to establish genome changes during
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mammalian evolution. It will be equally interesting to
compare the sequence of monotremes with those of birds
and reptiles, as to compare it with that of other mammals.

Monotreme chromosomes

Not surprisingly the karyotype of monotremes seems to
contain a mixture of reptilian, mammalian and specialized
features. Early cytologists considered that the karyotypes
of platypus and echidna resembled those of reptiles
and birds, which contain both tiny dot-like microchr-
omosomes and normal-sized macrochromosomes [26].
Although Van Brink [27] argued that monotremes have
a more continuous distribution of chromosome size, there
is a striking size difference between the six large chromo-
somes pairs and the many small chromosomes present
in all monotreme karyotypes (Figure 1). The platypus
has 27 =52 chromosomes in both sexes [28], whereas
echidna has 27 = 63 chromosomes in males and 27 = 64
chromosomes in females [29]. No differences have been
observed in chromosome morphology, or in the number
or banding patterns, among different echidna species
[30].

The extraordinary discovery [31] of a multivalent chain
during male meiosis in monotremes was consistent with

the curious observation that several chromosomes in the
monotreme karyotype seemed to lack an exact homolog.
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Chromosomes of the male echidna. Shown is a 4/,6-diamidino-2-
phenylindole dihydrochloride (DAPI)-inverted mitotic metaphase
spread. Note the marked differences in size and staining intensity
between the six large pairs of chromosomes and the much smaller
size of the other 51 chromosomes.

Platypus males were described as having a chain of eight
chromosomes at meiosis, and echidna a chain of nine
(reviewed in [32°]). An example of the meiotic chain in
platypus is shown in Figure 2. Such a large, naturally
occurring meiotic chain is unique among mammals.
Although there are a few examples of chains involving
three sex chromosomes in different mammalian orders,
such translocation complexes in mice usually cause severe
meiotic defects and result in a mis-segregation of chro-
mosomes and unbalanced sperm. The monotreme chain
is more akin to the complex autosomal translocation
systems that are known in several plants [33] and the
sex-linked complex translocation systems described in
invertebrates [34].

Whether the monotreme chain represents a sex-linked or
autosomal translocation system has been long debated.
Reports of unpaired chromosomes in female and male
karyotypes would favor a chain built up from autosomal
translocations in both sexes [30]. However the first ele-
ment of the translocation chain has been clearly identified
as an X chromosome, defined by its presence in two
copies in females and a single copy in males. Comparative
mapping showed that this chromosome shares homology
with part of the human X chromosome (reviewed in
[32°]). It therefore seemed likely that the chain repre-
sents a complex sex-linked translocation system. Chro-
mosome painting of platypus flow-sorted chromosomes
has been used to resolve this mystery. The platypus
meiotic chain consists of 10 sex chromosomes (5X and
5Y chromosomes). Interestingly, this complex sex chro-
mosome system shows similarities with the mammalian
XY and the avian ZW sex chromosome systems [35°°].

Why monotremes have such a translocation system is
unclear. Most of the classic explanations of the genesis
of translocation chains speculate on the selective advan-
tages of enforced heterozygosity — for example, to
increase genetic relatedness in siblings (i.e. in eusocial
termites) — which does not apply to monotremes. It has
been also suggested that constant heterozygosity might
be beneficial in inbred populations [36], but too little is
known about the genetic variability within and between
populations of monotremes to evaluate this proposal.

X-chromosome inactivation in monotremes?

As in other mammals, the presence of a large X chromo-
some in two copies in females and a single copy in males
presents a problem of unequal gene dosage. This problem
is solved in marsupials and placentals by silencing of one
of the X chromosomes to achieve dosage compensation.
In placentals, X-chromosome inactivation occurs early in
female embryogenesis and is stable and heritable through
subsequent mitoses [37]. Silencing of one or other of the
X chromosomes involves delayed DNA replication, DNA
methylation and deacetylation of histone H4, as well as a

www.sciencedirect.com
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Figure 2

Table 3

(a)
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Meiosis and sperm in platypus. (a) Meiotic metaphase | cell in which
the autosomes are paired. Below the bold line, parts of the meiotic
translocation chain are visible. (b) Meiotic chain in the platypus.
Hybridization of a telomeric repeat (taaccc); labeled with a red
fluorochrome (Cy3) as a marker to visualize the individual elements of the
chain. (c) DAPI-inverted picture of the chain in (a). (d) Sperm bundle of
platypus sperm stained with DAPI. (e) Single sperm, with the spermhead
pointing left. In contrast to the round-headed sperm of eutherians and
marsupials, spermatozoa of all monotreme species have a vermiform
shape similar to that of reptiles and birds. Studies of the stages of
spermatid differentiation have confirmed the homology of many
developmental stages between monotremes and reptiles, although
monotreme-specific features have been also discovered [65].

Features of X-chromosome inactivation in mammals.

Feature Eutheria Marsupialia Monotremata Birds
Dosage compensation + + + +
Inactivation of Z/X +, Random +, Paternal ? —
Late replication + + Xp -
Methylation of CpG  + - ? +72
Underacetylation + + ? ?

2 Differential methylated sites have been detected between males
and females [43].

growing list of variant histones (recently reviewed in
[38,39)).

In marsupials and monotremes, the X chromosome has
been identified, and homology to part of the eutherian X
chromosome has been demonstrated. Inactivation of the
X chromosome does occur in marsupials [40], but it is
significantly different in that the X chromosome that is
inactivated is not random but is invariably the paternal
one (Table 3). The observation that it is always the
paternal X that is inactive in extraembryonic membranes
of rodents [41] suggests that paternal X-chromosome
inactivation was the ancestral mechanism. Marsupial
X-chromosome inactivation is also incomplete and tis-
sue-specific, and the molecular mechanism may be less
complex, involving histone H4 deacetylation [42] but not
DNA methylation (Table 3).

The question of whether X-chromosome inactivation
also occurs in monotremes is unresolved. Replication
differences have been observed on one arm of the X
chromosome in lymphocytes, but these are not consistent
with known homology patterns. With semi-quantitative
RT-PCR, we and our colleagues [32°] recently demon-
strated that dosage compensation between males and
females also occurs in monotremes. Three genes,
UBE1, AR and G6PD, representing different regions of
the platypus X chromosome were cloned and sequenced,
and their levels of expression were compared in cells from
five males and five females. All genes showed equal levels
of expression in the five male and five female cell lines.
It remains unclear whether dosage compensation is
achieved by upregulation of the single allele in males,
by downregulation of both alleles in females or by inac-
tivation of one allele in females as occurs in therian
mammals.

It is possible that the dosage compensation system in
monotremes is more similar to that in bird sex chromo-
somes, which seems not to involve the inactivation or
asynchronous replication of one Z chromosome (Table 3)

(f) Hybridization of sperm with an a-tubulin antibody labeled with a
green fluorochrome (fluorescein isothiocyanate, FITC). In the same way
as for chicken, a sheath of microtubules covers the sperm.
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Table 4

Imprinting of the IGF2-M6P/IGF2R system.

Gene Eutheria Marsupialia Monotremata Birds
IGF2 Expression Paternal Paternal Biallelic Biallelic
MG6P/IGF2R Expression Maternal/Biallelic® Maternal Biallelic Biallelic
M6P/IGF2R Binding IGF2 Strong Weak No No

@ Maternal (e.g. in Artiodactyls), Biallelic (e.g. Primates).

[43]. It has been proposed that alleles on the single Z of
females are upregulated by a gene on the W chromosome
(the female-specific heteromorphic sex chromosome)
[44]. Although Z and X chromosomes are not homologous,
the absence of clear-cut asynchronous replication in
monotremes leaves open the possibility that dosage com-
pensation in monotremes is achieved in a manner similar
to that in birds.

Genomic imprinting in monotremes?

Genomic imprinting describes the parent-specific mono-
allelic expression of a gene. In human and mouse,
more than 70 genes with diverse functions affecting
growth, differentiation and behavior are expressed only
if they come from the mother or from the father. As for
the unpaired chromosomes, in which 5X chromosomes
co-segregate to one pole and the 5Y to the other, genomic
imprinting undermines the concept of diploidy and,
therefore, protection against recessive mutations [45°°].

Several theories have been put forward to explain geno-
mic imprinting, but the generally accepted hypothesis is
the ‘conflict or kinship’ theory. The best-known aspect of
this model is that gene imprinting arises from a parental
conflict in which it is in the best interest of the paternal
genome to promote embryonic growth, but in the best
interest of the maternal genome to limit growth to protect
the long-term reproductive output of the mother [46].

The classic example of such an antagonistic system is the
well studied interaction between the insulin-like growth
factor 2 (IGF2) and the mannose 6-phosphate/insulin-like
growth factor 2 receptor (M6P/IGF2R) (Table 4). The
IGF2 gene is expressed only from the paternal allele in
placental mammals and a failure to imprint the maternal
allele leads to embryonic overgrowth [47]. M6P/IGF2R,
which suppresses fetal growth by binding IGF2 for
degradation, is expressed predominantly from the mater-
nal allele [48].

In placentals, the significant maternal contribution to
embryonic growth is obvious through a large well-devel-
oped placenta [49]. It is therefore interesting to investi-
gate the IGF2-M6P/IGF2 pathway in marsupials, which
are born at an earlier stage, and in monotremes, which lay
eggs, because both groups have significantly less intra-
uterine embryo development than placental mammals.

Genomic imprinting of /GF2 and binding between M6P/
IGF2ZR and IGF2 have been demonstrated in marsupials,
but no imprinting has been detected in monotremes. The
IGF2-binding site in M6P/IGF2R of monotremes has
more sequence similarity to that of birds, in which no
binding occurs [50-52]. The lack of binding between
M6P/IGEF2R and IGF2 prevents their antagonistic inter-
action and makes the imprinting of M6P/IGFZR needless.
This suggests that the first step in the evolution of /IGF2
imprinting in viviparous mammals was suppression of the
maternal allele. M6P/IGF2R later developed binding
affinities for IGF2 and was subsequently imprinted. Loss
of M6P/IGFZR imprinting in some eutherian lineages is
likely to have happened independently [45°°].

Thus, comparisons between monotremes and therian
mammals can unscramble the steps by which a complex
regulatory system such as genomic imprinting was assem-
bled. Correlations with developmental events, although
difficult to interpret, may offer clues to the selective
advantage of imprinting.

Conclusions

Monotremes offer a unique perspective on the mam-
malian genome. The special value of these egg-laying
mammals is derived from their position at the base of
the mammalian linecage — a position that has been
challenged once again by selected molecular data, as
well as by some morphological similarities to marsupials.
However, an assessment of the accumulating sequence of
the nuclear genes, coupled with doubts about the inter-
pretation of mitochondrial DNA comparisons, provides
convincing evidence for the traditional Theria hypothesis
of mammalian phylogeny.

Comparisons of the chromosomes and gene arrangement
in monotremes with those in birds and mammals promises
to identify ancestral features of the mammalian genome
and to resolve outstanding issues such as the origins of
the mammalian sex chromosomes and of chicken micro-
chromosomes. Although little sequence is available from
monotremes so far, sequencing of the platypus genome
is imminent. This will enable alignments between the
most distantly related mammals, which will help to
identify conserved genes and the sequences that reg-
ulate them, as well as the mechanism and evolution of
complex regulatory systems such as dosage compensation
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and genomic imprinting. Finally, genome comparisons
between monotremes and other vertebrates may inform
us about the genome changes that underpin the specia-
lized features that distinguish this extraordinary group of
mammals.

Acknowledgements
FG and JAMG acknowledge funding from the Australian Research Council.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

e of special interest
ee Of outstanding interest

1. McKenna MC, Bell SK: Classification of Mammals Above the
Species Level. New York: Columbia University Press; 1997.

2.  Flannery TF, Groves CP: A revision of the genus Zaglossus
(Monotremata, Tachyglossidae), with description of new
species and subspecies. Mammalia 1998, 62:367-396.

3. Scheich H, Langner G, Tidemann C, Coles RB, Guppy A:
Electroreception and electrolocation in platypus. Nature 1986,
319:401-402.

4. Musser AM: Review of the monotreme fossil record and

. comparison of palaeontological and molecular data. Comp
Biochem Physiol A Mol Integr Physiol 2003, 136:927-942.

This review gives a very comprehensive and up-to-date overview and

discussion on the fossil data, morphology and phylogeny of monotremes.

5.  Carroll RL: Vertebrate Paleontology and Evolution. New York: WH
Freeman; 1988.

6. Gregory WK: The monotremes and the palimpsest theory.
Bull Am Mus Nat Hist 1947, 88:1-52.

7. Kihne WG: The systematic position of monotremes
reconsidered (Mammalia). Z Morph Tiere 1973, 75:59-64.

8. Kirsch JA, Mayer GC: The platypus is not a rodent: DNA
hybridization, amniote phylogeny and the palimpsest theory.
Philos Trans R Soc Lond B Biol Sci 1998, 353:1221-1237.

9. Gemmell NJ, Janke A, Western PS, Watson JM, Paabo S,
Graves JAM: Cloning and characterization of the platypus
mitochondrial genome. J Mol Evol 1994, 39:200-205.

10. Janke A, Gemmell NJ, Feldmaier-Fuchs G, von Haeseler A,
Paabo S: The mitochondrial genome of a monotreme-the
platypus (Ornithorhynchus anatinus). J Mol Evol 1996,
42:153-159.

11. Janke A, Xu X, Arnason U: The complete mitochondrial genome
of the wallaroo (Macropus robustus) and the phylogenetic
relationship among Monotremata, Marsupialia, and Eutheria.
Proc Natl Acad Sci USA 1997, 94:1276-1281.

12. Janke A, Magnell O, Wieczorek G, Westerman M, Arnason U:
Phylogenetic analysis of 18S rRNA and the mitochondrial
genomes of the wombat, Vombatus ursinus, and the
spiny anteater, Tachyglossus aculeatus: increased
support for the Marsupionta hypothesis. J Mol Evol 2002,
54:71-80.

13. Toyosawa S, O’hUigin C, Figueroa F, Tichy H, Klein J:
Identification and characterization of amelogenin genes in
monotremes, reptiles, and amphibians. Proc Nat/ Acad Sci USA
1998, 95:13056-13061.

14. Hillis DM, Moritz C, Mable BK: Molecular Systematics, edn 2.
Sunderland, MA: Sinauer Associates; 1996.

15. Phillips MJ, Delsuc F, Penny D: Genome-scale phylogeny and
the detection of systematic biases. Mol Biol Evol 2004,
21:1455-1458.

16. Phillips MJ, Penny D: The root of the mammalian tree inferred
ee from whole mitochondrial genomes. Mol Phylogenet Evol 2003,
28:171-185.

Re-analysis of the platypus and echidna mitochondrial protein and
ribosomal RNA coding sequences. Methods avoiding bias arising from
large differences of pyrimidine bases between mitochondrial genomes
are used, resulting in support for the Theria hypothesis.

17. Springer MS, DeBry RW, Douady C, Amrine HM, Madsen O,
de Jong WW, Stanhope MJ: Mitochondrial versus nuclear gene
sequences in deep-level mammalian phylogeny
reconstruction. Mol Biol Evol 2001, 18:132-143.

18. Woodburne MO, Rich TH, Springer MS: The evolution of
ee tribospheny and the antiquity of mammalian clades.

Mol Phylogenet Evol 2003, 28:360-385.
This comprehensive study, including morphological (especially dentation)
data and an analysis of nuclear gene sequences to date, backs the
divergence times within mammals. The results clearly support the Theria
clade.

19. Penny D, Hasegawa M: The platypus put in its place.
Nature 1997, 387:549-550.

20. Bick YA, Jackson WD: DNA content of monotremes.
Nature 1967, 215:192-193.

21. Dermitzakis ET, Reymond A, Scamuffa N, Ucla C, Kirkness E,
Rossier C, Antonarakis SE: Evolutionary discrimination of
mammalian conserved non-genic sequences (CNGs).
Science 20083, 302:1033-1035.

22. Belov K, Hellman L: Immunoglobulin genetics of

e  Ornithorhynchus anatinus (platypus) and Tachyglossus
aculeatus (short-beaked echidna). Comp Biochem Physiol A
Mol Integr Physiol 2003, 136:811-909.

A comprehensive summary of what is known about the monotreme

immune system and how immunoglobulin genes are used to estimate

divergence times and to reconstruct phylogenetic relationships.

23. Belov K, Lam MK, Hellman L, Colgan DJ: Evolution of the major
histocompatibility complex: isolation of class II3 cDNAs from
two monotremes, the platypus and the short-beaked echidna.
Immunogenetics 2003, 55:402-411.

24. Glusman G, Bahar A, Sharon D, Pilpel Y, White J, Lancet D:
The olfactory receptor gene superfamily: data mining,
classification, and nomenclature. Mamm Genome 2000,
11:1016-1023.

25. Jabbari K, Bernardi G: Cytosine methylation and CpG,

TpG (CpA) and TpA frequencles Gene 2004, 333:143-149.
AnaIyS|s of dinucleotide frequencies in a range of insects and vertebrate
species. This paper shows that monotremes have unusually high fre-
quencies of GC and CG.

26. Matthey R: Les Chromosomes des Vertebrees.
Lucerne: F Rouge; 1949.

27. Van Brink J: L’expression morphologique de la diagametie
chez les sauropsids et les monotremes. Chromosoma 1959,
10:1-72.

28. Bick YA, Sharman GB: The chromosomes of the platypus
(Ornithorhynchus: Monotremata). Cytobios 1975, 14:17-28.

29. Bick YA, Jackson WD: A mammalian X-O sex chromosome
system in the monotreme Tachyglossus aculeatus determined
from leucocyte cultures and testicular preparations.

Am Nat 1967, 101:79-86.

30. Wrigley JM, Graves JAM: Karyotypic conservation in the
mammalian order Monotremata (subclass Prototheria).
Chromosoma 1988, 96:231-247.

31. Bick YAE, Murtagh C, Sharman GB: The chromosomes of an
egg-laying mammal Tachyglossus aculeatus (the echidna).
Cytobios 1973, 7:233-243.

32. Gritzner F, Deakin J, Rens W, EI-Mogharbel N,

. Marshall Graves JAM: The monotreme genome: a patchwork
of reptile, mammal and unique features? Comp Biochem
Physiol A Mol Integr Physiol 2003, 136:867-881.

This review includes more details of the controversies over monotreme

chromosomes and explains how the meiotic chain in monotremes may

work. The experimental study shows chromosome painting in mono-
tremes and demonstrates dosage compensation for X-linked genes.

33. Cleland RE: The cytogenetics of Oenothera. Adv Genet 1962,
11:147-237.

Current Opinion in Genetics & Development 2004, 14:642-649

www.sciencedirect.com



34.

35.

A platypus’ eye view of the mammalian genome Griitzner and Graves 649

Syren RM, Luykx P: Permanent segmental interchange
complex in the termite Incisitermes schwarzi. Nature 1977,
266:167-168.

Gritzner F, Rens W, Tsend-Ayush E, EI-Mogharbel N,
O’Brien PCM, Jones RC, Ferguson-Smith MA, Graves JAM:
In platypus a meiotic chain of 5X+5Y chromosomes
shares genes with bird and mammal sex chromosomes.
Nature, in press.

This paper demonstrates that platypus has 10 sex chromosomes (5X and
5Y), which adopt an alternating pattern of X and Y chromosomes at
meiosis. Alternating segregation into 5X- and 5Y-bearing sperm works
with remarkable accuracy.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Charlesworth B, Wall JD: Inbreeding, heterozygote advantage
and the evolution of neo-X and neo-Y sex chromosomes.
Proc R Soc Lond B Biol Sci 1999, 266:51-56.

Lyon MF: Gene action in the X-chromosome of the mouse
(Mus musculus). Naturwissenschaften 1961, 190:372-373.

Maxfield Boumil R, Lee JT: Forty years of decoding the silence
in X-chromosome inactivation. Hum Mol Genet 2001,
10:2225-2232.

Heard E: Recent advances in X-chromosome inactivation.
Curr Opin Cell Biol 2004, 16:247-255.

Cooper DW, Johnston PG, Graves JAM, Watson JM:
X-inactivation in marsupials and monotremes. Semin Dev Biol
1993, 4:117-128.

Takagi N, Wake N, Sasaki M: Cytologic evidence for preferential
inactivation of the paternally derived X chromosome in XX
mouse blastocysts. Cytogenet Cell Genet 1978, 20:240-248.

Wakefield MJ, Keohane AM, Turner BM, Graves JAM: Histone
underacetylation is an ancient component of mammalian
X-chromosome inactivation. Proc Nat/ Acad Sci USA 1997,
94:9665-9668.

Teranishi M, Shimada Y, Hori T, Nakabayashi O, Kikuchi T,
Macleod T, Pym R, Sheldon B, Solovei |, Macgregor H, Mizuno S:
Transcripts of the MHM region on the chicken Z chromosome
accumulate as non-coding RNA in the nucleus of female cells
adjacent to the DMRT1 locus. Chromosome Res 2001,
9:147-165.

Graves JAM: Sex and death in birds: a model of dosage
compensation that predicts lethality of sex chromosome
aneuploids. Cytogenet Genome Res 2003, 101:278-282.

Wilkins JF, Haig D: What good is genomic imprinting: the
function of parent-specific gene expression. Nat Rev Genet
2003, 4:359-368.

Excellent review analyzing the various theories about possible functions
and the evolution of genomic imprinting also in relation to monotremes.

46.

47.

48.

49.

Haig D, Graham C: Genomic imprinting and the strange
case of the insulin-like growth factor Il receptor. Cell 1991,
64:1045-1046.

Vrana PB, Guan XJ, Ingram RS, Tilghman SM: Genomic
imprinting is disrupted in interspecific Peromyscus hybrids.
Nat Genet 1998, 20:362-365.

Barlow DP, Stoger R, Herrmann BG, Saito K, Schweifer N:
The mouse insulin-like growth factor type-2 receptor is
imprinted and closely linked to the Tme locus. Nature 1991,
349:84-87.

John RM, Surani MA: Genomic imprinting, mammalian
evolution, and the mystery of egg-laying mammals.
Cell 2000, 101:585-588.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Killian JK, Byrd JC, Jirtle JV, Munday BL, Stoskopf MK,
MacDonald RG, Jirtle RL: M6P/IGF2R imprinting evolution in
mammals. Mol Cell 2000, 5:707-716.

Zhou M, Ma Z, Sly WS: Cloning and expression of the cDNA of
chicken cation-independent mannose-6-phosphate receptor.
Proc Natl Acad Sci USA 1995, 92:9762-9766.

Killian JK, Nolan CM, Stewart N, Munday BL, Andersen NA,
Nicol S, Jirtle RL: Monotreme IGF2 expression and
ancestral origin of genomic imprinting. J Exp Zool 2001,
291:205-212.

Miska KB, Hellman L, Miller RD: Characterization of beta(2)-
microglobulin coding sequence from three non-placental
mammals: the duckbill platypus, the short-beaked echidna,
and the grey short-tailed opossum. Dev Comp Immunol 2003,
27:247-256.

Amrine-Madsen H, Koepfli KP, Wayne RK, Springer MS: A new
phylogenetic marker, apolipoprotein B, provides compelling
evidence for eutherian relationships. Mol Phylogenet Evol 2003,
28:225-240.

Miska KB, Harrison GA, Hellman L, Miller RD: The major
histocompatibility complex in monotremes: an analysis of the
evolution of Mhc class | genes across all three mammalian
subclasses. Immunogenetics 2002, 54:381-393.

Belov K, Zenger KR, Hellman L, Cooper DW: Echidna IgA
supports mammalian unity and traditional Therian
relationship. Mamm Genome 2002, 13:656-663.

Belov K, Hellman L, Cooper DW: Characterization of
immunoglobulin gamma 1 from a monotreme, Tachyglossus
aculeatus. Immunogenetics 2002, 53:1065-1071.

Belov K, Hellman L, Cooper DW: Characterisation of echidna
IgM provides insights into the time of divergence of extant
mammals. Dev Comp Immunol 2002, 26:831-839.

Vernersson M, Aveskogh M, Hellman L: Cloning of IgE from the
echidna (Tachyglossus aculeatus) and a comparative analysis
of epsilon chains from all three extant mammalian lineages.
Dev Comp Immunol 2004, 28:61-75.

Retief JD, Krajewski C, Westerman M, Winkfein RJ, Dixon GH:
Molecular phylogeny and evolution of marsupial protamine P1
genes. Proc R Soc Lond B Biol Sci 1995, 259:7-14.

Kullander K, Carlson B, Hallbook F: Molecular phylogeny and
evolution of the neurotrophins from monotremes and
marsupials. J Mol Evol 1997, 45:311-321.

Messer M, Weiss AS, Shaw DC, Westerman M: Evolution of the
monotreme: phylogenetic relationship to marsupials and
eutherians, and estimation of divergence dates based

on A-lactalbumin amino acid sequences. J Mamm Evol 1998,
5:95-105.

Lee MH, Shroff R, Cooper SJ, Hope R: Evolution and molecular
characterization of a beta-globin gene from the Australian
Echidna Tachyglossus aculeatus (Monotremata).

Mol Phylogenet Evol 1999, 12:205-214.

Baker LB, Wares JP, Harrison GA, Miller RD: Relationship among
the families and orders of marsupials and the major lineages
based on recombination activating gene-1. J Mamm Evol 2004,
11:1-15.

Lin M, Jones RC: Spermiogenesis and spermiation in a
monotreme mammal, the platypus, Ornithorhynchus
anatinus. J Anat 2000, 196:217-232.

www.sciencedirect.com

Current Opinion in Genetics & Development 2004, 14:642-649



	A platypus? eye view of the mammalian genome
	Introduction
	Challenges to monotreme systematics: the Theria versus Marsupionta debate
	The monotreme genome
	Monotreme chromosomes
	X-chromosome inactivation in monotremes?
	Genomic imprinting in monotremes?
	Conclusions
	Acknowledgements
	References and recommended reading


