
J Mol Evol (1989) 28:175-184 
Journal of 
Molecular Evolution 
(~) Spfinger-Verlag New York Inc. 1989 

A Comparison of the/ A_ and  /B-Globin Gene Clusters of Sheep 

Karen J. Garner  and Jerry B. Lingrel 

Department of Microbiology and Molecular Genetics, 231 Bethesda Avenue M.L. 0524, 
University of Cincinnati, Cincinnati, Ohio 45267, USA 

Summary.  Domest ic  sheep have two c o m m o n  al- 
leles at the adult/3-globin locus, ~A and/3 B. Here we 
report  the structure o f  the/3-globin locus o f  A-hap-  
lotype sheep. The locus consists o f  12 genes, orga- 
nized as a triplicated 4-gene set: 5' d-dL~kC/Ll3C-d ]I- 
JV-ffI3n-BA-cV<VL~pI3m-/3F 3'. This  arrangement  is 
identical to that  o f  the closely related goat locus. 
Sheep with the B haplotype have a locus arrange- 
ment  consisting o f  a duplicated four-gene set, lack- 
ing the 13 c gene as well as three other  genes present 
in A sheep and goats. In order  to unders tand the 
evolut ionary history o f  the B sheep locus, we have 
sequenced the 13 n gene from these sheep, and the 13 c 
gene f rom A-haplotype sheep, and compared  the 
sequences to those of  the sheep/3 A, goat 13 c, and/3 A, 
and cow adult  ~ genes. Our  results indicate that the 
13 B gene has diverged recently f rom the r A gene, and 
therefore the/3 B locus structure may  have resulted 
from a recent deletion f rom a triplicated locus. 
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Introduction 

The  ruminan t  globin clusters have unusual evolu- 
t ionary histories among mammals .  The  ~-globin 
genes o f  all mammals  have descended from an an- 
cestral ma m ma l i a n  cluster consisting o f  five genes, 
5' ~-3"-n-6-B 3', whose descendents  have undergone 
various duplications, deletions, inactivations, and 
changes in developmenta l  regulation in different or- 
ders and species o f  mammals  over  the course of  
evolut ion ( G o o d m a n  et al. 1984). In the ancestral 
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ruminant ,  the 3"-globin gene was lost and the 6-glo- 
bin gene became defective. The remaining four-gene 
set, e-e(~)-~kt3(~)-fl, was duplicated, and the/~-globin 
gene in each block assumed a new function and 
pattern o f  developmenta l  regulation. 

In goats (Capra hircus), the original four-gene set 
was triplicated: 5' ~i_dl_~b/3x.~,C_elil ~lv.~/~Z ~A.eV ~VI - 

~p~3v-B v 3' (Townes et al. 1984). The /3  v gene is ex- 
pressed in the fetus, the/3 c protein is found in ju- 
veniles f rom birth to about  6 months  o f  age, and  
the/3 a globin gene is expressed in adults (Huisman 
et al. 1969). The ~3 c and flA switch is reversible under  
condit ions o f  anemia or hypoxia,  or following in- 
jec t ion o fe ry th ropo ie t in  (Huisman et al. 1967; Boy- 
er et al. 1968). 

The  bovine  (Bos taurus) 13-globin cluster also con- 
sists o f  a duplicated four-gene set, with the addit ion 
o f  a small-scale duplicat ion o f  one o f  the pseudo- 
genes: 5' ~L~4-~3-/3-0-~L~'-~L3" 3' (Schimenti and 
Duncan  1985b). The  cow 3'. gene is more  closely 
related to the/3-globin gene than to the 3"-globin gene 
of  the ancestral mammal ian  13-globin cluster, al- 
though it is expressed in the fetus. 

Sheep (Ovis aries) have two alleles at the B-globin 
locus,/3 A and 13 n (Huisman et al. 1958). Sheep with 
the 13 A allele have a developmental  t3-globin switch- 
ing pattern resembling that o f  the goat (Hammer -  
berg et al. 1974). Since the tr iplication event  that  
created the/3C-globin gene preceded the divergence 
o f  sheep and goats (Li and Gojobor i  1983), it would 
be expected that their t3-globin loci would be similar. 

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



176 

/3C-globin gene (Benz et al. 1977) and their/3-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/3 a 
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' r 3' 
(Garner and Lingrel 1988). Thus, these sheep lack 
the/3 c 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/3 B sheep locus is descended directly 
from the ancestral eight-gene haplotype, then the 
/3B-globin gene would be expected to be equally sim- 
ilar to the 13 A- and/3C-globin genes. However, if the 
/3B-globin gene arose recently, after the triplication 
event that produced the 13A-globin and /3C-globin 
genes, then the ~3Bgene would be more similar to 
either the/3 A- or the/3C-globin gene. Therefore we 
have sequenced the /3B-globin gene from B sheep, 
which we had isolated previously, and the/3C-globin 
gene from A sheep, and compared these sequences 
with related ruminant juvenile and adult gene se- 
quences. Our results favor the deletion model. 

Mater ia l s  and M e t h o d s  

Probes for Library Screening and Southern Blots. Probes were 
obtained from the cloned goat Cv_, dv_, ~b/3z_, and/3V-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 d-, ~m_, and ~V-globin genes; the d v probe hybridizes 
to the d% d v-, and Cvt-globin genes; the ~b/3 z probe hybridizes to 
the pseudogenes, and the/3V-globin probe hybridizes to the/3 c, 
j3 A, and B v 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 Sau3aI library in the lambda vector EMBL4 using stan- 
dard methods (Maniatis et al. 1982). EMBL4 phage arms were 
prepared by digestion with BamHI and SalI 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 d v and/3 F 
probes described above, using methods described by Maniatis et 
al. (1978). At low stringency wash conditions these probes cross- 
react with the d-, era_, and ~V-globin genes and the pseudogenes, 
respectively. 

DNA from 40 positive phage clones was digested with EcoRI 
and BamHI or HindIII 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 
/3-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 ~v 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 ~b/3 z probe hybridizes to three regions, 
each downstream of the E~V-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/3 v 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' {I-flI-I~I-/~C-{III-EIV-~/3II- 
r162 Y. 

Sequence Features of the {3 ~- and OC-Globin Genes 

The nucleotide sequences of the sheep/3 B- and/3 c- 
globin genes are shown in Fig. 3. The conserved 
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Fig. 1. Linkage map of the B-globin gene cluster of sheep with the BA allele. EcoRI restriction sites are indicated as vertical bars 
below the map. Overlapping phage clones spanning the locus are numbered. 

Fig. 2. Southern blot of  EcoRI- 
digested sheep clone DNA hybrid- 
ized to goat B-globin probes G~ v, 
G~ ~v, G~B z, and G/~ F. 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 Sau3AI fragments produced 
during cloning and are not repre- 
sentative of genomic fragment 
sizes. 
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10 30 50 70 90 HO 
(tB AAGCTTCTr~GTT CTTCCAGACAC]TTCCCAGGTCAGTCCATGAGGAAACAAAT TATATGCC 1C TA- C TAGTCT T TGAACACAT TACCTCTCTCAGGGTTATIGAAACGT ? TGGGTTAIG 
pC AAGC7 TCTC~-TTCT TCCAGACACTT TCACAGG~CAG7 CCATGAGGAAACAAAT TATATGCC 1TGAT T TAGICT T TGAACACAT TGCCTs TACTGAAAC? T TGGGGTIAIG 

I~0 150 170 190 210 230 
f3B AT TGAT TT T TCACICAT T TGTAT T TCTTATTACATGGAGA~TCT C TATGT T T TCACATA~AGAATAACC~d~GTAAGT A T ! TCACAGGA~ CTCTCAAICCATACTIATTCTAT T i'T TC~A 
l|C AT TGAAT T TT TACT TAT T TG~AT T TCTTACTACATGGAGAGGTCTCTACGT TT TCACATATGGATTAATGGAGTAAG TAT T TCACAGGA T C [CTCAATCCACACT TAT TCTATTTTTCTA 

250 170 290 310 3]0 350 
pB TCAT T AT T TAT T TGGT CA TAAAT TAAA [ T TA - AAAAAA T TA/~TGAG TAGA T AAGCAAA [ GAA TAT T TGT ] IT CA T ACCAGAACGA - TTAA TCCCAAACAAGCA/LAC~GA TGCG I 
ItC TCATTATTCATT TGGTCG TAAATTAAA T TAAGAAAAAATTGAATG/~TAGATAAG T AAATGAATATT TGTTTT CATACCAGAATGACT TAAT CCCAAACAGGCGAACAAAAGAGATGCAT 

370 390 410 430 450 470 
pB ATTTAGAACAGGGGCAGAGGT TT TATCCAGGC TGTGCT TGCAATTCTTTTGCATAT T T TGAAGGCACAGGAAATAATC CA T C CACATAGT C . . . . .  TTGAATCATAGIGGAAAAATCC T~ 
pC AT T TAGAACAGAOGCAGAAG T T T TAT CCATGG [GT C CT TGTAAT TCT T T TGCAT A T T C TPaAAGGCACAGGAGGTGAT CCA T C CACA TAG T C T TAAGTTGAA]CAT AGTG TACAAAT CC T T 

490 5[0 530 550 570 590 
135 TCCATTTTCTGAAGCCCGGATTCTTCAT TTA TGTAATAAGAAAATTGAGGA~TAGGT T TCCAAGAGGT TACC TCG T TG TGACTCTAAAATCTCTACAAGCAAACTTGC T ~ A T G  
13C TCCACTTTCTGGAGCCCAGATTCTTAATTTGTGTTATAA~U~AATTGAGGAAGT-GTTTTCCAAGAGATTACCTCGT TGAGATTCTAAAATCTCTACAAGCAAAC TTGCTAAGGAAGAt G 

610 630 650 670 690 710 
!35 ATTTTAGTAGCAATGTGTATTGCTGGAATGACTGAGACCTTGAGATGCCCAGAAAGAGGGC TGATC4~TCTAAAGTCAGTGCCAGGAAGACCAAGTAGAGGTATGGC TATCACCATTCAAG 
13C ATTTTAGTAGCAATP-TGTATTGCTGGAATGACTG#~ACCTTGAGATGCCCAGAAAGAGGGC TGACGGT CTCAAGTCAGTACCAGGAAGACC~TAT~CTATCATCAT T C ~  

730 CCeilt 770 790 4t41a 810 +1 
p8 CCTCACCCTGTGGAACCACAACTTGGCACGAGCCAATCTGCTCA~CAGGAGGCAGGGC TGGGCATAAAAGGAAGAGCCGGGCCAGCTGCCGC T T ACAC T TGC; TC T 
fie CCTCACCCTGTGGAACCACAACT TGGAATGAGCCAATCTGCTCACAGAAGCAGGGAGGGCAGGAGGCAGGGC TGGGCATAAAAGGAAGAGCCGGGCCAGCTGCCGCT TACAC T TGCTTC T 

850 870 890 910 930 9S0 
Net LeuThrA1 IGluG 1 uLysA 1 aA1 eva I ThrG lyPheTrpGlyLysVa 1Lu 10 lyA laGluA 1aLe 

pB GACAC-ACCGTGCTCACTAGCAGCTGCACAAACACACACCATGCTGACTGCTGAGGAGAAGGC TGCCGTCACCGGCTTC TGGGGCAA~TGAAAGTGGATGAAGT TGGTGC TGAGGCCC I 
pC GACACAACTGTGTTCACTAGCAGCTACACAAACAGACACCATGCCGAAT . . . . . . . . .  AAGGCCC TAATCACCGGCTTCTGGAGCAAGGTGAAAGTGGACGAAGTTGGTGCTGAGGCCC T 

MetProAsn LysA1aLeulleThrG1yPheTrpSerLysValLysV41AspG1uValG1yA14G1uA14Le 

970 990 ]010 1030 1050 ]070 
uGI.vAr 

p8 C-GGCAOGTAGGTAT CCCACTTACAAGACAC~TTTAA~AGA6TGAATGGCACCTAGGCATGCAC~aACAGAGCTGTCCC T - - - -GAGATTCTGAAAGCTGCTC4%CTTCCTCTGACCT101 
pC GC~CAC~TATGTATCCCACTTACAACACAGATTTAACqTdgG~TGAATC~CACCTC~GCGTGTGACg~CA~AGCCATC CCCCTGAGAGAT TCTGAAAGCTGCCCr TTGT 

1090 1110 1130 1150 1170 1190 
gLeu~eu~a1~a1TyrPr~TrpThrG~nArg~he~heG~uH~s~heG1yAspLeu~erAsnA~AspA1a~a1V~tA$nAsnP~LysV|1LysA1~H1$G1 

~B GCTGTTTTCTCCCCTTAGGCTGCTGGTTGTCTAC CC CTGGACTCAGAGGTTCTTTGAGCACT T TGGGGAC T TGTCCAATGCTGATGCTGT TATGAACAACCCTAAGGTGAAGGCCCAIGG 
pC GCTGTTTTCTCCCCTTAGGCT~.CTGGTTGTCTACCCCTGGACTCAGAGGTTCTTTGAGCACTTTGGGGACT TGTCCACTGCTGATGCTGTTTTGGGCAACGCTAAGGTGAAGGCCCATGG 

9 Leu LL, UV41A 1ATyrProTrpThrG 1 nArgPhePheG 1 uH 1 sPheG 1 yAspLeu Se;-T hrA 1BAspA 1 AVe 1LeuG I yAsnA 11LysV81L~$A 14H t 581 

1150 1170 1190 1210 1230 1250 
sPheG 1 yAspLeuSerAsnA 1 ~AspA 1 IlVll 1NetAsnAsnProLysV41 LysA 1 ~H I sG I y Lys LysVa I LeuAspSerPheSerAsnG 1 ytletLysH 1 $ LeuAspAspLeu Lu 1 yTh 

~8 CTTTGGGGACTTGTCs 
~C CTTTC~-4ACTTGT~CA~TGCTGAT~CTGTTTTC~GCAACGCTAAC~TC~U%GGC~ATGGCAAGAAGGT0CTAGACTCC TTTAGTAACGGCGTGCAGCATCTT~C~CC T C ~ C A C  

sPheG 1 ~AspLeuSerThrA1 ~AspA1 IV4] LeuGlyAsnA1ALysVil L~,sA 11HI sGlyLysLysVa 1LeuAspSerPheSerAsnG1~VaIG1 nHt s LeuAspAspLeuLysG 1 yTh 

1270 1~O 1310 1330 1350 1370 
~PheAllGlnL~uSerG1 uLeuHtsCysAspLysLet~HtsV~lAspProG l~AsnPheAr 9 
CT~ TGCTCAGCT~T~CTGCACT~TSATAAGCTGCACGTGGATCCT~GAAC TTCAC~GTGAGTT TGTGGAGT C C T C AATGT T T T C CTTCTTs TTTTATGGTCAAGCTgATGT TAT 

~ CTTTGCTCAGCTGAGTGAGCTGCACTGTGATAAGCTGCATGTGGATCCTGAGAACT T ~ T G A G T T  TGCAGAGT C C T CAATATTCTCC~CT T- - - TTTAT~T~CT~TGTs 
rPheA l aG1nL e~aSe~ luLe~.H1st'ysAspLy sLeuH ~ sV~ l kspPro~. ]uAsnPheAr9 

1390 1410 1430 1450 1470 1490 
f;B GG~8AGAA8~CTGAATGACAGGACACAGTTTAC`AAT~TATTCTGGTTAGAGTGCTAAGGACTCCTCAC`AACCGTTTAGACTCTTTTAAC-~ 
13C GGGGAGAAGG CT~ATGGCAACtACACGGTTTACd~ATGGAGAAGAGGTATT CTGG T TAGAGAGCTAAGGAC TC CT CAGGAC TG TT TAGACT CTTTT~C TTCTTTOCTCA~C~TCA TC 

1510 1530 1550 1570 ISgO 1610 
~C TCCTCTGATTCATTCTTGTTCTCTOTTGTCTGCAATGTC ~CTCTTTTTAGTTATACTTTTTATTTTGAGGGTTTAATTTGAAAAAAAAAT~TTATTTTATCAACTTTAAAAATCATATr 

T~TCTGATTCATTCTT~TTCTCT~TTGTCTGCAATGT~TT~T~TTTTTAATTACA~TTTTTATTTTGAGAGTTTAATTT~AAAAAAAATTCTTr 

1630 1550 1670 1690 1710 1730 
~C TAATATTTTCCCCTTATCTOTTTCTTTCAAGGAAT -AAATGTTCTATTECTTTTTC, dIAATGATTCA/~ATGATAAAAATGATAACkA6TTCTG6ATTAA . . . . .  ~ C A T T T  

TAATATTTTCCCr162162 

1750 1770 1790 1810 1830 1850 
p~ CTAAACATATATTCAGC~AAGACATAGGTAGATA~ACATCAGTAGTAACATCTTCGCTTCA6T~ATC~TT0T0CTTATATCCTACGGTCACAGCTTG~*ATGAGACTC~AATACCCT~T 

CTAGATATAAATTCAGCr162162 

1870 1690 1910 1910 1950 1970 
138 CTAACCTTEGACTTCTCTCATN;CTCAGTTGGTAAAGAETCTGCCTGCAETG~TCCCA~TTC~AT TCC T~GTCAGC~AGAATC~CT~EAAGC~TAG~CTACCCACTCCA~ 
pC GTAACCTTGGGCTTCCCTCGTAGCTCAGTTGGTAAAGAGTCTGCCGGCAATSCGCAAGATCCCAGT TCGATTTGTGGGTTGGGGAI~U~CTGGAGAAGGGATAG~CTACC~CTC~ 

1990 2010 2030 20)0 2070 2090 
138 TATTCTTGTGCTTCCCTTGTGGCTCAGCTGGTAAAGAATCTGCCTGCAGT0CGGGAGACCTGGGTTCTTCTATCCATGGGTTGGGAAGATCCCr 
13C TATTCTTGGGCTTCCCTTOTGGCTCAGCTGGTATAGAATCTGCCTGCAGTG~CCTGGGTTC - - -AATCCCTGGGTTGGGAAGAT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2110 2130 2150 2170 2190 2210 
138 A~TATT~TGGC~T0GAGAAATCCGTC~*ACT~TATA~T~ATGC~GTTG~AAAGAGTCAGA~ATGACTGAG~AACTTTCA~T TTACTAACCTGCAr162162 
13C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  OTATAGTCTATGGGGTTGCAAAGAATCAGACACGACTGTGCC4C TTTCACT TCGCTCACCAGCACTAACTCTGCCCTIGCTTAATOTC TT 

2230 2250 2270 2290 2310 23)0 
L eu L euG l yAsnVa 1LeuVs 1Va 1VA 1 LouA 14ArgH t s H 1SG 1 yAsnG 1 u P heThrProV81LeuG 1 nA 1 ~AspPhe61 n LysV41V81A 1 AO 1 yVa 1A I IAsnA I I Le 

13B TTCCACACAGCTCCTGGGCAACGTGCTGGTGGTTGTGCTGGCTCGCCACCATGGCAATGAAT TCACCCCGGTOCTGCAGGCTGACTTTCAGAAGGT~T~r 
13C TT~ACACAGCTCCTGGGCAAT~TGCTAGTGGTTGTGCTGGCT~G~CACTTTGGCAAGGAATTCACCCCGGAGCTGCAGGCTC~GTTT~TC~TGGCTC~TGTGG~TAGT0~CCT 

LeuLeuOlyAsnV~l LeuVllV|IVilLeuAleArgHt s PheGlyLysG1uPheThrProG1uLeuG1nA1gGluPheGlnL)'sV~1V41A1a01yValA1aSerAlaLe 

2350 2370 2390 2410 2430 2450 
uA14H t sLysTyrH I sStop 

138 GGCCCACAA~TATCACTAAGCTCCCCTTCCTGATTTCCAGGAAAGGTTTTTTCATCCTCAGAGCCCAAAAAT TGAATATGGA/UU~ATTATGAAGCATTT TGAGCATC TGGCCTC 1GeT ;~  
pC GGCCCACAGAT~T~ACTAAGCTCCCTTT~CTG~TTCCCAC~GAAAA~TGTTTCTATCCT~AGAGCCCAAAAATTGAATATGGAAAAATTATC~GCATTTTGAG~ATCTGGC~ TC TOCT TA 

uA]~HsArgT~H~ sStop 

2470 _poly A 2510 2530 2550 2570 
p9 ATAAAC~CA~TTTTTCT~ATTG~A~TGGTGTATTTAAATTATTTcA~TGTcTcTTA~TCA0ATCa~iCAcTTGGGA~GGCAAAGCACTGAAC~TATAAAGAAATAAAA~C1A/~ ~C~A 
pC ATAAAgACATTTACTTTCATTGCACTGGTGTATTTGAATTATTTCACTGTCTCTTACTCAGATGGACACATGGGAGGGCAAAGCACTGAAGACATAAAGAAATGAAGGGC TA-GTTGAGA 

2590 2810 2530 2650 ~670 2690 
~B CTTTGAGAAAATATATCAGTAT CTTGGA- CCCAATC, ACA/~ATGGTTOTAAACA~CT~ATGTTAT TGGAAAATATGCT C TGCTCCTTAGTCTTACTCTGCCTTAAAGAAT~C~TTGCA 

CCTTOAGAAAATATATTAATA'~CTTGGACCCCA~ACAGAA~A-GGTTGTAAACAGCTGATGTTAC TGG/L~AACAGGC T C [ GCTCC TTAGTC T TACTTTCCCI T ~ T | s  I~CA 

2710 27)0 2750 2770 2 7 ~  2810 
130 GCTTGATTTGGTAGTTAGATCGTTGGTATGTTTTATTT . . . . . .  NU~TAAATTATGTTAT T TAGCCT TTCT TATAAA TG TCT TCTC . . . . .  ~CTAATTATCCAGAACATCACT IAGATCC 
13C GCTTGATTGGC~AGTTAGATCATTGGTATGTTTTTTTTTAAAAAAAATAAATTATGTTATTTAACCTTTC TTGTAAATGTCTTCTCTTTTTTTTAATTGTCCAGAAAr 

2830 2850 2870 2890 2910 ~ 3 0  Fig. 3. Nucleot ide  sequences  
138 ATTAAGTTCTTCTGCCTAAAGACACCACTGTTTTAAGATTTTCTTTAAGCGTTTTACTGTCCCCAT T GCTCTTCCTCCCCT-ACCICTTTTTATCCTACTTTCCTCTATCATCTTATGAA 
pC ATTAAGTTCTTCTGCCTAAAGGCAGCTCTG•TTTAAAATTTTCTTTAGGCATTTTACTGTCCCTATTGCTCTTCCTACCCTGACCTCTTGTTATCCTAGTTCCCTCTATCAT . . . . . .  AG o f  t h e  s h e e p  ~B_ a n d / ~ C - g | o b i n  

asso ~ 7 o  ~ s o  3OlO ]03o ]0so genes. The  coding sequences  
13B GATe TACAAGAAGGACAGAACC TTC TGTGC TGGAGTC TGACAATGACATATGAAT TT TGAGTAATCC 17 G T T CCCCC T TGCATCCTAATTCW~ATC TCAGT TCAGT TCAC T ICA61"O~C 
~c ~T~T~c~^CAcA~cC~rcr~Tccm~TcT~T~^c^~^T~rTT~TcT~T~TcCCTcT~``c*TcCT~T~Tr~A*Tc*c~aTTcA~T~A~rrc*rrw~c are indicated with the  three-let-  

]070 3090 3110 3130 3150 3170 ter a m i n o  acid code. The  c o n -  
pB TCAGT~GTGTAT~A~AT~TTnCAATC~CA~A~CAG~A~CCAGGCTTCC~TGTCCA~CAC~AAc~CCI~AG~T~G~T~AAA~T~AT6TCCATCAAGTTGGTGA~GCCATTCAACC served p romo te r  sequences,  cap 
pC TCAGTTOTGTACGATTC TTTOTGA- TCCATC~AC TGCAGCATGCTAGGCTTCCCTGTCCATCACCAACTCCTGGA~C TIGCTCA/LATTCATOTCCATCAAGTTGGTGATGGCATTCAACC 

3190 3210 3230 3250 3270 sites, and  polyadenyla t ion  sig- 
pB ATTT•AT••T•T•TT•T•••••T•T••TG••TTCAAT•TTT•••AG•AT•AAGGT•TTT•AAAAT•A••CA•TTCTT•ACATCAGGTGGC•AAAGTA•TGAAGCTT 3239 nals and  sites are indicated 
pC G TTTCAT CCTATGCCATCCCCTTT TC TTACC T T CAA TC TTTCCCAGCATCAGGGTTTTT TCCAATGAG~'CAGT TC T TCACATCAGGTGGCC/UU~TACTGAAGCTT 3200 

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 B A- and/3C-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/3-Globin Genes 

The goat/3A_ and/3c_, sheep /3A_, /3B_, and/3 c-, and 
cow adult/3-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 
/3A-globin gene is not available so this region was 
excluded from all the comparisons. The sheep/3A_ 
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/3-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/3A_ and/3 c- 
globin genes preceded the divergence of  goats and 
sheep (Li and Gojobori 1983). The comparisons of  
the sheep/3c to the goat/3c gene, and to the sheep 
and goat/3A genes, concur with this conclusion. The 
sheep/3c is most similar to the goat/3c, differing by 
only 2.4% overall. Both the sheep/3c and goat/3c 
genes are about equally different from the sheep/3A 
and goat /3A genes, averaging 8.7% divergence. 

The comparisons of  the amino acid sequences of  
the sheep/3B globin to the/3A and/3c globins of  sheep 
suggest a closer relationship to the/3A protein than 
to the/3c 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 /3 a- versus the /3A-globin genes of  goat and 
sheep are 3.0 and 3.3, respectively, while the values 
for the/3 a versus the goat and sheep/3 c comparisons 
are 8.6 and 8.8%. This suggests that the /3 a gene 
arose from the/3g-globin gene after the/3 A and/3 c 
sequences had diverged, probably at about the time 
of  divergence of  goats and sheep. 

However, it is possible that the sheep /3 B gene 
resembles the /3 A gene because of  functional con- 
straints on regulation or protein structure. As a con- 
trol to test this possibility, we included the cow adult 
/3-globin gene sequence in our comparisons. The cow 
adult/3 globin is similar to the sheep/3B in regulatory 
pattern and presumably function, so if conservation 
of  functional sequence features is a significant factor 
in sequence similarity, the cow/3 should also resem- 
ble the/3A genes more than the ~3C-globin genes. As 
shown in Table 1, the cow/3 is more similar to the 
/3A genes (7.1 and 7.4% divergence) than to the/3c 
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/3A//3C 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/3A//3 c duplication, or whether the cow 
had the ~c gene for a time and later lost it. The 
divergence values between the cow fl and the/3 A and 
~c genes may indicate that the cow split from goats 
and sheep after the/3A/~C duplication occurred, but 
lost the/3c gene before much divergence between/3A 
and/3c had taken place. Alternatively, the cow may 
have diverged from the goat/sheep ancestor before 
the /3A//3C duplication event, and the greater extent 
of  divergence of  the cow/3 from the/3c genes may 
be indicative of  more rapid evolution of  the/3c 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/3A 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/3-globin gene in the ruminant 
/3-globin clusters has an adjacent pseudogene which 
is the product of  the same duplication event that 
created each/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 
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Fig. 4. Alignment of the goat 
~A_ (GILA), sheep BA_ (S~A), 
sheep ~a- (S~a), cow ~- (C~), 
goat/~c_ (G~C), and sheep ~c_ 
(S~ C) globin gene sequences. 
The goat ~A 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 se l ec t ion  for funct iona l  s equences .  
W h e n  the c o w  ~3 gene,  w h i c h  is adjacent  to  the adult  

gene,  is c o m p a r e d  to the ~/~x and ~/~z genes  o f  
goat ,  w h i c h  are adjacent  to  the ~ c  and /~A genes ,  

re spec t ive ly ,  the  c o w  ~k3/goat r x and c o w  ~3 /goat  
$BY s e q u e n c e s  are nearly  equal ly  d ivergent ,  (9 .3  and 
8.7%, respect ive ly) .  T h e  d ivergence  b e t w e e n  the goat  
~kB x and ~ z  genes  is s l ight ly  less  (8.1%). Thus ,  the 



Table 1. Percent divergence of the cow, goat, and sheep juvenile and adult/~-globin genes 
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%Divergence Coding region changes 

Overall Noncoding Silent Replacement Total 

Sheep fin Goat flA 3.0 3.2 1 8 11 
Sheep flA 3.3 3.3 5 9 14 

Sheep fin Goat B c 8.6 8.9 8 22 30 
Sheep B c 8.8 9.4 9 20 29 

Sheep fla Cow B 6.8 7.5 7 13 20 
Cow fl Goat B A 7. l 7.5 5 15 20 

Sheep B A 7.4 7.6 7 18 25 
Cow ~ Goat ~c 9.5 9.8 8 25 33 

Sheep tic 9.7 10.2 7 23 30 
Goat flA Sheep flA 2.4 2.5 3 5 8 
Goat tic Sheep tic 2.4 2.9 1 5 6 
Goat ~A Goat B c 8.3 8.8 6 20 26 

Sheep/~c 8.9 9.7 7 20 27 
Sheep ~A Goat Bc 8.7 9.3 10 17 27 

Sheep/~c 8.8 9.7 9 17 26 
Cow ~b 3 Goat r z 8.7 
Cow ~b 3 Goat XbB x 9.3 
Goat ~bfl x Goat r 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 s imilar i ty  o f  the cow B to the BA genes m a y  
not  extend to the rest o f  their  respect ive four-gene 
sets, and  m a y  reflect conserva t ion  o f  functionally 
required sequences or  rapid divergence by the tic 
genes, ra ther  than  a closer evolu t ionary  relationship.  

We have  considered the possibilities that the sheep 
fib resembles  the sheep and  goat flA genes because 
o f  functional  similarities, and  that  the fib fails to 
resemble  the tic genes because the juveni le  genes 
have  evo lved  unusual ly quickly. These factors prob-  
ably contr ibute to the resemblance between the sheep 
fib and  the goat and sheep flA genes. However ,  the 
s implest  explanat ion for the very high similari ty 
between the fla and BA globin genes is that  they have  
diverged recently. 

D i s c u s s i o n  

The  ruminan t  fl-globin gene clusters are unique 
a m o n g  globin loci in having  undergone recent large- 
scale block dupl ica t ion events,  fol lowed by the der-  
iva t ion  o f  genes with different deve lopmenta l  func- 
tions. Such large regions o f  repeated highly s imilar  
sequences might  be expected to be unstable in the 
face o f  unequal  r ecombina t ion  events.  I t  is easy to 
imagine  that  such an event  could have  created a 
tr ipl icated locus f rom two c h r o m o s o m e s  carrying 
dupl icated clusters (Fig. 5B), and  our  sequence data  
indicate that  a comparab le  delet ion event  m a y  ac- 
count  for the structure o f  the B sheep locus (Fig. 
5C). Many  examples  o f  delet ions r emov ing  previ-  

ously dupl icated gene regions, p resumably  by un- 
equal  recombina t ion ,  have  been described. These 
include the ~r/6 fusion pseudogene found in lemurs  
(Jeffreys et al. 1981), and var iant  h u m a n  fl globins 
such as Lepore  and  Kenya  (Weatheral l  and Clegg 
1981). R a n d o  et al. (1986) have  described great vari-  
abili ty in the sheep a-globin locus, in which var iants  
with two, three, or four genes per  c h r o m o s o m e  can 
be found in the populat ion.  The  presence o f  two 
alleles at the B-globin locus in Barbary  sheep (Am- 
motragus lervia) suggests ano ther  var ia t ion on the 
ruminan t  B-globin locus structure. These animals ,  
like domes t ic  sheep, have  a haplo type  that  expresses 
a tic globin during anemia ,  and  a haplotype tha t  
lacks the anemic  globin. However ,  in the hap lo type  
lacking the tic globin, the adult  globin is structurally 
s imilar  to the tic prote in  (Hu i sman  and Miller 1972). 
It  is unknown whether  this cluster has undergone  a 
deletion, but  i f  it has, the 8 ̂  gene m a y  have  been 
the one deleted. 

Another  consequence o f  the long t a n d e m  dupli-  
cated D N A  segments  in the ruminan t  fl-globin clus- 
ters is the high probabi l i ty  o f  gene convers ion  or  
gene correction.  Examples  o f  p robab le  gene con-  
versions have  been noted previous ly  in these clus- 
ters. The  goat ~1 and ~u genes are slightly more  s imilar  
at their  5' ends than in the r ema inde r  o f  the genes 
( G o o d m a n  et al. 1984; M e n o n  and Lingrel 1986). 
The  cow ~2 and e4 are m o r e  s imilar  to each other  
than either is to its or thologue in goat, a l though the 
e2/,4 dupl icat ion necessari ly preceded the cow/goat  
divergence (Schiment i  and  Duncan  1985a). The  cow 
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Fig. 5. Schematic diagram of the evolutionary histories of the goat and sheep 3-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 3 A 
sheep. C Hypothetical model for the deletion of four genes resulting in the eight-gene cluster offl B sheep. 

pseudogene intervening sequences are unexpectedly 
similar to the functional 3-globin gene intervening 
sequences, given the evolut ionary  distances between 
these genes (Brunner et al. 1986). Most  o f  these cases 
are more  subtle than the examples o f  very recent 
events seen on a background o f  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 o f  the mouse  3h0 and 3h l  genes. Gene 
conversions in the distant past may  lack clear end- 
points. They  may  be evident  only f rom slight dis- 
crepancies in the overall divergence values for dif- 
ferent pairs o f  genes that  are known to have diverged 
at the same time. The  possibility o f  such obscure 
gene conversions makes it risky to estimate t imes 
o f  gene duplicat ion events or rates o f  evolut ion in 
families o f  closely related genes. Our  sequence re- 
sults indicate that the sheep 3B gene diverged from 
the goat and sheep flA-globin genes very  recently, 
but the possibility cannot  be excluded that the sim- 
ilarity between these genes is the result o f  a recent 
in te rchromosomal  gene conversion.  

A potential  problem with the deletion model  for 
the origin o f  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 3A-globin 

gene at about  the same t ime goats and sheep di- 
verged, or perhaps slightly before. The  regulation o f  
the 3 A- and 3C-globin genes in the goat/sheep ances- 
tor  cannot  be known. In present-day sheep, the 3 c 
protein is expressed at very low levels in juveniles,  
making up less than 10% o f  the fl globin (Huisman 
et al. 1969), so the loss o f  the 3C-globin gene might 
not be deleterious at this stage. In goats, however,  
the 3c 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 f rom ~A to ~C. 

The  regulator of  the 3A to 3 c switch is erythro- 
poietin (Thurmon  et al. 1970). Because the 3C-glo- 
bin genes o f  sheep and goats are extremely similar, 
it is possible that the difference in the regulation o f  
3c in these animals is the result o f  differences in the 
regulation o f  erythropoiet in  levels, not  o f  the 3c 
genes. Such changes in regulation in sheep and goats 
could have occurred after the two species diverged, 
perhaps relating to the selection o f  habitats at dif- 
ferent altitudes, or with different endemic  parasites. 
The ancestral sheep/goat  anemic switch regulation 
may  have been different f rom that  o f  ei ther present- 
day goats or sheep. I f  the switch mechanism was 
less sensitive in the ancestral animal,  an individual  
that  lost the flC-globin gene might  not  have been at 
a selective disadvantage unless it became severely 
anemic.  It is also possible that the 3B allele was 
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l inked  to a n o t h e r  a d v a n t a g e o u s  t rai t  tha t  a l lowed it 
to be selected in  spite o f  s o m e  loss o f  fitness. Evans  
a n d  T u r n e r  (1965) have  f o u n d  tha t  in  some  breeds  
o f  p r e sen t -day  sheep, a n i m a l s  wi th  the ~n allele are 

m o r e  r ep roduc t i ve ly  successful  t h a n  those  wi th  the  
~A allele. 

T h e  loss o f  the/5  c gene d id  no t  necessar i ly  affect 

the  fi tness o f  the  a n i m a l ,  however .  T h e  de l e t i on  tha t  
r e m o v e d  the/3 c gene m a y  h a v e  i n c l u d e d  regula tory  

regions  i n v o l v e d  wi th  the  swi tch ing  off o f  the adu l t  
gene. Al t e rna t ive ly ,  the swi tch ing  off o f  the  15 A gene 

m a y  be tr iggered di rec t ly  by  inc reas ing  levels  o f  the 
/3 c pro te in .  A n o t h e r  poss ib i l i ty  is tha t  the /~a  gene 
m a y  have  begun  to d iverge  a n d  lose its ab i l i ty  to 
switch off before  the /5  c gene was deleted.  

In  s u m m a r y ,  ou r  efforts to u n d e r s t a n d  the evo-  
l u t i o n a r y  h i s tory  o f  the sheep ~B locus  are c o m p l i -  
cated by  ev idence  o f  f unc t i ona l  cons t r a in t s  on  the  
d ive rgence  o f  the sheep a n d  goat  /~a, cow 13, a n d  

sheep BB genes,  a n d  o f  the  poss ib i l i ty  o f  r ap id  di -  
vergence  o f  the /3  c genes.  A n  a d d i t i o n a l  comp l i c a -  

t ion  is i n t r o d u c e d  by  the  poss ib i l i ty  o f  gene con-  
v e r s i o n  events .  I t  seems un l ike ly  tha t  the close 
s imi l a r i ty  be tween  the  ~n a n d  ~A genes  can  be ex- 

p l a i n e d  by  these factors a lone.  I t  is m o r e  p robab l e  
tha t  the Bn gene is s imi l a r  to the /5  g genes because  
these two genes share a recent  c o m m o n  ances tor .  
Sequence  c o m p a r i s o n s  o f  o the r  regions  in  the  A a n d  
B sheep B-globin clusters,  such as pseudogenes  or  
in te rgen ic  regions,  cou ld  help a n s w e r  ques t i ons  o f  
c o n s e r v a t i o n  or  r ap id  d ive rgence  o f  func t iona l  se- 
quences ,  a n d  cou ld  p r o v i d e  i n f o r m a t i o n  on  the ex- 
t en t  o f  regions  o f  gene conve r s ion .  Such c o m p a r i -  
sons  cou ld  poss ib ly  conf i rm the de le t ion  m o d e l  a n d  

cou ld  e v e n  locate  the  site o f  the de le t ion .  
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