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Mammals possess multiple, closely linked B-globin genes that
differ in the timing of their expression during development. These
genes have been thought to be derived from a single ancestral
gene, by duplication events that occurred after the separation of
the mammals and birds. We report the isolation and characteriza-
tion of an atypical B-like globin gene (w-globin) in marsupials that
appears to be more closely related to avian B-globin genes than to
other mammalian B-globin genes, including those previously iden-
tified in marsupials. Phylogenetic analyses indicate that w-globin
evolved from an ancient gene duplication event that occurred
before the divergence of mammals and birds. Furthermore, we
show that w-globin is unlinked to the previously characterized
B-globin gene cluster of marsupials, making this the first report of
an orphaned B-like globin gene expressed in a vertebrate.

he globin genes and their homologues have been studied in

a wide range of species including bacteria, plants, and
animals; as a consequence there exists a wealth of information
on the structure, expression, and function of these genes (1). The
availability of such an extensive data set, particularly that
involving DNA sequences, has enabled the evolutionary history
of the globin genes to be reconstructed to a level of detail that
is probably unsurpassed by any other gene family.

As originally postulated by Ingram (2) on the basis of partial
amino acid sequences from several globin chains, it is now clear
that primordial globin genes underwent a series of gene dupli-
cation events that led, in vertebrates at least, to a number of
coordinately expressed genes that make up the present myoglo-
bin, a-globin, and B-globin gene families (1). These duplication
events have enabled specialized forms of globin to evolve that are
physiologically adapted to the oxygen transport requirements in
different tissues, at different developmental stages.

We have been interested in exploiting the ancient evolutionary
separation between monotremes, marsupials, and eutherian
mammals (3) to determine the timing and nature of gene
duplications that occurred in the B-globin gene family. It has
become clear from our previous work on the dunnart (Sminthop-
sis crassicaudata; refs. 4-6), and from that reported by Koop and
Goodman on the North American opossum (Didelphis virgini-
ana; ref. 7), that the first duplication event that gave rise to the
early- and late-expressed globin genes in mammals (as typified
by the embryonically expressed e-globin genes and the late-
expressed B-globin genes) occurred before the separation of
marsupials and eutherians, approximately 120 million years ago.
In contrast to the eutherian mammals that have a complex
B-globin locus consisting, in humans for example, of five ex-
pressed genes and a pseudogene, marsupials, as exemplified by
the dunnart and opossum, appeared to have a relatively simple
B-globin gene cluster consisting of only two genes: e-globin,
expressed in embryos and newborn pouch young, and B-globin,
expressed soon after birth and into adult life (4, 5, 7). Both
marsupials and eutherians appear to have a locus control region
(LCR) upstream of the B-globin locus (1). In newborn pouch
young of another marsupial species, Macropus eugenii (tammar

wallaby, hereafter referred to as the tammar), e-globin is ex-
pressed in three hemoglobin proteins, one with adult a-globin
and two with separate {-like globin chains (8).

Recent studies in our laboratories of blood from neonatal
tammars uncovered a form of hemoglobin containing a p-like
globin chain (w-globin) whose partial amino acid sequence more
closely resembled that of avian globins than of any other
mammalian globins, including those previously characterized in
marsupials and monotremes (8, 9). At no stage of pre- or
postnatal development did this form of hemoglobin constitute
more than 25% of the total hemoglobin present. These obser-
vations were of particular interest because we found previously
that the embryonic blood in marsupials has unusual respiratory
properties when compared with the embryonic blood of euth-
erian mammals (10-12). These properties include values of nH
(Hill coefficient, or index of cooperativity) greater than 4,
indicating that the functional unit is larger than a tetramer, and
a lower affinity for oxygen. In the tammar and another marsu-
pial, the brushtail possum (7richosurus vulpecula), the oxygen
equilibrium curve (OEC) of the embryonic-type blood is actually
to the right of the OEC for the maternal blood (11), this unusual
position being unfavorable to the transfer of oxygen from the
mother to the embryo. A further interesting feature of gas
exchange in marsupials is provided by the recent finding that in
a newborn marsupial of the dasyurid family, Sminthopsis dou-
glasi, 90% of the neonatal gas exchange occurs through the skin
rather than the lungs (13).

The aim of the research documented in this paper was to
characterize the w-globin gene of marsupials and to investigate
the phylogenetic relationship of w-globin with other members of
the B-globin gene family. We report here that the w-globin gene
is widespread, if not universal, in marsupials and is transcrip-
tionally active in marsupial neonates. Furthermore, we show that
the w-globin gene lineage evolved from a gene duplication event
that probably predated the separation of birds and mammals. Of
particular interest is our finding that the w-globin gene is
unlinked to the main B-globin gene cluster in at least two
marsupials species.

Methods

PCR primer design was based on partial amino acid sequences
and on regions of high sequence identity revealed by sequence
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ATGGTGCACTGGACAGCAGAAGAGAAACAGATCATTTTAGCCATCTGGGCCAAGATTGACATCGAGGARAGCAGGGGCCGC

1INTIV H W T A EE K Q I I L A I WA KTI DI ETEU AT G ADA 26
TGCCCTTAGCAGgtgggagaagaaacctgggctatttcagggcttgagctgggggcattgggctaaactaggcttagctg
27 A L S R 30
cgggaccctggtcatgagtgctttetetgttgaccaaaagggtggggtggggaatgtggtagaggatgggaaaaccaget
agaggccttatatgaattggcctgagaaaacctttgactgatcagtetttttetttotttgggttttagGCTATTAGTCGE
31 L L V 33
TCTACCCCTGGACCCAGAGGTACTTCAGCAACTTTGGGAACTTGTCCAGCCCCACAGCCATTGCCGGCAACCCCCEGRTC
34V Y P WTOQURYPF SNV F GNULS S PT ATIA AGNUPTZ RV 60
AGAGCCCATGGCAAGAAGGTGCTGACCTCCTTTGGTGAGGCAGTGAAGAACCTGGACAATGTGAAGGCCACCTTTGACAA
61 R A H G K KV L T S F G E AV XK NULUDWI NV KA ATV F D K 87
GCTGAGTCAGCTACACTCAGACAAGTTGCATGTGGACCCCCAGAACTTCAGCgtgagtaccettettecatttetetggg
88 L 8 Q L H 8 D KL HV D P Q N F 8 104
ccttagggggacaaggttcacagattcaaaaactggaagtacttcagtgggcatatagtccaacctactacttgaaaacc
tccaaggacagggagttcattctttcataggctecatttecttttatetgtgaccaggettettgtattecagattgacect
atccttttecectectecaaccataacttgtetctgggetaacaatcetetecetetetecagggatecttggaacagagacee
tcttttattctetggaaatgttgttttaaactcctaagagtgeccagagtcagaaggggecttagaaatcatectagggeac
atgatttgctccattccactaaaatgaaccattcacttagcacaagccagatctgacttgecatccaggcacatctttate
tttcetgggettactattagtcececgeectcagetteccccaggcaccaaacectteteccacttgtatgcaaacagetea
ggtctaatcctcetgttetgtettecatctagCTCCTTGGAGACAACCTGATCATCGCCCTAGCAGCTGCCTTGGGCAAGG
105 L L 6GDNUL I I A L AAD AUL G K 120
ACTTTACTATCGAGGCCCAAGCTGCCTGGCAGAAGCTGGTAGGAGTAGTGGCTGCTGCCTTGAGCAGAAATTACCACTGA
122 p F T I E A Q A A W Q K L V G V V A A AL S R N Y HTER 146
B.
ATGGTGAACTGGACAGCAGAAGAGAAACAGGCCATTTCAACCATCTGGGCCAAAATTGACATCGAGGAAGTGGGAGCCGE
1INIV N W TAEUEI KOQA ATISTTI WA AIKTIDTIETEUV G A G 26
TGCTCTTAGCAGgtgggagaagagactagggctgttcececggettggggectaaactgggttaggetggggtcatgaatget
27 A L S R 53
ttctetgctaaccagaaagatcgggaggtagggaactgagggaatattggctaggggectggaaaaaccegtggetgace
gttctttctectctetectetetetggtttccagGCTGTTAGTGGTCTATCCCTGGACCCAGAGCTACTTCAGCAACTTCGG
31 L L V VY P W T QIR Y F S N F G 46
GAACCTCTCCAGCCCACAAGCCATTGAGGGGAATCCCCGGGTCAGGAATCATCGGCAAGAAGGTGCTGACCTCATTTGGGG
47 N L S s P Q A I EGNUPURUVI RNUHGIE KU KV L TS F G 72
AGGCTGTGAAGAACCTGGACAATGTGAAGGCCACCTTTGACAAGCTGAGCGAGCTGCACTCAGACAAGCTGCACGTGGAC
73 E AV K NL DNV KATU FDI KL S ELH S DI XKTULUH VD 99
CCCCAGAACTTCAGGgtgagtgcccttgtacttetccagagtttgggggacaagtcttacagatgetaaaaaactggagg
100 P Q N F R 104
gtecttggetgggcatacageccatectacttgaacatctccaaggacagggagetcactetttggetttttttettete
cataatggcttcaagtatttaatgagatcctatctectteccttteccaacceccacettgtetetgagetcacaatecte
cctcectecagggacctcgaaacagaaaycctcttetecttectgggaatgttgetttacctaaaagtgecagtcagaagg
gtcctcagacatcatcectaacctaatccctegeattttatagaagaggatacctgatttgetecatececcctagaaggaa
tcattcacttagtgcaagccagaggetkecttetgecctggecacaagttttecagagttactattgaceccagetteggtt
ccectaggggcacaacgeactgtecttecccaggettgeagecattecceccactgtacaggaatgeccagacctaatect
ctgtcctctettectteccagCTCCTTGGAGACAACCTGATCATTGTCCTGGCAGCCACCATGGGCAAGGACTTTACCCCC
105 L L G DNTILII VL AATMMGI KTUDU FPT P 124
GAGGCCCAAGCTGCCTGGCAGAAGCTGGTGGGAGTGGTGGCCTCTGCCCTGAGCCGAARATACCACTAA
125 E A QA A WQ KL VGV V A S AL S R K Y HTER 146

Fig. 1.

DNA sequences for tammar (A) and dunnart (B) »-globin genes, and corresponding predicted amino acid sequences in single letter code. Noncoding

DNA is shown in lowercase. The sequences have been deposited in GenBank (accession nos. AY014769 and AY014770). Amino acid residues specifically referred
to in the text are shown in bold.

alignments of a range of B-like globin genes. PCR reactions were
carried out in a final volume of 50 ul of PCR buffer (GeneWorks,
Adelaide, Australia) which contained 100 ng template DNA, 0.4
uM of each primer, 0.2 mM dNTP, and 2 mM MgCl,. PCR was
used to amplify a partial w-globin product from the tammar
genomic DNA (gDNA) (adult male FS7ABE) with the primers
RogF and CDR3 (see later for primer sequences). The PCR
product obtained was cloned into pGEM-T vector (Promega).

1102 www.pnas.org

The missing 5" and 3’ regions of the w-globin gene were obtained
by using Inverse PCR (14), performed with self-ligated EcoR1
fragments of gDNA. Automated sequencing was carried out by
using a Prism Dye terminator kit (Applied Biosystems) and a 377
DNA sequencer. Primers, drsf and G290, were used to PCR-
amplify and sequence partial w-globin sequences from S. cras-
sicaudata (dunnart) gDNA. The 3’ region of the dunnart -
globin gene was PCR-amplified by using the primers SCUTR

Wheeler et al.



Al —91.[: dunnart B
8 opossum 3
61 9g dunnart g
—L opossum g
79 dunnart @
— _[- native cat ©

99 tammar ®

53 80| L gray kangaroo ®

brushtail Possum ®
bandicoot ®

95

South American opossum o

X
— 10 changes enopus B

B. duck B

tammar @

ﬁ':_dunnart B

opossum [3
dunnart €
opossum €
goat g
human ¢
rabbit €
mouse €
goaty
human y
mouse y
rabbit y
99— echidna 3
platypus B
goat 3

-————— Xenopus B
— 10 changes

Fig. 2. (A) Most parsimonious tree of length 532 steps from an analysis of
marsupial g, 8, and w-globin sequences. Bootstrap values (>50%) are shown
above branches. GenBank locus codes or accession nos. for sequences are:
dunnart B (SCHBBHEMO), ¢ (SCHBBEGN), » (AY014770); opossum 3 (OPOH-
BBB), ¢ (OPOHBBE); native cat w (AY014773); gray kangaroo » (AY014772);
brushtail possum o (AY014775); bandicoot w (AY014774); South American
opossum o (AY014771); Xenopus (Xenopus laevis) adult B-globin (XELHBBC).
(B) One of two most parsimonious trees of length 1,025 steps resulting from
an analysis of aligned globin coding sequences (second tree not shown). This
tree differed from the second tree only by the branching order of goat and
mouse B-globin. Bootstrap values (>50%) are shown above branches. Gen-
Bank locus codes for sequences not given in A are: chick (Gallus gallus) 8 (b™),
e, p (GGHBBRE); duck (Cairina moschata) 3 (CMBGA2B2), ¢ (CMEGA2E2);
human B, v, e (HSHBB); mouse (Mus musculus) B, v (8Bh0), & (&¥), (MMBGCXD);
goat (Capra hircus) p* (CHHBBAA), €' (CHEBGLI); rabbit (Oryctolagus cunicu-
lus) B, v, &, (OCBGLOO1); echidna (Tachyglossus aculeatus) 8 (TGLHBB) and
platypus (Ornithorhynchus anatinus) g (TGLHBB).

and G314. The 5’ region of the gene was obtained by using the
following technique. A linker primer PstA was annealed to PstB
and ligated to PstI digested dunnart gDNA. Fragments in the size
range 3- to 5-kb were purified from an agarose gel and used to
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seed a PCR amplification (55°C annealing) with the primers
G291 and PstA, followed by a second amplification using a 4:1
ratio of primers G290 (1.0 uM) to PstA (0.25 uM). An approx-
imately 400-bp fragment was amplified and sequenced. PCR was
used to amplify and sequence partial w-globin sequences from
¢DNA of Dasyurus viverrinus (native cat), Macropus giganteus
(gray kangaroo), Trichosurus vulpecula (brushtail possum), Pera-
meles gunnii (bandicoot), and Monodelphis domestica (South
American opossum). The following primer combinations were
used for each species (primer identification shown in parenthe-
ses): native cat (G287/G291), gray kangaroo (drsf/IR1), brush-
tail possum (drsf/IR1), bandicoot (G287/IR1), and South
American opossum (G287/G290). Reverse transcription (RT)-
PCR was carried out by using RNA isolated from one-day-old
marsupial neonates as previously described (5) and
the Superscript II preamplification system (GIBCO) with the
primers G287 and G291.

Phylogenetic analyses were carried out by using PAUP* Version
4b2 (15) and a heuristic search option. Analysis of the partial
marsupial w-globin and dunnart and native cat e- and B-globin
sequences (coding regions only) used maximum parsimony and
a branch and bound search option treating all characters as
equally weighted. The Xenopus laevis B-globin gene (GenBank
accession no. J00978) was used as an outgroup to root the tree
(6). The reliability of phylogenetic groupings was tested by using
bootstrap analysis based on 1,000 replications (16). Maximum
likelihood (ML) and distance approaches used the HKY-85
model (17) with an ML-estimated transition/transversion ratio
of 0.784 and discrete gamma rate variation with an estimated
shape parameter of 0.6423. ML trees were generated by using a
heuristic search option and distance trees were generated by
using the Neighbor Joining algorithm in PAUP*. Dot plot analyses
were carried out by using the computer programs COMPARE and
DOTPLOT (Genetics Computer Group, Madison, WI; window
size = 21; stringency = 12) available on-line from the Australian
National Genomic Information Service (http://www.angis.
org.au/).

Genomic Southern analysis was performed by using standard
techniques (18). R-banded chromosomes were prepared from
3-day cultures of peripheral blood lymphocytes from an adult
tammar wallaby. Cultures were treated with BrdUrd (20 mg/ml)
for 7.5 h and colchicine for 45 min. Radioactive in situ hybrid-
ization was carried out as previously described (19). Slides were
exposed to 1:1 diluted L4 emulsion (Ilford) for 27-33 days.

Primer sequences were as follows (reading from 5’ to 3'):

RofF:  ATGGTNCATTGGCANGAGGARAA
CDR3: ATGGTNCATTGGCANGAGGARAA
drsf: GGAGAAACAGATCATTTTAGC
G287: GCACTGGACAGCAGAAGACA
G290: CCCAAAGTTGCTGAAGTACC

IR1: AGGTTCTTCACTGCCTCACC

291: CACCAAATGAGGTCAGCAC
SCUTR: ATTGTATTAACCATAATCACTATG
G314: GGAATCATGGCAAGAAGGTG
PstA: GGCCAGAGACCCCAAGCTTCGTGCA
PstB: CGAAGCTTGGGGTCTCTGGCC

Results

By using standard PCR and cloning techniques, the complete
DNA sequences of the w-globin gene were determined from two
species of marsupial, the tammar and dunnart (Fig. 1). These
genes were found to contain three exons and two introns located
at the positions that are typical of all vertebrate B-globin genes.
The exon sequence of each gene contains an ORF that encodes
a protein of 146 amino acids (Fig. 1). The N-terminal region of
tammar w-globin is identical to the partial (54 residues) w-globin
protein sequence obtained from tammar embryonic-type blood
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parameters see Methods.

(8). The lengths of the first intron of the tammar and dunnart
w-globin genes are 219 bp and 203 bp, respectively, and the
lengths of the second intron are 548 bp and 565 bp, respectively.
These introns are significantly different in length from all
previously studied marsupial B-globin genes, which range in size
from 109 bp to 120 bp for the first intron and 1,438 bp to 1,857
bp for the second intron (4, 5, 7).

By using RT-PCR amplification of mRNA isolated from
one-day-old neonates, we confirmed that the tammar and dun-
nart w-globin genes are transcriptionally active (data not shown).
In each case, the RT-PCR product had an identical sequence to
the putative coding region of the w-globin gene.

We used PCR and sequencing to determine whether w-globin
orthologues (genes that trace their most recent common ancestry
to a speciation event) exist in other marsupial species. For these
analyses we chose species that represented five marsupial fam-
ilies, including the Australian Dasyuridae (native cat), Macropo-
didae (gray kangaroo), Phalangeridae (brushtail possum), and
Peramelidae (bandicoot), and the American Didelphidae (South
American opossum). Primers for PCR were designed from
conserved regions of the first and second exon sequences of
tammar and dunnart w-globin (see Methods) to amplify partial
coding sequences, and the first intron, of w-globin. Maximum
parsimony phylogenetic analysis shows that these partial se-
quences from representative marsupial species form a mono-
phyletic group with the tammar and dunnart w-globin genes,
supported by a 95% bootstrap value, to the exclusion of a second

A

Fig. 4.
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DOTPLOT comparison of intron 1 sequence from marsupial g-like globin genes. Source of intronic sequence is indicated on the axes. For details on poTtpLOT

group containing dunnart and Didelphis virginiana (opossum) e-
and B-globin genes (Fig. 24). This analysis confirms that the
sequences we have amplified are orthologous to tammar and
dunnart w-globin, and indicates that w-globin sequences are
likely to be present in all marsupial species. Pairwise nonsyn-
onymous divergence levels between taxa ranged from 0% (be-
tween tammar and gray kangaroo) and 19% (between the
tammar and the South American opossum). In contrast, pairwise
synonymous (silent) levels were considerably higher, ranging
from 4.9% (between the tammar and gray kangaroo) to 127.6%
(between South American opossum and the bandicoot). These
data suggest that amino acid changing sites of marsupial w-globin
genes are under strong selective constraints that have slowed
their rate of evolution relative to synonymous sites. Such a rate
difference would be unlikely if these w-globin genes were
pseudogenes.

Phylogenetic analyses were also carried out to investigate the
evolutionary relationships of the marsupial w-globin lineage with
the avian and other mammalian B-globin genes. For these
analyses partial coding sequences and third codon positions were
excluded. The latter are likely to be saturated at the level of
interclass divergences, as previous studies have shown diver-
gences of over 100% at synonymous sites for pairs of B-like
globin genes from mammals and avians (6). In the maximum
parsimony tree (Fig. 2B) it can be seen that the marsupial
w-globin lineage forms a sister group with the B-like globin genes
of avians, supported by a 75% bootstrap value, to the exclusion

B
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Southern blot analysis of genomic DNA of individuals from a family of dunnarts raised in captivity (family M16285) by using in A an &-globin probe

(pSG-2H) (4) and in B a w-globin specific probe (see Methods). Note hybridization of the w-globin probe to an equivalent set of polymorphic fragments (6.8-kb
and 7.6-kb) as locus e2. The lod scores for this family (w-globin vs. e-B globin) are Z(5:3) = —1.91 at 6 = 0.05 and Z = 0 at 0 = 0.45, indicating that the loci are
unlikely to be closely linked. Data from additional families (5) shows 2 (and hence w-globin) is unlinked to e-globin-g-globin.
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Fig.5. Scores of silver grains generated by in situ hybridization of a tritiated
530-bp genomic clone of the tammar w-globin gene (containing the first and
second exons and first intron) to R-banded chromosome 1 of the tammar. The
tallest column is over the dark band arbitrarily numbered 3. The central region
of arm 1p is regarded as the probable location of the w-globin gene.

of a second group containing all other mammalian B-like globin
genes. A similar sister group relationship was found in trees
derived by using both maximum likelihood and distance ap-
proaches. All of the analyses support the conclusion that the
w-globin lineage is more closely related to the avian B-like globin
genes than mammalian B-like globin genes.

The results of dot plot analysis (Fig. 3) indicate that ortholo-
gous B-globin intron 1 sequences from two distantly related
marsupial species share observable levels of sequence identity.
In contrast, comparisons between intronic sequences of the
tammar w-globin and of the tammar - and e-globins show no
such identity. These results indicate that it is unlikely w-globin
has evolved from a recent B-like globin gene duplication within
the marsupial lineage.

A previous study (5) of the pattern of inheritance of restriction
fragment length variants in captive bred dunnart families showed
the adult and embryonic -globin genes to be closely linked to
each other, but unlinked to a “third locus” provisionally named
&2 that hybridized on Southern blots to a dunnart e-globin probe.
By using a portion of dunnart w-globin gene as a probe in
Southern hybridizations, we detected an identical set of poly-
morphic restriction fragments to those representing the €2 locus
(Fig. 4). These results indicate that the locus previously named
g2 is, in fact, w-globin, and that this gene is unlinked to the
e-globin/B-globin gene cluster in this species.

To test whether w-globin genes are unlinked to e-globin and
B-globin in another marsupial species we determined the chro-
mosomal location of tammar w-globin by in situ hybridization.
Results indicated that the tammar w-globin gene mapped to the
short arm of chromosome 1 (Fig. 5). The adult B-globin gene has
been previously mapped to chromosome 3 (20). Therefore, the
w-globin and B-globin genes are also unlinked in the tammar.

Discussion

Our results confirm the existence of a new g-like globin gene in
marsupials that we have called w-globin. Unlike all previously
studied B-like globin genes in marsupials, which were shown to
be orthologous to eutherian e- and adult B-globins (4, 5, 7), our
analyses suggest (see 75% boot strap value, Fig. 2B) that
w-globin is orthologous to avian B-like globin genes and is clearly
of ancient evolutionary origin. Remarkably, we have also found
that w-globin is unlinked or “orphaned” from the main 3-globin

Wheeler et al.
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Fig.6. Amodelforthe evolution of B-globin genesin mammals based on the
phylogeny in Fig. 2B. The gene tree is drawn within the constraints of a species
tree (21). The ancient gene duplication event (indicated by an arrow) gave rise
to two ancestral genes, A and B. A was the progenitor of marsupial w-globin
and the B-like globin genes of birds. B gave rise to the p-like globin genes of
mammals. Genes or pseudogenes that may be expected to occur are indicated
by ?. To simplify the diagram, not all of the avian B-like globin genes (as
exemplified by the chicken) are shown.

cluster in two marsupials, the tammar and dunnart. In the
dunnart this cluster consists of two genes, e-globin and 3-globin,
linked in the order 5'-e-B-3" (5). To our knowledge, this is the
first report of an expressed B-globin gene that is unlinked to the
main gene cluster in any vertebrate species, and raises interesting
questions about both the evolutionary origin of w-globin and the
developmental regulation of w-, e-, and B-globin genes in
marsupials.

Phylogenetic Analyses and a New Model of 3-Globin Gene Evolution.
In setting the root of the tree depicted in Fig. 2B, we have
assumed Xenopus B-globin forms an appropriate outgroup. A
tree of very similar topology was derived if human «-globin is
used as an outgroup sequence (S. Spargo, unpublished data).
Therefore, based on the available sequence data, we are confi-
dent that the tree is an accurate depiction of evolutionary events.
To account for our phylogenetic results we propose a new model
for the evolution of B-like globin genes in mammals (Fig. 6). A
feature of this model is the occurrence of an ancient gene
duplication event that produces two lineages, one leading to the
B-like globin genes of avians and marsupial w-globin and a
second leading to all other mammalian B-like globin genes.
Although we cannot be certain of the timing of this gene
duplication, our analysis indicates that it occurred before the
avian/mammalian split. This model has two main implications.

(i) Genes or pseudogenes that are orthologous to marsupial
w-globin may be present in monotremes and eutherian mam-
mals. Although the presence of such genes in these species would
lend support to the model, their absence would not negate the
model. This is because progenitor w-like globin genes that our
model predicts to have been present in the common ancestor of
monotremes and eutherians may have evolved rapidly in se-
quence to the point where their presence has become undetect-
able by using sequence homology searches. Such an outcome
would be expected if the w-globin chain was not under positive
selection in these lineages. To date, we have been unable to
detect w-globin orthologues in monotremes and eutherians by
using both extensive PCR analyses and genomic database
searches, and currently are exploring alternative approaches to
search for these genes/pseudogenes.

(@) The bird and mammalian B-like globin clusters are not
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orthologous. This latter point may explain the observation that
surprisingly little sequence similarity exists in comparisons of
bird and mammalian B-like globin noncoding regions (1).

The absence of linkage between w-globin and the e-globin—
B-globin cluster, at least in the tammar and dunnart, might be
accounted for, in an evolutionary context, by several possible
explanations. The duplication event which separated the w-
globin gene progenitor from the progenitor of the other mam-
malian B-like globin genes involved an intrachromosomal tan-
dem gene duplication and subsequently the two gene lineages
were separated by translocation. A precedent for the separation
of coregulated globin genes is provided by the observation that
the a- and B-globin genes are closely linked in Xenopus, but on
separate chromosomes in birds and eutherian mammals. An
alternative explanation is that the duplication involved a whole
chromosome or whole genome. We plan to test these possible
scenarios by finding genes that are syntenic to w-globin and
the e-globin—B-globin cluster in marsupials, and examine the
syntenic relationships of these genes in birds and eutherian
mammals.

-Globin Expression and Function in Marsupial Neonates. The de-
tection of partial DNA sequences containing ORFs that are
orthologous to tammar and dunnart w-globin, in a number of
phylogenetically distinct marsupial families, including American
and Australian representatives, strongly suggests that this gene
is present in all marsupial species. Further, the strong selective
constraints on the rate of evolution of amino acid sites suggest
that w-globin genes are also likely to be expressed in all
marsupials. We confirmed the expression of w-globin in both the
dunnart and tammar by RT-PCR analysis of one-day-old neo-
nates. These results are consistent with previous studies of
hemoglobin in tammar neonates (8, 10) and together show that
tammar w-globin is expressed at least three days before birth and
one day after birth, with the protein remaining in circulation for
up to 8 days post partum (K. H. Gill, A.A.G., L. A. Hinds, and
R.A.B.H., unpublished observation). It is likely that w-globin
plays an important role in the oxygen transport requirements of
neonates just before birth and in early pouch young develop-
ment, but further studies are required to determine precisely
what this role is.

Some clues to the possible function of w-globin can be
obtained by amino acid sequence comparisons with other ver-
tebrate B-like globins, and a number of features of these
comparisons are worth noting. Whereas the residues Trp-3 and
GIn-9 occur in both tammar and dunnart w-globin chains, no
such residues have been recorded as occurring in any other
mammalian B-like globins. However, Trp-3 is found in all bird
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B-like globins and in all reptilian B-globins except the crocodil-
ians. GIn-9 is common, although not universal, in birds. A
surprising finding was the presence of Ser-93 in w-globin chains
from both marsupial species. In the 500 chains most similar to
tammar w-globin, the residue at position 93 is Cys in all
mammals, birds, and reptiles. However, Ser-93 is common in fish
and, together with Trp-3, Glu-94, Arg-144, and GIn-145, has
been implicated as an important residue in the Root effect in
teleost fishes (this is the property in some fish hemoglobins of
unloading all their oxygen as the blood is acidified; ref. 22).
Allowing for the presence of an extra amino acid at position 120
in the fish B-globin chain, identical or very similar residues are
present at corresponding sites in the marsupial w-globin chains.
Because of the extremely small quantities of blood available, it
has not yet been possible to carry out oxygen-binding studies on
the individual hemoglobin components of marsupial neonatal
blood, but the presence of key Root effect residues in marsupial
w-globin is striking.

Developmental Regulation of the w-, ¢-, and B-Globin Genes in
Marsupials. Current models of B-like globin gene regulation in
mammals suppose that all of the genes are tightly linked and
under the control of a cis-acting LCR (23, 24). In the dunnart,
regions of DNA upstream of the e-globin—3-globin cluster show
high sequence identity to regions of the human and mouse LCR
(8), so it is likely that these marsupial genes also come under the
influence of an LCR. However, this LCR cannot be cis-acting on
the expression of the unlinked w-globin, and the factors that
regulate the expression of this gene remain to be determined. As
the w-globin and the e-globin—B-globin gene cluster trace their
origin to an ancient gene duplication event, it is likely that the
former has evolved a novel regulatory mechanism. Studies on the
regulation of w-globin are, therefore, likely to give insights into
the evolution and function of globin LCRs.
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