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ABSTRACT A series of gene duplications that began in a
stem species of Mammalia and led to five developmentally
regulated hemoglobin (i-chain loci (E, v, a, 6, and (3) in a
common ancestor of eutherian orders Artiodactyla, Rodentia,
Lagomorpha, and Primates had important consequences in
mammalian evolution. Findings reported here indicate that two
progenitors of the five linked genes existed by the time of the
eutherian (placental mammal)-metatherian (marsupial mam-
mal) split and that these two genes were already differentiated
with respect to their promoter regions and developmental
expression. Southern blot and sequence analyses of the hemo-
globin (i-chain genes of the opossum (Didelphis virginiana)
revealed only two genes, one with coding and promoter
sequences similar to eutherian prenatally expressed E, y, and
iq genes and the other coding for adult opossum hemoglobin
(i-chains and having eutherian adult (i-type promoters. The
most parsimonious arrangement of >80 (i-globin exon se-
quences depicts the opossum embryonic-type gene as ortholo-
gously related to eutherian E, y, and q genes and the opossum
adult-type gene as orthologously related to 6 and (i genes.
These data further indicate that after the initial (i duplication
in the stem of Mammalia, the locus that became developmen-
tally delayed in its expression evolved at a faster rate than the
locus that became embryonically expressed.

Previous studies have provided evidence that a series of
tandem gene duplications during formative periods of mam-
malian evolution led to a cluster of five developmentally
regulated hemoglobin p-chain loci (5' e-v-71-8-P 3') in
which e, y, and q were embryonically expressed genes and 8
and p were adult-expressed genes (1-5). The first of the
duplications occurred in the range of 155-200 million years
ago (1, 6-8) and produced two gene lines, of which one was
the progenitor of E, y, and -q loci and the other was the
progenitor of 8 and p3 loci (2-4). The later duplications that
separated E, y, and i1 from each other and in parallel 8 and p
were estimated to have occurred in the range of 90-140
million years ago (1, 6-8).
The proposed range of dates for the later duplications

coincides with the geological period (100-135 million years
ago) in which the stem-marsupials and stem-eutherians are
thought to have diverged from their last common ancestor
(9-11). Clearly, the p-chain-related hemoglobin genes of
marsupials need to be examined and compared to those of
eutherians to determine if more than two progenitors of E, y,
71, 8, and p loci existed at the time of the metatherian-eu-
therian split and whether the last common ancestor of
marsupials and placental mammals already had p-chain-
related hemoglobin genes that were differentially expressed
in embryonic and adult life.

MATERIALS AND METHODS
High molecular weight DNA from Didelphis virginiana
(female, from Southfield, MI) liver tissue was used to make
a Charon 35 A phage recombinant library (12). The genomic
library (14 x 106 plaque-forming units) was screened by
using human E, human y, gorilla y, human p, and goat 21 gene
probes (12, 13). Hybridization conditions were 580C, 1 M
NaCl, and 1% NaDodSO4. Washing conditions were 580C,
0.15 M NaCI/15 mM sodium citrate, and 0.5% NaDodSO4.
Positive clones were isolated and mapped with BamHI,
EcoRI, and HindIII, and gene regions were localized by
Southern blot analysis (13). Two gene regions were isolated
(see Fig. 1). To confirm the integrity ofthe cloned regions and
to determine if additional p-globin genes could be detected,
BamHI, Bgl II, EcoRI, and HindIII restriction digests of
opossum genomic DNA were electrophoresed alongside a
non-human primate control species (Galago crassicaudatus,
EcoRI digest), blotted, and hybridized to exon 1 and 2 probes
from human E, human y, human 83, and the two opossum
genes [under conditions as stated above except that hybrid-
izations were performed at 400C (in the case of human 3,
360C)]. Gene-containing EcoRI fragments from Dvi Ch35-
14.8 and Dvi Ch35-14.4 (Fig. 1) were subcloned into pUC8
plasmids and grown in JM83 hosts. Nucleotide sequences
were obtained by using chemical cleavage methods (14) as
described by Slightom et al. (12). Phylogenetic reconstruc-
tion procedures are described by Goodman et al. (4). Syn-
onymous and nonsynonymous gene divergence values were
calculated according to Nei and Gojobori (15).

RESULTS AND DISCUSSION
Genomic and A Clone Maps ofTwo Opossum (i-Globin Gene

Regions. Recombinant clones Dvi Ch35-14.8, Dvi Ch35.14.4,
and Dvi Ch35-18.0 were isolated and mapped, and globin-
containing fragments were identified by Southern blot anal-
ysis (Fig. 1). To confirm the integrity of cloned regions and
to determine if additional p-globin genes could be identified,
genomic DNA of opossum and a non-human control species
(G. crassicaudatus) were probed with exon sequences from
human E, y, and p as well as the two opossum genes. These
probes detected only those fragments also found in cloned
sequences (under hybridization conditions that detected all
functional p-globin genes within the control DNA).
We found no evidence in the genomic library or in opossum

genomic blots for the presence of more than two opossum
p-globin genes, although this does not exclude the possibility
ofpseudogenes or anciently separated lineages being present.
Our results suggest only that if more than two 13-globin genes
occur in the opossum genome, they are more divergent than
the most divergent functional f3-globin genes found in euthe-
rians and more divergent than the two isolated opossum
,8-globin genes.
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FIG. 1. Genomic and A clone maps of opossum EM- and ,M-globin gene regions. The genomic map (upper line) was established by Southern
blot analysis of recombinant A clones and total genomic DNA restriction digests. The genomic map was extended (dotted line) by probing total
genomic DNA, digested with the above restriction enzymes, with a 700-base BamHI fragment isolated from the most 3' end ofthe Dvi Ch35-14.4
insert. BamHI (B), Bgi II (Bg), EcoRI (E), and HindIII (H) restriction digests of opossum and galago (Gal) genomic DNA were hybridized to
exon 1 and 2 probes from human E, human y (not shown), human A, and both opossum genes (under conditions stated in the text). Human E,
y, and (3 probes not only clearly hybridized to their orthologous counterpart present in galago but also to paralogous genes present in galago
[E, 3.0 kilobases (kb); y, 3.3 kb; 8, 2.0 kb; 13, 20 kb]. In opossum digests, however, human E (and -y) probes hybridized only to single fragments
corresponding to fragment sizes found in recombinant clone Dvi Ch35-18.0 (fragment sizes are given in kb); human 83 probes failed to
unambiguously hybridize with any opossum DNA fragments at comparable stringencies (data not shown); however, at reduced stringencies
human / probes hybridized to fragments with sizes found in clones Dvi Ch35-18.0 and Dvi Ch35-14.4. Opossum EM and ,8M probes hybridized
only to single fragments with sizes found in the clones from which the probes were obtained. The opossum probes hybridized to the same
opossum DNA fragments identified by human £ and fy probes. Although opossum ,PM hybridizes to a galago EcoRI fragment (10.6 kb), that
fragment is not recognizable as a (3-globin gene and is considered an artifact attributable to reduced stringencies of hybridization.

The nucleotide sequences of the two opossum gene
regions§ are presented in Fig. 2. For reasons that will become
apparent (next section) we have labeled them j3M and EM.
Only in the coding and 5' regulatory regions could we find
sequence alignments indicative of homology either between
opossum EM and 13M genes themselves or between opossum
and eutherian genes. Regions of homology show that both
opossum genes have the same promoter and intron-exon
organization as other vertebrate (B-globin genes.
Opossum gene PM translates into the known adult opossum

hemoglobin 8-chain amino acid sequence (9) (except at
position 80 of the amino acid sequence where asparagine
occurs instead of aspartic acid). Opossum gene EM as judged
by its sequence is functional, although a second P3-globin has
not been identified in adult or juvenile opossums (9, 19).

Sequence Comparisons. The coding region of opossum
adult 13M differs at nonsynonymous positions from human E,
human y (human q is a pseudogene and therefore is not
included in these comparisons), human /3, and a partial
sequence of an Australian marsupial cat (Dasyurus viver-
rinus) adult,/ (20) by 20%, 24%, 23%, and 12%, respectively
(Table 1). With the exception of the divergence between
Australian and North American marsupials, these values are
greater than those found between different human /3-globin
genes (Er-y, E-,8, and y-/3 diverge by 10%, 16%, and 18%,
respectively) and are very similar to values between chicken
and eutherian P-globins (Table 1). Though the opossum adult

/3-globin gene is functional, it is clearly very divergent from
eutherian /3-globin genes. For example, it diverges more from
Xenopus P than do any of the human genes (Table 1).
The second opossum /3-globin gene (EM) appears very

highly conserved and most closely resembles the E- and
'y-globins of humans. Its coding region differs at nonsynon-
ymous positions from human E, human y, human /3, and the
adult opossum 13 by 13%, 13%, 16%, and 22%, respectively.
That the human E and y genes are more similar to each other
than either is to opossum PM and EM indicates that the
eutherian 6 and y gene lineages may have split after the
separation of eutherians and metatherians.
The 5' promoter region of opossum ,3M resembles that of

eutherian adult-type /3-globin promoters in having two char-
acteristic types ofCACA boxes (2, 5, 18, 21) located 9 bp and
24 bp upstream of the CAAT box (Fig. 3). It most closely
resembles the promoter region found in mouse /3-major (Fig.
3). The 5' promoter region of the non-adult opossum EM
locus, however, closely resembles the eutherian E-, -, and
27-globin promoter regions in the vicinity of the CAAT and
single CACA box regions (Fig. 3). The non-adult opossum
CACA box has the distinctive sequence CTCCACCCC found
in the promoter region of the human E-globin gene and, with
minor variations, in the promoter regions of other eutherian
6, y, and q genes. Like human and rabbit y genes (1),
opossum EM has two CAAT promoter regions, with an
identical sequence (TGACCAAT) spanning the 3' CAAT box
in opossum and eutherians. The 5' CAAT boxes, however,
appear to have arisen independently in eutherians and opos-
sum (Fig. 3). With the exception of fetally expressed simian
primate y genes, functional eutherian E, 'y, and q genes are
expressed during embryonic development (1, 3, 5, 7, 22, 23).
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§The sequences reported here are being deposited in the
EMBL/GenBank Genetic Sequence Database (Intelligenetics,
Mountain View, CA) (accession no. J03642 for EM and accession no.
J03643 for (3M).
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GAATTCGGACATCTGTGACTCTAAAATTGAGTATTCATACCAATGATGACTGAGACTACTTCTTAACCTTTTATACTTACTCAT TGTGGTGACACCATTTCTCTAAAATATTAATAAT rA
TAAATTAATTTTATCCAGTTTTTATTTGTCAGAGTACATATGTTACTCAAAGAGGTCCCTTATAAACAGTTATAATTTTACACAC T *TTCATCTTTCCATCTTTATATTTTTCCCTGATT
TGGTGTTTGCTTTGAACTtTcTOCTGAATGTTrAGGTAATTGGATTTTrATAGTTrCCAAAATGACTGT AACATCGGTCACCAGTrGrTrTrTcrTrTCTGATAAACATTCrTTTTCAT T TCTrAATrA
TAGTCTAGTTGATTGACAACTCTACTrTTcTCTTAGCCATAATArTTCTCAGCCATTTTATCTGGCTCCCTTCCTTTCACTCTCr CcT TAACCTTCCAGAAGGGCCCCAGTCCCACTrGAAA
TCTGCTGACTTTGGATGGAGAAGGAAAATTAGCTAACAGGAAAGTAGGAAACATGAGGAACACTTACTATTTGGGTTTGGAAACT AATGTACCAATAAGCTAGGAGACCTGTACAGGTCT

CACCC CCAA
TCCCAGACATAAACACTGATTrAAGTAGCGTCCAGTACAGATAACCACCACTCCTOCCACTrGACTCCACCCCACAGGGACCAATGAT CAGTCTTGACCAATAGCTTCAGAGCTATTrGGGGA

ATA INI
G>AGAAGGGGTCAGAGGTGGGGAAAGACT GCAAATAAAAGGCAGcCCCAGCCCTACTGCTGCATCAACCTGCTTCTGACACTTCTGTrGTrTGACAAGCAAGCTTACAAAGACCAACA crC w
VaHIsPheThrProGluAspLysThrAsnl1uThrSerValTrvThrLysValAspValGIuAspValGlyGlyGluSerLeuAlaAr
GTGCATTTCACCCCTGAGGACAAGACCAATATCACTTCTGTGTGGACCAAGGTCGATGTQGAAGACGTTGGTGGGGAATTCTTGGCCAGGTAAGTATGGGAGCAGTGGTAGAAAT T GAGC

gLeuLeuValVa 1 TyrProTr-pThrG 1 nArqPhePheAspSe
CCAGGAGTAACATACTGGCCTTAAAAACT TCTGGCTCACTATGTGTATCTGCAAACTrAATT TTTCCCTTCTCCTACAGGCTGCTGGTrAGT[CTATCCCTGGACTCAGAGGTTCTTrTGA rTTC
rPhGl yAsnLouSerSerA1aSerAlaVa1MtG1yAsnProLysValLysA1aHtsG1yL sLsValLeuThrSerPheG 1G1uGJ1ValLysAsn etAspAsnLeuLysGIYTh
CTTTGGCAACCTATCTTCTGCATCTGCTGTTATGGGGAACCCCAAGGTCAAGGCCCATGGCAAGAAGGTGCTGACCTCCTTTGGAGAAGGTGTCAAGAACATGGACAACCTCAAGGGT AC
rPhA1 aLysLeuSerG 1 uLeu isC sAsApLysLeuH 1sVa 1 AspProG I uAsnPheArg
CTTTGCCAAGCTGAGTGAGCTGCACTGTGACAAACTGCATGTAGACCCTGAGAACTTCAGGGTAAGTCTTTGATACCATACCTCAAGCTAGCTAGTGATTGTCCAACTAAGCCTTATTAC
CATTGTTATAAGGTC'TTGAAGTGTTTGAGTGACTGAAGGTCCATGACTAGAACAAAGGAGAACAT TTTTTTTAGAATACTTT ' T TTCATGGTTACATGATTCATATTCGTTrCCCrcTCCT
CCATGCCCCCCTTCCCCCT TCCCATAGCCAAAGTGTAATTCCACTAGT TTTTATCACATATCACTAATCATAACCAATTTccaT ATTCTTrGGGATTCACACTAGAT TAATTGTTTAGCCA
CTATACCCCAGTAGTATCCCCACAACCCATGAGTTCAGGTAGTTGTTTTTCTTTTGTGTTACTGTCCCACAGTTCTTCCTCTGGATGTGGTCAGCT TTCTTTTTCATAAGACCAT TGT T C
TGAGTCTTTGCATTGCAGCTACTAGTGGAGAAGGTCATTATGTTCAATTGTACCACGGTGTATCAGTCTCTGATATACAATGTrCTCCTAGTTCTACTCCAAAGGAGAACATTCATAAAC
TTGCCTCTGAGGACCTCAAATAGTTTAGGAGACCTGTTTTTCCTCTCT AGCTTTTCTTCTTCTCCTTTCTCCTAATAACTCTrCAGTACGCCTCCTTCACAGGCTTCT TTTCCT TGCCCrTT
ACTGCTTTTTTTTCCCCCAGCCCT TTTTTCTCTCCTTTTTCTTTTCCTCTCTCAATACTCTCCTTTCCCTCCTTTCAATTTTCTCTCTTTGATCACTGTTrCCTTGATCTATT TCCCrTTrTT
CCTTTCTCCCTATAATTATCTTTGCTCTTCACAATTCATATTCTTCCT AAGATTCTT TCTTTTCTTTTCACAGGATTTCT AATTCCCAACTAGACTTTACACT TTTGAAAAGTGAGGT TA
TTTGGGGTAATTGTTTATTCACTCTT TTTCTAGTTTCTGCTGTTTGTAGATCTTTGCTTCTCT ATAATTTCCTTCTGTTCCT ACTCTATAACCCAACCT TGGTTAGTAAATCCTrTGGGGA
CCTTGCCATCCCTTAAACTTGCAAAGTTATCCCAAAGCATCAATTTACTCCCTTTTGAAATCGAGAATCTTATTGTT TGCACCAACTrGCTGTGTCTTAATTTTGGAGTGGGAGATA T TAG'
GTTAAAATCTAGGCACTCCTCT TGGAAATCTCTATGATCTCATGCAAGTCATT TtACACCTGAATTTTAGTTCCTTCCTTTATrhAAAArTAAGGGAGTTGGGCT AGATTTTTCT GAGTrCCCTr
ACTAGTATTTGATGTAGGATTCTATTTGTCTGTATGGGGTATTTAAAATATA6AAT TGTTACTTTTCTTCTTTCATTTTCATT TTCCTTCTCATTTTTTATTCACTTTCTTAT T TTCTrTG
TCATTTTCTTCCCCCTGATtAGTCTCTCT TTTCCATTCG.CATCAATCTCCCAATTTCAAT TAACCCATTTCAAGTCTTTGTATTAGGCCTATGAAATCTCTTAACTTAGTACTAT AAACT
CTGOGTCGTGGG6AAGCAACTTAGGAGTAGiGAGGAAGGATGTAGAGGCAGGGAGAAGAAAGTAGGAAGAGAAAGACAAAGGAAAT AGAAAGGAATTATCTATGGCAGAATATGGGT GTGAG
CATCTTAG;ACAACTCTGTGGGACTG-GTCGAAGAtGAAGATGA ACAACCTttTTTAGAGGGGAAGAACTAAGAACAAAAGCGACT AACAATATCCTAATCTGTGATAGATGACrTT

CGGGAAATTTTAGATCTGGATAAGAGAACTTTAGAACATCTCCCTGATAGCCAAGCTAAACCTCTCTCCCTTAGAAGGTTCCTGAGT TTGTCTTTCTTCTTCTTCTCTTTCCT ACAGC
ouLoAl yAsnVolL ulI eIleVal LouAI aSerArgPhoGlyLysGluPhoThrproGluValGlnAl aSerTrpGlnLysLeuVal SerGlyeVaISerSerAl *LeuGl y~fsLysT
TCCTCGOGGAATQTCTGATTATTGTTTTGGCTTCTCGTTTTG.GAAOGACTTCACTCCAGAAGTGCAGGCTTCTTGGCAGAAGCTGGTGTCTGGTGTGTCCAGTGCC TTGGGCCACAAGT
yrH1sTER AAT A
ACCACTAAATATAQCGTCTATGGTGGGOaCCTOTGAACACATQz;AGGCCCATCTCT TACATGTAAGGAAGGGAGCAATG! rTTACGTACTGCCTTCTGCTCCCACCCCTTGACCAATA
AAA
AAATACTTTATTTCACCAATCTGTTGT CATTGTCATTCTCTTCCTCTTGGTCATCCTTATGGGAGATAGTACCCTAGATGGGACTGGGACTAGAACAAATGACCTCTGAAAAATCCTG TT
CCACTClCTTCCTTCACAATTATGTGATCACGGAGACTGAATCTGGTCTCTCTAAG;AGTCTCTAGOGGTATGGAACCAATTGGAACAGAGACCTTACAGAGTA 358 2

TAAMTTTCCATATATATATATAT ATATACATATATATATATATATATATATATATATATTCAAGGAACTAAAGAATTTCTCAACCCAAATAGTTGAAAT ATATtTTAttATCACTGTCT A
TACTGGAOTA -AGAGACAAAGGGGAGAGTCATGTCTCAGGCCAGAACTTCAAGAGAGTTCCAAATCTtGAGGTGATGCCAAtCTAGTCTGGTGACTAAGTAGTCAGAGAGAGT CC

CACCCh CACCC CCAAT
ATCTCTCCCAACAGACTCCTCCTAACCCCTCCACCCCAAATCATOCACCACCCTTCTTCCATTGOCCTCATTCCAGGT TAGCCACACCrCCAACCTTAGCCAATAGACATCCAGAA

ATA INIViNH sLeuTh
GTTTOG##GCCAGlSATA---G-GUA"GTATTAGTTTCA OCATCATACtACTTTTGACACAGCTCTGTGTTCACAAGTAAACT TTCAAAATGGTGCACtTTGAC

rSerG1uG1uLysAsnCysI91 *ThrThrI I eTrvSerLysV* I G1nVa1AspG1nThrG1yG1 yG1uA1aLeuG1yAr
rTTCT Q CATCACTAC CACTO~CTOGTCTAAGTCAGTTn-AC A CTGGTGGTCAGOGCCTGGCAGGTAAGTACCAGGGGCCATOGAAGGCATGAAGAGGGGCA

getLeu~a 1 Va 1 TyrProTrpThrThrArqPhoPheG 1 ySerPheG 1 y
GGGAATGACAACTGCAATTAGTCGTCGAAT AGTAAAAACTTGACTACCTCCT TTCTATTrcTCTTCCCAAAGGATGCTCGTTGrcTCTACCCCTGGACCACCAGGTTTTTTGGGAGCT T IGGT
AspLeuSerSerProG1YAl1aVIlMtSerAsnSerLysVIG1 nAIaHisGIYA1aLYSVaILeuThrSerPheG1yGuA1 aVa1LysHi sLeuAspAsnLeuLysG1yThrTyrA1
GATCTGTCCTCTCCTGGCGCTGTCATGTCAAAT TCTAAGGTTCAAGCCCATGGTGCT AAGGTGTTGACCTCCTTCGGTGAAGCAGTCAAGCATTTGGACAACCTGAAGGGT AC r T ATGCC
LYsLeuS-rGluLeHisCYsAsDLysLeuHisVaVAspProGluAsnPhoLys
AAGTTGAGTGAGCTCCACTGTGACAAGCTGCATGTGGACCCTGAGAACTTCAAGGTAAGT CTGGGGCTGCTCATTTGAAGATGCAGAATAGGAGCATTGCTACCACACAAAACTCT ATC
TTAGGGCATATAATAGAGTCTTTGCCCCTTGGCATTGATATTTAAGCAACAGACAGAT TAAATATGTATAATTCCTTCCATCAGGTAGAAACAACTGAGTTCAGTGCTTAGTTTGCAAGA
GCAATTATTATATTAGGAAGCTACCCTGTGCCCTTCATTGTTA ATTTTTCTCTTGTGTTTATCACTTAAAACACATCTATAAGCCTCCAGGCTCTAAATTTTAAAGTCTCAGAAGGAACTCAGT
AAtCTGCTTTTATTtTACACTTGAGGAGCCTGAGGCCCTATCATGATAAGTAAATCAT CTAAGGCCACAGGGCATATACA GAtTGACAACTTA TCCA
TCCAGGCCTTTTTCTTATATACCACATGAAAATTCTAAGATGAGCTATTTCCCCCTCTGTACTrACCATCATTrATCAAAATTGCTAGTCAGATCTTTACCCCCATGTGGGCC TGAGGAAT T
GTTAGTTGCTCAGGAGGAAAGGTCAGGAGCAGAACTCAGGAAGGGATCTATGACCCA;:TATTTAGGGACTCCTCAAAAGGTTGT AGTGGCTTCCTGTGCTTCTGTCTCTCCAGCT TT A fT
CTCTTTCTTTCTCTCTCATCTCCCTGTGCCCTTCTTAGTTCACATTCArTTTTTTCTTT CACTrTAAA^A^TTTCTATAGccrcrTCCTTTTAAAAATTTTAGTCTCTCCACATCCAGC T TCTCr
TCTTCTTTCATCTTTAtTTTTCAACTTTTCACACTCTCCCTGTAGCTTTCTTTCT TATGTGCCTCATATGCTCTATTTCCTCCTCTACTTCCTTCTTTTTAAGCTCTTTCCCCTrccrTTA
TTTTGCTTCCTTCTTTAATTAAATTCCTTTCTCTTTTATTTTTCTTCTCTTTCTGTCTTAATAGTTCTCCCTCCTTTCTCCT TrCCCTCTTCTGTTTCCTTGCTTTCCCTTTCCCCAGCT
AGTTTATTAAATTTACTAGATTCTTCAATTTTCCCTTTAATTCCTTAGCTCCTACCATTAAGGATCCTTGTAGGACTCAAAGACTC T ACtT TCCTTTGTTAAGGGACAGAGAAATAAAGG
CAGAAAGAGGTAAGAGAATAAGGAGAsAAAAAGATACTTAGGTGAGAAATCAAATAGTCTAATGATTGAATAACCTCTGGAGAACAGTAGAAAAGAGGGTCAGGAACTGT AGGAT
ATOGG~A(TTTGGGGAATTTGGTAGGGCATTGTGAAGAAAAAAGCACCACACtCTACAATTTGAACCTTATTOCGTTAATATGACCCAGGAAATAAATTTGCATATGGAGATGAG.TGAGAA

1 tLeuG1yAsn1leI1eVal Ie1CysLuA1GIuHisPh
TACAGOTTGGTTGTGAAGGAGGTCTGGAT ATAATTATTTTGTCAGATGTTCATTGTGTGTCT TTCTATTTCTTCTACAGATGCTGGGGAATATCATTGTGATCTGCCTGGCTGAGCACT T

TOOAAGGTTTTACTCCTGAATOTCAQGGTTGCTTGCAGAAGCTCGTGGCTOGAGTTGCtCATGCoCYCT ~~c~TACATAGCCTTzQcATCTGGTGGTCTTCATT GAGCTC
AATAAA

AGTCCACTATOTTCCATATAGTCT ACCTTCTCCACATCCAATCAATAGOGTCTGACCCTGTcGGGCATGGTCCCTGACCAATAAACTOCAT TCCTTCCAGCAAACCTCATGTGATT TTCT r
TCCCCTCTTTGTTGCCTTGGTTTTGGGGAGTGGGTAAATAAGAGTAGAT G ATTGGAAG 2708

FIG. 2. Nucleotide and deduced amino acid sequence of opossum EM (Upper) and pM (Lower) genes. Both opossum genes are divided into
three exons separated by two introns. The immediate 5' flanking regions of both sequences contain CACCC and CCAAT types of promoter
elements and an RNA polymerase II binding site (ATA). Both sequences share the same initiation (INI) and terminator (TER) sequences as
well as a 3' poly(A) addition signal (AATAAA). In the extended 5' region of OM, located 407 base pairs (bp) 5' of the initiation codon, is a
purine/pyrimidine dinucleotide repeat similar to that found about 400 bp 5' of Xenopus adult B1 (16) and that found 578 bp 5' of human adult
( (17). The length of intron 1 in both opossum , genes (109 bp and 113 bp in EM and PM, respectively) is similar to that of other vertebrate (
genes, but intron 2 is substantially larger. Intron 2 lengths in EM and O3M are 1857 and 1465 bp, respectively, whereas the largest vertebrate 3-globin
intron 2 found in previous studies was in goat El' [1040 bp, (18)].

Although a protein chain encoded by opossum EM has not been gene is conserved to a greater extent than the gene expressed
found in juvenile or adult opossums, the non-adult opossum in adult opossums. Inasmuch as very similar eutherian E-, y-,

and 71-globin genes are expressed during prenatal develop-
Table 1. Nonsynonymous divergence values (percent) over pairs mnt we ded e at exnon-adultnopo en eelet
ofg~~pbingenecodingregions ment, we deduce that the non-adult opossum gene, like its

of globin gene coding regions eutherian counterparts, encodes an embryonic hemoglobin
Human E chain. Thus, we designated the two opossum genes as /3M
Human y 10 - (marsupial adult-type) and EM (marsupial embryonic-type).
Opossum EM 13 13 The most parsimonious genealogical arrangement for >80
Opossump(M 20 24 22 -Marssupialmcat(3* 16 18 17 12-2 f3-globin genes (representative lineages shown in Fig. 4) joins
Marsupial cat OB* 16 18 17 12 opossum PM to the root of a branch leading to eutherian ,B
Human (3 16 18 16 23 18 genes and joins opossum eM to the root of a separate branch
Chicken (3 19 23 21 24 21 23 - leading to eutherian E, y, and iq genes. The two paralogous
Xenopus (3 33 35 37 43 48 38 40 branches (represented by eM and pM in opossum) trace back
*Partial sequences. to a single gene duplication that occurred after the ancestral
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gaCCTCACCC tgtggag CCACACCCtagggttggCCAATctactccca Hu B
gaCCTCACCC tgcagag CCACACCCtggtgttggCCAATctacacacg Ra 0
agCCTCACCC tgtggaa CCACAACTtggcacgagCCAATctgctcaca Go $
agCCTGATTC cgtagag CCACACCCtggtaagggCCAATctgctcaca Mo 0

ggCCTCATTCcaggt tag CCACACCCcaaccttagCCAATagacatcca Ops.
_ _I _- ._ __

I I I.____I I
_ _

gaCTCCACCCCacagg gaCCAATGATcagtcttgaCCAATagcttcaga OpE M

1 - ----I - 1II--- I- I--- I--- i-- - -
aaCTCCACCCAtggg ttggCCA GCCttgcc tczaCCAATaptCttpaga u Y
aaCCTCACCCCtgcg ctgaCCA GCCttgcct;tuaCCAATagcctcaga Ra Y
gaCCCCACCCCtgtc ttgcCCA GACtc tcttgaCCAATagCctcaga MoY
agTTCCACCCCtggcagtgaCCA CCtagctttgaCCAATagtcttcat Go n
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FIG. 3. Comparison of 5' flanking promoter sequences of
,B-related globin genes. Highly conserved sequences that have been
implicated in gene regulation (CACA; CCAAT boxes) and their
orthologous counterparts in other sequences are given in uppercase
letters. Underlined human and rabbit 'y sequences are parts of
27-base imperfect repeats involving the CCAAT box: in each case,
the 3' duplicate, which better aligns with other sequences, is
presented. Vertical bars above, or below, opossum sequences
indicate nucleotides in the opossum that are also found in at least 50%o
of the eutherian sequences above it (adult P genes) or below it (E, y,
and q genes). Horizontal bars indicate positions where at least 50%
of the eutherian sequences above and below the opossum sequences
have the same nucleotide. The opossum ,PM sequence clearly aligns
best with eutherian adult (35' flanking regions, and the opossum eM
sequence aligns best with eutherian E, y, and 7 5' flanking regions.
Hu, Ra, Go, Mo, and Op, human, rabbit, goat, mouse, and opossum,
respectively.

separation of Aves and Mammalia but before the separation
of Metatheria and Eutheria. Alternative branching arrange-
ments for the origins of opossum EM and 8M require at least
three extra genic events.

In the most parsimonious tree (Fig. 4), after the orthologous
separation of opossum cM from antecedents of eutherian E, y,
and qj loci and before the separation of artiodactyl, primate,
lagomorph, and rodent lineages, two duplications first sepa-
rate out E and then v1 and y loci. Emergence of the eutherian
embryonic-type loci is compatible with their physical linkage
arrangement, which is 5' E-y-q 3'. Alternative arrangements
require at least four extra nucleotide substitutions. Also in the
most parsimonious tree, Artiodactyla separates first from
other eutherian orders, Primates second, and Lagomorpha and
Rodentia last. This pattern parallels superordinal relationships
proposed in several recent molecular and morphological stud-
ies (26-28). Alternative arrangements require at least nine
extra substitutions. At least nine extra substitutions are also
required to prevent opossum (M and the Australian marsupial
cat from forming a monophyletic group.
The results presented in Fig. 4 are compatible with (i) the

number and 5' -+3' linkage order of eutherian ( globin genes,
(ii) differences in divergence rates determined from pairwise
comparisons, (iii) types and locations of putative promoter
sequences, and (iv) patterns of developmental expression of
e and (3-like globin genes in mammals. The separate lines of
evidence by themselves do not conclusively point to any
single chain of events but together are consistent with the
hypothesis presented in Fig. 4.
With respect to when the adult-type locus duplicated to

produce separate 8 and (8 loci, comparisons of coding regions
are not informative. Frequent conversions of the 8 locus by (3
in primates, rabbits, rodents, and artiodactyls (2, 5, 29)
encompassed coding portions ofthe two loci. The unconverted
noncoding sequences, however, reveal clear homology in 8 to
8 and (3 to (3 interordinal comparisons but low levels of
homology in 8 to (B comparisons. That opossums have only a
single adult-type (3-globin with no homology between its
noncoding regions and those of eutherian 8 and (3 genes
suggests that the duplication giving rise to 8- and (-globins

occurred in the early eutherians after their divergence from
Metatheria.

Evolutionary Implications of Duplicated 1-Globin Genes.
Our results provide evidence that two progenitors of hemo-
globin E -, y-,yI-, 8&, and (-chain gene lines existed at the time
of the metatherian-eutherian split and that these two pro-
genitor genes had already come under different developmen-
tal controls. Our phylogenetic reconstruction (Fig. 4) places
six nonsynonymous substitutions on the nascent adult he-
moglobin (-chain gene line and two nonsynonymous substi-
tutions on the nascent embryonic (E-like) gene line. Of the
hypothesized amino acid changes (in adult (3: aspartic acid
glutamic acid, asparagine -- aspartic acid, isoleucine
valine, methionine -* leucine, isoleucine -+ valine, and
alanine -) aspartic acid at positions 43, 47, 54, 78, 111, and
116; in embryonic e: leucine -* phenylalanine and alanine
serine at positions 3 and 52), perhaps the most significant was
the replacement of leucine by phenylalanine at position 3 of
the embryonic chain. The larger R group of phenylalanine
possibly intruded into the space where diphosphoglycerate
fits and thus reduced the affinity of the binding site for its
ligand. The effect of reduced diphosphoglycerate binding
would be to increase the oxygen affinity of embryonic
hemoglobin over that of maternal hemoglobin, thereby fa-
voring the transport of oxygen from mother to embryo.
Adaptive significance of this change is suggested by the
conservation of phenylalanine in opossum EM and eutherian
E, y, and q chains, whereas leucine has been retained by
eutherian and opossum adult (3-globin chains. With respect to
the six hypothesized amino acid changes in the stem of the
adult branch, all are found as variants in present-day mam-
malian (3-chains. Nevertheless, three of the six changes
occurred at known functional sites: (343 is an al,(2 contact
site, (354 is an interior position, and (8116 is an a1(32 contact
site (6). Thus, it seems reasonable to suggest that the
emerging adult hemoglobin had different functional proper-
ties from its predecessor.
As just noted, fewer amino acid changes occurred in the

progenitor of globins expressed during embryonic stages than
in the progenitor of adult (3-globins. The numbers of nonsyn-
onymous substitutions on the branches of the most parsimo-
nious tree (Fig. 4) show that this trend continued in meta-
therians and eutherians. Eutherian E, the gene consistently
expressed in embryonic life, evolved on average at about
two-thirds (68%) the rate of eutherian adult (3 genes, and
opossum EM evolved at about three-fifths (57%) the rate of
opossum (M. Evidently stabilizing selection acted more
pervasively on embryonic E than on adult (3 genes. Less room
may exist for variation of internal conditions in the embry-
onic stage of life than in later stages.

In placental mammals, adaptations to extended fetal life
within the mother also occurred. At the 'y locus, an embry-
onic hemoglobin was redesigned to be a fetal hemoglobin in
simian primates. Convergently, a duplicated ,8 locus became
the source of fetal hemoglobin in bovids. Thus, although the
expansion of a two-gene (3 cluster to a five-gene cluster may
not have given the early placental mammals any initial
advantage over marsupials, the additional loci contributed to
the success of later evolutionary experiments.
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