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Summary. Domestic sheep have two common al-
leles at the adult 3-globin locus, 8 and BB. Here we
report the structure of the S-globin locus of A-hap-
lotype sheep. The locus consists of 12 genes, orga-
nized as a triplicated 4-gene set: 5’ el-ell-y3'-GC-M-
eV Bi.BA-eV-cViyBU-8F 3’ This arrangement is
identical to that of the closely related goat locus.
Sheep with the B haplotype have a locus arrange-
ment consisting of a duplicated four-gene set, lack-
ing the (3¢ gene as well as three other genes present
in A sheep and goats. In order to understand the
evolutionary history of the B sheep locus, we have
sequenced the 8® gene from these sheep, and the g€
gene from A-haplotype sheep, and compared the
sequences to those of the sheep 84, goat 8€, and 84,
and cow adult 8 genes. Our results indicate that the
3B gene has diverged recently from the 54 gene, and
therefore the 88 locus structure may have resulted
from a recent deletion from a triplicated locus.
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Introduction

The ruminant globin clusters have unusual evolu-
tionary histories among mammals. The g-globin
genes of all mammals have descended from an an-
cestral mammalian cluster consisting of five genes,
5" e-y-n-6-3 3’, whose descendents have undergone
various duplications, deletions, inactivations, and
changes in developmental regulation in different or-
ders and species of mammals over the course of
evolution (Goodman et al. 1984). In the ancestral

Offprint requests to: J.B. Lingrel

ruminant, the v-globin gene was lost and the é-glo-
bin gene became defective. The remaining four-gene
set, e-e(n)-¥B(8)-8, was duplicated, and the #-globin
gene in each block assumed a new function and
pattern of developmental regulation.

In goats (Capra hircus), the original four-gene set
was triplicated: 5" el-ell-y3X-FC-e-eVf32-FA-Y -¢V1-
YBY-BF 3' (Townes et al. 1984). The S8F gene is ex-
pressed in the fetus, the 8¢ protein is found in ju-
veniles from birth to about 6 months of age, and
the 8~ globin gene is expressed in adults (Huisman
et al. 1969). The B3¢ and 8* switch is reversible under
conditions of anemia or hypoxia, or following in-
jection of erythropoietin (Huisman et al. 1967; Boy-
er et al. 1968).

The bovine (Bos taurus) §-globin cluster also con-
sists of a duplicated four-gene set, with the addition
of a small-scale duplication of one of the pseudo-
genes: 5 e3-¢*-y3-B-¢'-e2-Y!-Y?-y 3’ (Schimenti and
Duncan 1985b). The cow v gene is more closely
related to the 8-globin gene than to the y-globin gene
of the ancestral mammalian B-globin cluster, al-
though it is expressed in the fetus.

Sheep (Ovis aries) have two alleles at the 3-globin
locus, 84 and 8% (Huisman et al. 1958). Sheep with
the 84 allele have a developmental 8-globin switch-
ing pattern resembling that of the goat (Hammer-
berg et al. 1974). Since the triplication event that
created the 8€-globin gene preceded the divergence
of sheep and goats (Li and Gojobori 1983), it would
be expected that their 8-globin loci would be similar.

In this paper we describe the cloning and mapping
of the A sheep locus, and confirm that no major
rearrangements have occurred since the divergence
of A sheep and goats. Verification of the A sheep
locus structure is necessary in order to understand
the evolution of the B sheep locus. B sheep lack the



176

B3C-globin gene (Benz et al. 1977) and their 8-globin
switching pattern is like that of the cow. One or
more embryonic globins are replaced by a fetal glo-
bin, which is followed by an adult globin called §®
whose expression is not affected by anemia (van
Vliet and Huisman 1964). We have previously shown
that the B sheep 3-globin locus consists of a dupli-
cated four-gene set: 5’ -ell-y31-GB-l-¢!Y - GU-BF 3’
(Garner and Lingrel 1988). Thus, these sheep lack
the B¢ globin gene as well as three other genes that
are present in the goat and A-haplotype sheep. Two
models can be proposed to explain the evolutionary
history of this locus. Possibly the ancestors of sheep
and goats were polymorphic for duplicated and trip-
licated loci, with both haplotypes being retained in
sheep but only the triplicated locus remaining in
goats. Alternatively, the ancestors of sheep and goats
may all have had a triplicated locus, and some sheep
later deleted a four-gene set.

Sequence comparisons could verify one of these
models. If the 5B sheep locus is descended directly
from the ancestral eight-gene haplotype, then the
BB-globin gene would be expected to be equally sim-
ilar to the 8A- and 3¢-globin genes. However, if the
(3B-globin gene arose recently, after the triplication
event that produced the #*-globin and B¢-globin
genes, then the §Bgene would be more similar to
either the BA- or the B3¢-globin gene. Therefore we
have sequenced the §B-globin gene from B sheep,
which we had isolated previously, and the 3¢-globin
gene from A sheep, and compared these sequences
with related ruminant juvenile and adult gene se-
quences. Our results favor the deletion model.

Materials and Methods

Probes for Library Screening and Southern Blots. Probes were
obtained from the cloned goat ¢¥-, ¢'V-, y87-, and BF-globin genes.
Each of these probes is specific for the descendants of one member
of the ruminant ancestral four-gene set. The ¢V probe hybridizes
to the goat ¢'-, ¢'''-, and ¢¥-globin genes; the ¢/¥ probe hybridizes
to the €''-, ¢V-, and ¢''-globin genes; the Y37 probe hybridizes to
the pseudogenes, and the BF-globin probe hybridizes to the 8¢,
p#*, and 8F genes. These probes have been described in detail
elsewhere (Garner and Lingrel, 1988).

Construction of a Genomic Phage Library. Genomic DNA
from a homozygous A-haplotype sheep was used to construct a
partial Sau3al library in the lambda vector EMBL4 using stan-
dard methods (Maniatis et al. 1982). EMBL4 phage arms were
prepared by digestion with BamHI and Sall and ethanol precip-
itation to remove the small linker fragments. The genomic DNA
was ligated to the phage arms, packaged, and plated without
amplification. The library was screened with the goat ¢V and gF
probes described above, using methods described by Maniatis et
al. (1978). At low stringency wash conditions these probes cross-
react with the €'-, ¢'"'-, and ¢¥-globin genes and the pseudogenes,
respectively.

DNA from 40 positive phage clones was digested with EcoRI
and BamHI or Hindlll and combinations of these enzymes.

Comparisons of these digests and hybridization patterns found
by Southern blot analysis of the digests allowed most of the clones
to be ordered in groups on the basis of shared fragments. Com-
parisons of double digests allowed tentative overlapping frag-
ments to be identified at the ends of clones 14 and 18, and 24
and 49. These overlaps were confirmed by sequencing. Southern
blot analysis using the four goat probes was used to locate the
genes within the locus.

Nucleotide Sequencing. The gene sequences were determined
using a variation (Duncan 1985) of the dideoxy chain termination
method (Sanger et al. 1977). Subclones for sequencing were ob-
tained using the deletion method of Dale et al. (1985).

Sequence Analysis. Sequences were aligned using the Micro
Genie programs from Beckman. Percent divergences were cal-
culated by counting each mismatch between two sequences and
dividing by the length of the longer sequence. Each insertion or
deletion was counted as one mismatch regardless of size. Silent
and replacement changes within coding regions were calculated
by the method of Perler et al. (1980) using a computer program
written by F. Fuller and supplied to us by A. Efstratiadis.

Results

Linkage Arrangement of the A Sheep Locus

Forty overlapping clones spanning the A sheep
B-globin locus were isolated (Fig. 1). The locations
of the genes were determined by Southen blot hy-
bridizations using the four goat gene probes de-
scribed above. The results obtained with EcoRI
digestions are shown in Fig. 2. The goat ¢ probe
hybridizes to three regions in the A sheep locus, at
about 10, 50, and 92 kb from the 5’ end of the cloned
region (Fig. 2A, clones 16, 4, 38, 27, and 42). As in
the goat and B sheep, the goat ¢V probe hybridizes
to regions downstream of each ¢V-hybridizing re-
gion, at 19, 58, and 100 kb from the 5’ end of the
locus (Fig. 2B, clones 4, 18, 27, 49, and 35). Simi-
larly the goat 8% probe hybridizes to three regions,
each downstream of the eV-hybridizing regions, at
24, 64, and 111 kb from the 5’ end of the cloned
region (Fig. 2C, clones 4, 18, 49, 35, and 46). The
goat SF probe also hybridizes to three fragments, at
32,78, and 124 kb from the 5’ end of the locus (Fig.
2D, clones 14, 24, 36, and 46). Genomic Southern
blots of A sheep DNA hybridized with the same
four goat probes show the same number of hybrid-
izing fragments (Garner and Lingrel 1988), indicat-
ing that the complete A sheep locus is contained
within these clones. As expected, the A sheep locus
is very similar to that of the goat, consisting of a
triplicated four-gene set: 5’ el-ell-81-3C-el-¢lV.y 8-

BA-€V-¢VI-yBI_GF 3,

Sequence Features of the 8%- and B¢-Globin Genes

The nucleotide sequences of the sheep 3B- and B¢-
globin genes are shown in Fig. 3. The conserved
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Fig. 1. Linkage map of the 8-globin gene cluster of sheep with the 84 allele. EcoRI restriction sites are indicated as vertical bars

below the map. Overlapping phage clones spanning the locus are numbered.
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Fig. 2. Southern blot of EcoRI-
digested sheep clone DNA hybrid-
ized to goat (3-globin probes GeY,
Ge'Y, GyB?, and GS*. Lanes are la-
beled with the clone numbers.
Sizes of hybridizing fragments are
listed in kilobases. Bands marked
with an asterisk (*) are EcoRI-par-
tial Sau3Al fragments produced
during cloning and are not repre-
sentative of genomic fragment
sizes.
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30 50 70 90
AAGCTTCTCTGTTCTTCCAGACACTTTCCCAGGTCAGTCCATGAGGARACAAATTATATGCCTCTA-CTAGTCTTTGAACACATTACCTCTCTCAGGGT TATIGAAACGT TIGGETTATG
AAGCTTCTCIGYTLTTCCAGACACTTTCACAGGTCAGTCCATGAGGARACARATTATATGCCTTGATTTAGTCTTTGAACACATTGCCTCTCTCAGEGT TACTGAAACTTTGGGETTAIG

130 150 170 230
ATTGATTTTTCACTCATTIGTATTTCTTATTACATGGAGAGGTCTCTATGTTTTCACATACAGAATAACGGAGTAAGTAT T TCACAGGATLTCTCAATCCATACTTATTCTATIITICTA
ATTGAATTTTTACTTATTIGTATTTCTTACTACATGGAGAGGTCTCTACGTTT TCACATATGGAT TRATGGAGTAAGTATTTCACAGGATCTCTCAATCCACACTTATTCTATTTTICTA

270 290 310 350
TCATTATTTATTTIGGTCATAAATTAAATTTA-AAARART TAAATGAG TAGATAAGCAAATGAATATTTGTTTTCATACCAGAACGA - TTAATCCCAAACAAGCAAACAAAAGAGATGCGT
TCATTATTCATTTGGTCGTAAATTAAATTAAGAARAAATTGAATGAGTAGATAAGTAAATGAATATTTGTTTTCATACCAGAATGACT TAATCCCAAACAGGCGAACARAAGAGATGCAT

390 410 450 470
ATTTAGAACAGGGGCAGAGGTTTTATCCAGGCTGTGCTTGCAATTCTTTTGCATAT TTTGAAGGCACAGGAAATAATCCATCCACATAGTC----- TTGAATCATAGIGGAAAAATCCTT
ATTTAGAACAGAGGCAGAAGTTTTATCCATGGTGTCCTTGTAATTCTTTTGCATATTCTGAAGGCACAGGAGGTGATCCATCCACATAGTCTTAAGTTGAATCATAGTGTACARATCCTT

490 s10 530 550 570
TCCATTTTCTGMGCCCGGATTCTTCATTTATGYMYMGAMATTGAGGMSGTAGGTTTCCAMSAGGTTACCTCGYTGYGACTCIMMTCTCTACAAGCAMCTTGCTAAGGMGMG
TCCACTTTCTGGAGCCCAGATTCTTAATTTGTGT TATAAAAAAATTGAGGAAGT -G TTTTCCAAGAGATTACCTCGTTGAGATTCTAARATCTC TACAAGCAAAC TTGC TAAGGAAGATG

650 70 690 710
ATTTTAGTAGCAATGTGTATTGCTGGAATGACTGAGACCTTGAGATGCCCAGAAAGAGGGC TGATGG TCTAAAGTCAGTGCCAGGAAGACCAAGTAGAGGTATGGC TATCACCATTCAAG
ATTTTAGTAGCAATGTGTATTGCTGGAATGACTGAGACCTTGAGATGCCCAGAAAGAGGGCTGACGG TCTCAAGTCAGTACCAGGAAGACCAAGGAGAAGTATGACTATCATCATTCAAG

730 aat 770 790 atasa 810 +1
CCYCACCCTGTGGMCCACMCTYGGCACG‘GCCMTCTGCTCACAEAAGUGGGAGGGCAGGAGGCABGGCIGGGCMAMAGGAMCCGGGCCAGCIGCCGU TACACTTGCYTCY
CCTCACCCTGTGGAACCACRACT TGGAATGAGCCAATCTGCTCACAGAAGCAGGGAGGGCAGGAGGCAGGGL TGGGCATAAAAGGAAGAGCCGGGCCAGCTGCCGCTTACACTTGCTTCT

850 870 890 910 930 950
MetLeuThrAlaGluGlulysAlaAlavalThrGlyPheTrpGlylysvallysvalAspGluvalGliyAlaGluAlaLe
GACAC-ACCGTGCTCACTAGCAGCTBCACAAACACACACCATGCTGACTGC TGAGGAGAAGGC TGCCG TCACCGGCT TCTGGGGCAAGGTGAAAGTGGATGAAGT TGG TGCTGAGGCCCT

GACACAACTGTGTTCACTAGCAGCTACACAAACAGACACCATGCCGAAT -————- - -~ AAGGCCCTAATCACCGGCT TCTGGAGCAAGGTGAAAGTGGACGAAGTTGETGCTGAGGLCCT
MetProAsn LysAlaleul 1eThrG1yPheTrpSerLysvallysvalAspGluvalGlyAlaGluAlaLe
970 990 1010 1030 1050 1070
UGlyAr

GGGCAGGTAGGTATCCCACTTACAAGACAGG TTTAAGC AGAGTGAATGGCACCTAGGCATGCAGGGACAGAGCTGTCCCT -- - -GAGAT TCTGAAAGCTGCTGACTTCCTCTGACCTIGT
GGGCAGGTATGTATCCCACTTACAACACAGATTTAAGGAGAG TGAATGGCACCTGGGCGTG TGAGGACAGAGCCATCCCCCTGAGAGAT TCTGAAAGCTGCCGAGTTCCTCTGACCTTGT

1090 1110 1130 1150 1170 190
gleuLeuvalvalTyrProTrpThrGinArgPhePheG JuH1sPheG ) yAspLeuSerAsnAlaAspAlavalMetAsnAsnProlysVallysAlaHisGl
GCTETTTTCTCCCCTTAGGCYGCTGETTGTCTACCCCTGBACTCAGAGGT TCTTTGAGCACT TTGGGGACTTGTCCAATGCTGATGCTGTTATGAACAACCCTAAGG TGAAGGCCCATGG
GCTGTTTITCTCCCCTTAGGCTGCTGGTTGTCTACCCCTGGACTCAGAGG TTCTTTGAGCACT TTGGGGACT TGTCCACTGCTGATGCTGTTTTGGGCAACGCTAAGG TGAAGGLLCATGE
gleuLeuvValAlaTyrProTrpThrGInArgPhePheG IuHisPheGlyAspleuSerThrAlaAspAlavalleuGlyAsnAlalysvallysAlaHisGl

1170 1190 1210 1230
sPheGlyAspleuSerAsnAlaAspAlavalMetAsnAsnProlysVallysAlaHisGlyLysLysValleuAspSerPheSerAsnGlyMetiysHisLeuAspAspleulysGlyTh
CTTTGGERACTTGTCCAATGCTGATGCTGTTATGAACAACCC TAAGG TGAAGGCCCATGGCAAGAAGGTGCTAGACTCCTTTAGTAACGGCATGAAGCATCTCGATGACCTCAAGGGCAC
CTTTGGGGACTTRTCCACTGCTGATGCTETTTTGGGCAACGC TAABGTGAAGGCCCATGGCAAGAAGG TGCTAGACTCCT TTAGTAACGGCGTGCAGCATCTTGACGACCTCAAGGGLAC
sPheGlyAspLeuSerThrAlaAspAlavalleuGlyAsnAlalysVallysAlaHisGlyLysLysvalieuAspSerPheSerAsnGlyValGinH1sLeuAspAspleulysGlyTh

1270 12%0 1310 1330 1350 1370
rPheAlaGInLevSerGluLeulisCysAspLysLeuHisvalAspProGvAsnPheArg
CYTTRCYCAGCTGAGTEAGLTECACTGIGATAAGCTGCACGTGGATCCTGAGAACT TCAGLGTGAGTTTGYGEAGTCCTCAATGT TYTCLTTCTTLTTTTTATGGTCAAGLTGATGTTAY
CTTTGCTCAGCTGAGTEAGCTGCAC TG TGATAAGC TGCATGTGGATCCTGAGAAC T TCAGGG TGAGTTTGCAGAGTCCTCARTATTCTCLTTCTT--- TTTATGG TGAAGC TEATGTLAT
rPheAlalInLeuSer&luLeutisCysAsplysLleutisvalAspProGluAsnPheArg

1390 1410 1430 1450 1470 1490
GGGOAGAAGGC TRAATGACAGEACACAGTTTAGAATGEAGAAGAGGTATTCTGGT TAGAGTGC TAAGGACTCCTCASAACCGTTTAGACTCTTTTAAC-~-CTCTGCTCACAACCATCATT
GOGGAGAAGGC TEAATGGCAAGACACGG T TTAGAATGGAGAAGAGG TATTCTGGT TAGAGAGC TAAGGACTCCTCAGGACTGTTTAGACTCTTTTAACTTCTTTGCTCACAACCATCATC

1510 1830 1530 1610
TCCTCTGATTCATTCTTGTTCTCTGTTGTCTGCAATGTC--CTCTTTTTAGTTATACTTTTTATTTTGAGGG T TTAATTTGAAAAAAAAAT-TTATTTTATCAACTTTAAAAATCATATC
TCCTCTGATTCATTCTTRTTCTCTGTTGTCTGCAATGTCTTCTCTTTTTAATTACACTYTTTATTTTGAGAGT TTAATTTGAAAAAAAATTCTTCTTTTATCAACTTTAMAATGGTATC

1630 1650 1670 1690 1710 1730
TAATATTTTCCCCTTATCTGTTTCTTTCAAGGAAT -AAATGT TCTATTGCTTTTTGAAATGAT TCAAAATGATAAAAATGATAACAAGT TCTGGATTAA- - - - ~AAAGAGAGAAACATTT
TMTATTTTCCCCTTGTCTGTTTCTTCCAAGGGATAMAYGTYGCATTGCYTTTTGMATGAYTCMMTMYMMATGATMTGAGTTCAGGATTMGGTAGMAGAGAGMACATTT

1750 1770 1790 1810 1830 8!
CTAAACATATATTCAGGAAGACATAGG TAGATACACATCAGTAGTAACATCTTCGCTTCAGTCATCCTTGTGCTTATATCCTACGGTCACAGCT TGGGATGAGACTGAAATACCCTGAAT
CTAGATATAAATTCAGCCTGATATAGGCAGCTTCACATCAGCAGCAGCATCTATACTTCAGTCATCTTTGTGCTAATATCCTAGGGGCACAGCTTGGGA TGAACC TGAAMTACCCTGRAT

1870 1890 1810 1930 1970
CTMCCTTGGACTTCTCTCATAECTCAGTTGGYAMGAGTCTGCCTGCAGTGCAGGAGATCCCAGTTCGATTCCTGGGTCAGGAAGMTGGCTWTAGGCTACCCACTCCM
GTAACCTTGBGCTTCCCTCOTAGCTCAGTTGGTARAGAGTCTGCCGECAATGCGCAAGATCCCAG T TCGATTTGTGGET TGGGGAGAAGGGC TGGAGAAGGGATAGEC TACCCACTCCAG

1990 2010 2030 2050 2070 2090
TATTCTTGTGCTTCCCTTGTGGC TCAGCTGG TAAAGAATCTGCC TGCAGTGCGGGAGACCTGGGTTCTTCTATCCATGGGT TGGGAAGA TCCCC TGGAGAAGGGAAAGGCTACCCTCTCC
TATTCTTGGGCTTCCCTTGTGGCTCAGCTGETATAGAATCTGCCTGCAGTGCAGGAGACCTGGGTTC - - -AATCCCTGGGT TGEGAAGAT

2110 2130 90 2210
AGYATTCTGGCCTGGAGAAATCCGTGGACTGTATAGTCCATGGGGT TGCAAAGAG T CAGACATGACTGAGCAACT TTCACT TTACTAACCTGCACTAACCCTGCCCTTGCTTAATGTCTT
GTATAGTCTATGGGGTTGCAAAGAATCAGACACGACTGTGCGGCTTTCACTTCGCTCACCAGCACTAACTCTGCCCTTGCTTAATGTCTT

2230 2250 2270 2290 2310
LeuLeuGlyAsnValleuvalvValValleuAlaArghisHisG1yAsnGluPheThrProvatiLeuGinAtaAspPheGinLysvalvalAlaGlyvalAlaAsnAlale
TTCCACACAGCTCCTGGGCAACGTBCTEGTEETTGTGCTGGCTCGCCACCATGGCAATGAATTCACCCCGGTGCTGCAGGCTGACTTTCAGAAGGTGGTGGCTGGTGTTRCCAATGCCCT
TTCCACACAGCTCCTGGGCAATGTGCTAGTGGTTGTGCTGGCTCGCCACTTTGGCARGGAATTCACCCCGGAGCTGCAGGCTGAGT TTCAGAAGGTGGTGGCTGRTGTGGCTAGTGCCCT
LeuLeuGlyAsnvalleuvalvalvalleuAtaArgHisPheGlyLysGluPheThrProGluleuGInAlaGiuPheGinLysValvalAlaGlyvalAlaSerAlale

2370 2390 2410 2430 2450

uAlaHisLysTyrHisStop
GGCCCACAMTATCACTMGCYCECETYCl:YGAYYTCCAGGAMGGTTTTTTCATCCYCRGAGCCCMAMTIGMTAYGGAMMTMTGAAGCATWTGAGCATCTGGCCTEYGCHI
GG(]ZCC:C:GA'{ATC:C;MBCTCI:CTTTCCTECTTCCCAGGMAABTBTTTCTATCCTCAGAGCCCAAAMTTGMTATGGMAMTTAYGAAGCATTTTGAGCATCTGGCCTCTGC'ITA
vAlaHisArgTyrHisStop

_poly A 2510 2530 2550 2570
RTARRGACACTTTYTCTCATTGCACTGGYGTATTTAAATTATITCACTGTCTCTTACTCAGATGGGCACT TGGGAGGGCAAAGCAC TGAAGATATAAAGAAA TAAMAGGC TAAGT TGGAA
ATARAGACATTTACTTTCATTGCACTGGTGTATTTGAATTATTTCACTGTCTCTTACTCAGATGGACACATGGGAGGGCAAAGCAC TGAAGACATARAGAAATGAAGGGL TA-GTTGAGA

2580 2610 70 26%0
CTTTGAGAAAATATATCAGTATCTTGGA-CCCAATGACAAGATGGTTGTAAACAGL TGATGTTAT TGGAAAATATGCTCTGCTCCTTAGTCTTACTCTGCCTTAAAGAATTCAAGTTGCA
CCTYGAGAARATATATTAATATCTTGGACCCTAGACAGAAGA -GG T TETAAACAGL TGATG T TAC TGGAAAACAGGC TCTGCTCCTTAGTCTTACTTTCCLY TAARGAATTCAAGTTGCA

2710 2730 27%0
GCTTGATTTGGTAGTTAGATCGTTGGTATGTTTTATIT e e e AAATARATTATGTTATTTAGCCTTTCTTATARATGTCTTCTC -0 -~ TCTAATTATCCAGAACATCACTTAGATCC
GCTTGATTGGRGAGT TAGATCATTGGTATGTTT TTTTT TAARARARATARATTATGTTATTTAACCTTTCTTGTARATGTCTTCTCTTTTTETTAATTGTCCAGAAACTCACTTAGATCC

2830 2850 2870 2890 2810 2930
ATTAAGTTCTTCTGCCTAAAGACACCACTGTTTTAAGATTTTCTYTAAGCGTTTTACTGTCCCCATTGCTCTTCCTCCCCT-ACCTCYTTTTATCCTACTTTCCTCTATCATCTTATGAA
ATTAAGTTCTTCYGCCTAAAGGCAGCTCTG-TTTARARTTTTCTTTAGGCATTTTACTGTCCCTATTGCTCTTCCTACCCTGACCTCTTGTTATCCTAGTTCCCTCTATCAT

2950 2970 3010 3030 3050
GATCTACAAGAAGGACAGAACCTTCTGTGCTGGAGTCTGACAATGACATATGAATTTTGAGTAATCCTIGTTCCCCCTTGCATCCTAATTCTGAATCTCAGT TCAGTTCACTTCAGTGGC
GATCTACAAGAAGGACACAACCTTCTGTCCTGGAT TCTGGAAATGACATATGAAT TTTGAGTAATCTTTGTTCCCTCTTGCATCCTAATTCTGAATCTCAGTTCAGTTTAGTTCATTGGC

3070 3090 ailo 3130 3150
TCAGTTGTGTATGATATTTTGCAATCCCATGGACTGCAGCATGCCAGGCTTCCCTGTCCAYCACCAACTCCTGGAGCTTGCTCAAATTCATGTCCATCAAGTTGGTGATGCCATTCAACC
TCAGTTGTGTACGATTCTTTGTGA- TCCATGGACTGCAGCATGCTAGGCTTCCCTGTCCATCACCAACTCCTGGAGL TTGCTCAAATTCATGTCCATCAAGTTGGTGATGGCATTCAACC

210 3230 3250 3270
ATTTCATCCTCTGTTGTCCCCTTCTCCTGCCTTCAATCTTTCCCAGCATCAAGGTCTTTTARAATGAGTCAGTTCTTCACATCAGGTGGCCAAAGTACTGAAGCTT 3239
GTTTCATCCTATGCCATCCCCTTTTCTTACCTTCAATCTTTCCCAGCATCAGGGTTTTTTCCAATGAGTCAGTTCTTCACATCAGGTGGCCARAGTACTGAAGCTT 3200

Fig. 3. Nucleotide sequences
of the sheep §8- and 8°-globin
genes. The coding sequences
are indicated with the three-let-
ter amino acid code. The con-
served promoter sequences, cap
sites, and polyadenylation sig-
nals and sites are indicated
over the sequences.



promoter sequences, cap sites, intron and exon
boundaries, and polyadenylation signals and sites
were located by comparisons to the previously se-
quenced goat 3*- and 3€-globin genes. The coding
region sequences for both genes correspond to the
published amino acid sequences (Boyer et al. 1966).

Comparisons of the Sheep, Goat,
and Cow B-Globin Genes

The goat 84~ and S¢-, sheep -, §B-, and §¢-, and
cow adult 8-globin sequences are all very similar to
each other, with overall percent divergence values
of 10% or less between any pair. Sequences for all
six genes are available from — 146 nucleotides from
the cap site to the end of the first exon, and from
the beginning of the second exon to the poly A ad-
dition site 129 nucleotides downstream from the
end of the third exon (Kretschmer et al. 1981; Schon
et al. 1981; Li and Gojobori 1983; Schimenti and
Duncan 1984). The first intron sequence of the sheep
B~-globin gene is not available so this region was
excluded from all the comparisons. The sheep §A-
globin sequence also has undetermined bases in three
codons in the second exon, so these nucleotides were
not included in any of the divergence comparisons,
and the corresponding codons were not considered
in any of the coding region comparisons. The align-
ments of these sequences are shown in Fig. 4. Ad-
ditional flanking sequences that are available show
equally high similarity (Schon et al. 1981; Schimenti
and Duncan 1984).

Divergence Analysis of the Sheep, Goat,
and Cow B-Globin Genes

Table 1 shows the percent divergence values re-
sulting from comparisons of the goat, sheep, and
cow juvenile and adult 3-globin genes. The com-
parisons have been performed using the overall cod-
ing plus noncoding regions, the noncoding only, and
coding only. The results are essentially the same
regardless of which regions are considered.
Sequence comparisons to date had indicated that
the duplication event that produced the 84- and 3¢-
globin genes preceded the divergence of goats and
sheep (Li and Gojobori 1983). The comparisons of
the sheep 8¢ to the goat 3¢ gene, and to the sheep
and goat 8” genes, concur with this conclusion. The
sheep 8C€ is most similar to the goat 3¢, differing by
only 2.4% overall. Both the sheep 3¢ and goat 8¢
genes are about equally different from the sheep g4
and goat B genes, averaging 8.7% divergence.
The comparisons of the amino acid sequences of
the sheep 8B globin to the 84 and B¢ globins of sheep
suggest a closer relationship to the 84 protein than
to the B¢ protein (Boyer et al. 1966; Czelusniak et
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al. 1982). Nucleotide sequence comparisons concur
with this suggestion. The percent divergence values
of the BB- versus the 8*-globin genes of goat and
sheep are 3.0 and 3.3, respectively, while the values
for the 8P versus the goat and sheep 8¢ comparisons
are 8.6 and 8.8%. This suggests that the 3® gene
arose from the 8A-globin gene after the 8 and ¢
sequences had diverged, probably at about the time
of divergence of goats and sheep.

However, it is possible that the sheep 8P gene
resembles the 8* gene because of functional con-
straints on regulation or protein structure. As a con-
trol to test this possibility, we included the cow adult
B-globin gene sequence in our comparisons. The cow
adult 3 globin is similar to the sheep 3® in regulatory
pattern and presumably function, so if conservation
of functional sequence features is a significant factor
in sequence similarity, the cow 8 should also resem-
ble the 82 genes more than the 3¢-globin genes. As
shown in Table 1, the cow 3 is more similar to the
B4 genes (7.1 and 7.4% divergence) than to the §¢
genes (9.5 and 9.7% divergence) but only slightly.

The cow diverged from the common ancestor of
goats and sheep about 15 to 20 million years ago
(Li and Gojobori 1983; Schimenti and Duncan
1985b). The §~/8¢ duplication is estimated to have
occurred about 12 million years ago (Li and Gojo-
bori 1983), but given the uncertainties involved in
such estimates, it is still unclear whether the cow
locus diverged from the goat/sheep ancestral locus
before the $4/8¢ duplication, or whether the cow
had the 8¢ gene for a time and later lost it. The
divergence values between the cow 8 and the 84 and
8€ genes may indicate that the cow split from goats
and sheep after the 84/8 duplication occurred, but
lost the 8¢ gene before much divergence between g4
and 3¢ had taken place. Alternatively, the cow may
have diverged from the goat/sheep ancestor before
the 8A/B¢ duplication event, and the greater extent
of divergence of the cow 8 from the 8¢ genes may
be indicative of more rapid evolution of the 8¢ genes
due to their new function and different regulatory
pattern. A third possibility, as mentioned above, is
that the cow 3 and sheep and goat 8* genes, having
some similar functions and regulatory patterns, may
have conserved sequence elements for these reasons.

The question of the evolutionary relationship of
the cow locus to the goat/sheep ancestral locus can
be addressed partially by comparisons of pseudo-
gene sequences. Each 8-globin gene in the ruminant
B-globin clusters has an adjacent pseudogene which
is the product of the same duplication event that
created cach 3 gene (Cleary et al. 1981; Brunner et
al. 1986). Since all the pseudogenes in these clusters
share some of the same defects, it appears the ances-
tor of them all was defective. Thus, as nonfunctional
genes, their evolution in theory should have been



10 30 50 90 110
g N AmuGAciéAsrmmmsccmcnccmcusccrcucccmlGGAActAcAAcnsecAccAa‘c—‘c RATCTGCTCACABAAGCAGEGAGGGCAGGAGGCAGGGCTGGGTATARR
S L]
CB 8 € A 16 1 -
Gp° A 6 A A 1 AT
Sp* [ ¥ A T AT
130 +1 150 170 190 Met 210 230
gé): AGGAAGAGCCGGGCCAGCTGCYGC‘Y:TACACYTGCITCTGACACMCCGTGTTCAETAGCAGCTACACAMCAGACACCATGCTGACIGCTGAGGAGMGGCTGEEGTCACCGGC"CTGG
T [
Sp® ¢ - 4 6 4
e T A
Gp° c CCTAA
S| C- Y c - CCTAR -
250 270 290 exgn 2 310 330 350
gé;: mcumrsummsnsusnz;crsgmsecccmcecw/ IVS1 //GCTGCTGTTGTCTACCCCTGGACTCAGAGGTTCTTTGAGCACT TTGGGGACTTGTCCTCTGCTGA
G
sp® " 1" AR
cp AT 1" " T A
GA3° A ¢ 1" "
sge A c " 7" A
. 370 390 jvg 2 410 430 450 470
g.és‘ mcmnnmcugscmmmm;Gcccnscmsusmecuucrccrrmc1ucsscmMncumeAcaAccrcuaeauccmecrcmcrmremcm
[ 6 ¢
sp° cc I/ cT
o) cc Y T 7 [ § GC
Gpc T 66 /7 G C G
SgC T 6 ¢ ! [
. 430 510 530 550 570 530
g A CACTGTGATAAGCTGC/ACGT /GGATCCTGAGAACTTCARGGTGAGTTTGTGGAGTCC TCAGTGTTTTCCTCRTTCC TTTTATGETCAAGLTCAT TTTGTGGGGAGAAGGLTGAATGGCA
/NNNK/ [ T T A
spe 6 A T 66 A A
o) /AN A c 1T GCA A A
Gpe A 6 A T AAC TC 6 GCA T
spe AN G A AR C - T G G CA
610 630 650 670 690 710
géa: GBACACAGTTTAGAATGGAGAAGAGETATTCTGGTTAGAGTGC TAAGGACTCCTCAGAACCGTTTAGACTCTTTTAACCTCTTTGCTCACAACCATCATTTCCTCCBATTCATTCTIGTT
b [ v
SpB - T
Cc TA T
6] A A [
sge A G A 6 v T [ T

730 750 770 790 810 830
g n CTCTGTIGTCTGCAATATC--CTCTTTTTAATTATACTTTTTATTTTGAGGGT TTAATTTGAARAARATAT - - TTATTTTATCAACTTTAAAAATCGTATCTAGTATTTTCCCCTTATCT
A A- a
Sp® 6 A A A
c T A- A- T A C
Gpe v [4 A A TC C G A 6 6
sge T c A A-TC C G A G
850 870 830 810 930 9508 ’
op GTTTCTTTCAAGBAATAAA-TGTTCTATTGCTTTTTGAARTGAT TCARRATAATAAARATGATAACAAGT TCTGGATTAAG TTAGAAAGAGAGARACATT TCTARATATATATTCAGGAA
S| A 1 A
Sp? - c
[ ¢ GA A 6
Gpe c G A GC % 6.6 6 A X
SpC c G A 6C 16 A [ 6 A ccT
970 990 1010 1030 1050 1070
Gp* EATATAGG1AGAYACATATCAGTAGTAACAYCTTCACTYCAGTCATCCTTETGCTTATATCCTA(T:GGTCACAGCTTGGGATGAGACTGMATACCCTGMTCTAACCTTGGACTTCTCTC
S| C A
spe 4 4 [ C -
CB TC A i - ¢ A T ¢
GpC [ cC6 AT T A G 6 AC T66 6 C
sgic ccrec € CG AT 1 A 6 G AC [ 6 ¢
1090 1110 1150 1170 1190
Gpe ATAGCTCGGTTGGTAARGAGTCTGCCTGCAATGCAGGAGATCCCAGTTCRAT TCCTRGETCAGGARAAGAATGGC TGGAGAAGEGATAGGCTACCCACTCCABTATTCTTGTGCTTCCCT
S A -
Spe A G -
c A T OCA A 6 -6 - 6T
Gpe A 6 TGCA 6 6 6-- & 6
Spc 6 A 6 GCA 6 G 6-- 6 G

1210 1230 1250 1270 1290 1310
Gp* TGTGGCTCAGCTGGTAAAGAATCTGCCTGCAGTGCGGGAGACCTGGETTCTTCTATCCATGGAT AAGATCCCCTGGAGAAGGGAA TACCCTCTCCAGTATTCTGGCCTGRAG
» T
C] AT 4. - c a1 A
Gp° T T Amne C
SpC T A A C
1330 1350 71 1390 4 0N
Gp* AAATCCATGBACTGTATAGTCCATAGGG T TGCAAAGAGTCAGACATGACTGAGCAACTTTCACTTTACTAACCTGCACTAACCCTGCCCTTGCTTAATGTCTTT-CCACACABCTCCTGE
Spr 6
Spe 6 G 7
C T 6 -6 A cT A C [ T
Gpc G C T 66 cC C A T
Sgc T 6 A [4 T 66 G C A T T
1450 1470 1490 1510 1530 1550
Gpr GCAACGTGCTGGTGGTTGTECTEGCTCECCACCATBGCAGTGAAT TCACCCCRCTRE TGCAGBCTGAGT TTCAGAAGG TG TEGCTGETATTGCCAATGCCCTRGCCCACAGATATCACT
A G
§§s A g ¢ A
C A A TTTT AG G [ G T
Gp¢ T A A T AG GA G TG
Spc T A T AG GA G TG
3 untranslated 1590 1610 1630 1650 1670
Gp* mCTCCCCTTCCTGATTTCCAGGAMGGTTTYTIC-GTTCTIIAMGACCMMA-TTGMTATGGMAMTTATGAAGCATTTTGA?CACTTGGCCTCTGCTTMTMAGACACTHTT
A G AG TC G - C -
2 8 AC 6 C 1C 1
C| T [ AC G C G 16 TC C T
Gpc 1 T A G -TAC G C A TC T
Sge T [ A G -TARC 6 C c T C
1690
Gp* CTCATTGCACTGG
S A
SE“
C| T
Gp"‘ 1
Spe T

Fig. 4. Alignment of the goat
B~- (GB*), sheep §*- (SB*),
sheep 8°- (SB®), cow §- (CB),
goat 8°- (GBC), and sheep B°-
(SB¢) globin gene sequences.
The goat 8* sequence is shown;
for the remaining genes only
the mismatches are shown.
Undetermined nucleotides are
indicated as N. Deletions are
marked with hyphens (-} and
sequence regions excluded
from the divergence analyses
are marked with slashes (/).
Overlines indicate conserved
promoter sequences, capsites,
initiation codons, and the be-
ginnings of exons, introns, and
the 3’ untranslated region.

unaffected by selection for functional sequences.
When the cow 3 gene, which is adjacent to the adult
G gene, is compared to the ¥8%X and ¥3% genes of
goat, which are adjacent to the 8¢ and 8% genes,

respectively, the cow y3/goat ¥8% and cow ¢>/goat
¥BY sequences are nearly equally divergent, (9.3 and
8.7%, respectively). The divergence between the goat
¥B* and Y57Z genes is slightly less (8.1%). Thus, the
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Table 1. Percent divergence of the cow, goat, and sheep juvenile and adult 5-globin genes

% Divergence

Coding region changes

Overall Noncoding Silent Replacement Total
Sheep 3° Goat g4 3.0 3.2 1 8 11
Sheep g4 3.3 3.3 5 9 14
Sheep 3® Goat 8¢ 8.6 8.9 8 22 30
Sheep B¢ 8.8 9.4 9 20 29
Sheep §° Cow g8 6.8 7.5 7 13 20
Cow 8 Goat g~ 7.1 7.5 5 15 20
Sheep g4 7.4 7.6 7 18 25
Cow g8 Goat g¢ 9.5 9.8 8 25 33
Sheep 8¢ 9.7 10.2 7 23 30
Goat g* Sheep g+ 2.4 2.5 3 5 8
Goat ¢ Sheep ¢ 24 2.9 1 5 6
Goat g* Goat 8¢ 8.3 8.8 6 20 26
Sheep ¢ 8.9 9.7 7 20 27
Sheep g* Goat ¢ 8.7 9.3 10 17 27
Sheep 8¢ 8.8 9.7 9 17 26
Cow ¢* Goat yp2 8.7
Cow ¢? Goat ygx 9.3
Goat ygx Goat yg§? 8.1

Percent divergences were calculated as described in Methods. The coding region changes indicate number of changes out of 140
codons, calculated as described in Methods. Regions of deleted or undetermined sequence were excluded from all coding region

calculations

closer similarity of the cow 3 to the $* genes may
not extend to the rest of their respective four-gene
sets, and may reflect conservation of functionally
required sequences or rapid divergence by the ¢
genes, rather than a closer evolutionary relationship.

We have considered the possibilities that the sheep
BB resembles the sheep and goat 3 genes because
of functional similarities, and that the G® fails to
resemble the 8¢ genes because the juvenile genes
have evolved unusually quickly. These factors prob-
ably contribute to the resemblance between the sheep
B® and the goat and sheep 8" genes. However, the
simplest explanation for the very high similarity
between the 8B and B globin genes is that they have
diverged recently.

Discussion

The ruminant S-globin gene clusters are unique
among globin loci in having undergone recent large-
scale block duplication events, followed by the der-
ivation of genes with different developmental func-
tions. Such large regions of repeated highly similar
sequences might be expected to be unstable in the
face of unequal recombination events. It is easy to
imagine that such an event could have created a
triplicated locus from two chromosomes carrying
duplicated clusters (Fig. 5B), and our sequence data
indicate that a comparable deletion event may ac-
count for the structure of the B sheep locus (Fig.
5C). Many examples of deletions removing previ-

ously duplicated gene regions, presumably by un-
equal recombination, have been described. These
include the v/é fusion pseudogene found in lemurs
(Jeffreys et al. 1981), and variant human 8 globins
such as Lepore and Kenya (Weatherall and Clegg
1981). Rando et al. (1986) have described great vari-
ability in the sheep a-globin locus, in which variants
with two, three, or four genes per chromosome can
be found in the population. The presence of two
alleles at the 8-globin locus in Barbary sheep (4m-
motragus lervia) suggests another variation on the
ruminant S-globin locus structure. These animals,
like domestic sheep, have a haplotype that expresses
a (3¢ globin during anemia, and a haplotype that
lacks the anemic globin. However, in the haplotype
lacking the 5€ globin, the adult globin is structurally
similar to the € protein (Huisman and Miller 1972).
It is unknown whether this cluster has undergone a
deletion, but if it has, the 84 gene may have been
the one deleted.

Another consequence of the long tandem dupli-
cated DNA segments in the ruminant 3-globin clus-
ters is the high probability of gene conversion or
gene correction. Examples of probable gene con-
versions have been noted previously in these clus-
ters. The goat ¢! and ¢! genes are slightly more similar
at their 5' ends than in the remainder of the genes
(Goodman et al. 1984; Menon and Lingrel 1986).
The cow ¢? and ¢* are more similar to each other
than either is to its orthologue in goat, although the
e2/¢* duplication necessarily preceded the cow/goat
divergence (Schimenti and Duncan 1985a). The cow
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Schematic diagram of the evolutionary histories of the goat and sheep §-globin gene clusters. A Duplication of the ancestral

ruminant four-gene cluster resulting in an eight-gene cluster. B Unequal crossover leading to the triplicated cluster of goats and $4
sheep. C Hypothetical model for the deletion of four genes resulting in the eight-gene cluster of 8® sheep.

pseudogene intervening sequences are unexpectedly
similar to the functional 8-globin gene intervening
sequences, given the evolutionary distances between
these genes (Brunner et al. 1986). Most of these cases
are more subtle than the examples of very recent
events seen on a background of more highly di-
verged DNA, such as those described by Schon et
al. (1982), involving the goat a-globin genes, or by
Hill et al. (1984) concerning the extreme similarity
at the 5’ ends of the mouse $h0 and Sh1 genes. Gene
conversions in the distant past may lack clear end-
points. They may be evident only from slight dis-
crepancies in the overall divergence values for dif-
ferent pairs of genes that are known to have diverged
at the same time. The possibility of such obscure
gene conversions makes it risky to estimate times
of gene duplication events or rates of evolution in
families of closely related genes. Our sequence re-
sults indicate that the sheep 8B gene diverged from
the goat and sheep $A-globin genes very recently,
but the possibility cannot be excluded that the sim-
ilarity between these genes is the result of a recent
interchromosomal gene conversion.

A potential problem with the deletion model for
the origin of the B sheep locus is that animals that
deleted the 3C-globin gene might have been at a
selective disadvantage. The sequence comparisons
suggest that the 3B gene diverged from the 84-globin

gene at about the same time goats and sheep di-
verged, or perhaps slightly before. The regulation of
the 54- and 3¢-globin genes in the goat/sheep ances-
tor cannot be known. In present-day sheep, the 3¢
protein is expressed at very low levels in juveniles,
making up less than 10% of the 8 globin (Huisman
et al. 1969), so the loss of the 3¢-globin gene might
not be deleterious at this stage. In goats, however,
the (€ is the major 3 globin for the first 4-6 months
after birth. In both sheep and goats, severe anemia
can cause a nearly complete switch from g4 to €.
The regulator of the 84 to 8¢ switch is erythro-
poietin (Thurmon et al. 1970). Because the 3¢-glo-
bin genes of sheep and goats are extremely similar,
it is possible that the difference in the regulation of
B€ in these animals is the result of differences in the
regulation of erythropoietin levels, not of the 8¢
genes. Such changes in regulation in sheep and goats
could have occurred after the two species diverged,
perhaps relating to the selection of habitats at dif-
ferent altitudes, or with different endemic parasites.
The ancestral sheep/goat anemic switch regulation
may have been different from that of either present-
day goats or sheep. If the switch mechanism was
less sensitive in the ancestral animal, an individual
that lost the 8€-globin gene might not have been at
a selective disadvantage unless it became severely
anemic. It is also possible that the 88 allele was



linked to another advantageous trait that allowed it
to be selected in spite of some loss of fitness. Evans
and Turmner (1965) have found that in some breeds
of present-day sheep, animals with the 8P allele are
more reproductively successful than those with the
B4 allele.

The loss of the 8¢ gene did not necessanly affect
the fitness of the animal, however. The deletion that
removed the 8€ gene may have included regulatory
regions involved with the switching off of the adult
gene. Alternatively, the switching off of the 84 gene
may be triggered directly by increasing levels of the
B¢ protein. Another possibility is that the 88 gene
may have begun to diverge and lose its ability to
switch off before the 8¢ gene was deleted.

In summary, our efforts to understand the evo-
lutionary history of the sheep $® locus are compli-
cated by evidence of functional constraints on the
divergence of the sheep and goat 84, cow 8, and
sheep 3% genes, and of the possibility of rapid di-
vergence of the 8€ genes. An additional complica-
tion is introduced by the possibility of gene con-
version events. It seems unlikely that the close
similarity between the §® and * genes can be ex-
plained by these factors alone. It is more probable
that the 8® gene is similar to the 8* genes because
these two genes share a recent common ancestor.
Sequence comparisons of other regions in the A and
B sheep B-globin clusters, such as pseudogenes or
intergenic regions, could help answer questions of
conservation or rapid divergence of functional se-
quences, and could provide information on the ex-
tent of regions of gene conversion. Such compari-
sons could possibly confirm the deletion model and
could even locate the site of the deletion.
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