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ABSTRACT Distinct hemoglobins are synthesized in goats
at different stages of development, similar to humans. Embry-
onic hemoglobins (C2E2 and a2E2) are synthesized initially and
are followed sequentially by fetal (a2/32), preadult (a2fK), and
adult (a211f) hemoglobins. To help understand the basis of
these switches, the genes of the f3-globin locus have been
cloned and their linkage arrangement has been determined by
the isolation of X phage carrying overlapping inserts of geno-
mic goat DNA. The locus extends over 120 kilobase pairs and
consists of 12 genes arranged in the following order: E'-E"-
ttx-.qc efI E3lv tpzBz3AvEv-Evy-f438Y-PF. Comparison of
the nucleotide sequence of the 12 genes shows that the locus is
organized into three homologous four-gene sets that presum-
ably evolved by the triplication of an ancestral set of four genes
(E-E-afrf313). Interestingly, the three genes (fjc, 1A, and pF)
located at the ends of the four-gene sets are expressed at differ-
ent stages of development. Therefore, the goat 3F-, .C-, and
pA-globin genes appear to have evolved by a mechanism that
includes the triplication of 40-50 kilobase pairs of DNA and
the recruitment of newly formed genes for expression in fetal,
preadult, and adult life.

Goats, like humans, switch hemoglobins during develop-
ment. Both synthesize embryonic hemoglobins composed of
either 4 or a and E polypeptides (42C2 or a2E2) in the yolk sac
blood islets. The embryonic globin is then replaced by fetal
hemoglobin (a232 in goats and a2y2 in humans) when the
major site of erythropoiesis switches to the fetal liver (1-3).
The non-a polypeptide of the goat fetal hemoglobin will be
referred to as OF rather than the previously used y (4) to
reflect its adult -like origin as indicated by both amino acid
and nucleotide sequence data (4-6) and by its evolutionary
history, which is described in this paper. Although humans
switch directly to adult hemoglobin (a2A2) at birth, goats un-
dergo an additional switch to a juvenile or preadult hemoglo-
bin composed of two a and two J3c polypeptides (a2J3C). This
hemoglobin is then replaced by adult hemoglobin (a2BA) at
approximately 3 months of age. Interestingly, this final
switch is reversible; complete replacement of adult hemoglo-
bin by preadult hemoglobin can be induced in adult goats by
anemic stress, hypoxia, or injection of erythropoietin (7-9).
The isolation and characterization of 10 8-like globin

genes of the goat has been reported (10-16). Nine of these
genes, in the order El-EXP-CE-E 1V_1pr84_'8AEV were
isolated as overlapping inserts in Charon 4A clones (16).
Comparison of the nucleotide sequences of the first 8 genes
in this cluster showed that these genes are organized into
two four-gene sets presumably formed by the duplication of
an ancestral four-gene set (C-e-qip-p). Each gene in one set
is most homologous to the gene occupying the same position

in the other four-gene set. Thus, E , and E ,E and Ac ,Bx
and LIZ, and ,c and pA are >90% homologous, both in cod-
ing and noncoding sequence. Several observations suggested
that a third four-gene set might be present in the goat f3-glo-
bin locus. First, the Ev gene is linked downstream of pA and
is highly homologous to El and El" (16). Therefore, -" could
begin a final set of four genes. Second, the fetal globin gene
(pF) is highly homologous to f3c and pA (6) and therefore
could represent the fourth gene in the last four-gene set. Fi-
nally, two globin-hybridizing sequences that were not repre-
sented in the Charon 4A clones have been observed in geno-
mic Southern blots (16). One of the sequences hybridized to
a pseudogene-specific probe. Therefore, these two se-
quences could represent an embryonic gene and a pseudo-
globin gene that would complete the final four-gene set. In
this paper, we report the isolation of genomic clones that
contain an embryonic (EVl) gene and a pseudoglobin (IiX)
gene and link the fetal globin gene with the rest of the f3-
globin cluster.

EXPERIMENTAL PROCEDURES
A partial Sau3A library of genomic goat DNA was construct-
ed in the A vector EMBL 4 (17) by standard procedures (18).
Without amplification, 600,000 recombinant phage were
screened in duplicate as described by Benton and Davis (19)
with a mixture of E'-5' qpZ-5', and pF-5' probes (16). Appro-
priate fragments of isolated phage clones were subcloned
into the plasmid pUC8 (20) and sequenced by the method of
Maxam and Gilbert (21).

RESULTS
Linkage Map of the Goat #8-Globin Gene Family. To isolate

clones encompassing the entire f-globin locus, we construct-
ed a partial Sau3A library of genomic goat DNA in the X
vector EMBL 4 (17) and screened it with a mixture of embry-
onic, pseudo-, and fetal globin probes (16). Twenty-one dif-
ferent globin-hybridizing clones were obtained. Four of
these clones (nos. 31, 32, 33, and 34) are illustrated in Fig. 1,
along with the previously identified (16) Charon 4A clones.
Clone 32 contains two globin-hybridizing EcoRI fragments
[12 and 2.3 kilobase pairs (kb)], which correspond to globin
sequences previously observed in genomic Southern blots
(16) but not represented in the Charon 4A clones. The 2.3-kb
fragment of clone 32 hybridizes specifically with the pseudo-
gene probe (data not shown). Clone 34 contains this same
2.3-kb EcoRI fragment linked upstream from the fetal globin
gene. Therefore, the four newer clones illustrated in Fig. 1
contain two previously unreported globin-hybridizing se-
quences and complete the linkage map of the goat 83-globin
gene family.

Abbreviation: kb, kilobase pair(s).
*To whom reprint requests should be addressed.
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FIG. 1. Linkage map of the goat ,-globin locus. Clones 31-34 were isolated from a partial Sau3A library constructed in the X vector EMBL 4
(17). All of the other clones were isolated from a partial EcoRl library constructed in Charon 4A as described (10). The triangles represent sites
of insertion of the iTVx plasmid in Charon 4A clones isolated prevously by rVx recombinant screening (15, 16). Overlaps between phage clones
were confirmed by digesting the purified overlapping EcoRI fragments with Hae III, Rsa I, or both and comparing the resulting fragments by
electrophoresis on agarose gels. All of the genes are oriented in the same direction, left to right, on the map.

Identification of a Sixth Embryonic Sequence. Part of the
nucleotide sequence of the gene in the 12-kb EcoRI fragment
of clone 32 is compared with the sequence from - 122 to
+139 of Ell and E6v in Fig. 2a. The first exon of the newly
isolated gene is =95% homologous to the embryonic genes
that occupy the same relative positions in the 8c (.1, E61,

04x3 0pC) and pA (EII, EIV, q3Z, A) four-gene sets. This high

degree of sequence similarity in the first exon establishes the
embryonic nature of the newly isolated gene, which will sub-
sequently be referred to as EV1. Since the first exon of EVI is
-95% homologous to the first exons of E1 and elv but only
80% homologous to those of EI, EIII, and &V, the newly isolat-

a
-120 -100 CCAAT -60 -40 ATA Box -20

IV ~W GAAGGATAAGC AE
V CCAAGTITCCACCCCTGGCAGTGACCACCTACCTTTIGACCAATAGTCTC-GTTTTATTGGGGGAAGGAAGGGCCTGGCAGCAGATGAGGAATAAAAGGCCATGCAGEf I CCAAGTTCCACCCCTIGGCAGTGACCACCTACCTTTGACCAATAGTICTCkTTTATTGGGGGAAGGAAGGGCCT-GGGGCAGCAGATGAGGAATAAAAGGCCATGCAGII_ ____

+1 (1) (10)
Cap +20 +40 Met Val His Phe Thr Thr Glu Glu Lys Ala Ala

VI AGCAGCGGCACAGACTTCTTCTGGCCCATTAAGGATCACCAGTAAGC¶CCCAGACACC ATG GTG CAT TTT ACT ACC GAG GAG_G GCT GCT
E IV TGAAGCAGCGGCACAGACTTGCTTCTGGCCCATTAAGGATCACCAGAT¶CTCCAGACACC ATG GTG CAT TTT ACT ACC GAG GAG MG GCT GCT
E II 'PGAAGCAGCGGCACAGACTTGCTTCTGGCCCATTAiGGATCACCAGTAAGCTCCCAGACACC ATG GTG CAT TTT ACT ACC GAG GAG AAG GCT GCT

Thr (20) Glu Ser (30)
Val Ala Ser Leu Trp Ala Lys Val Asn Val Lys Val Ala Gly Gly Glu Cys Leu Ala

Vi GTT GCT AGT CTG TGG C MA GTG MT GTG GAG GTG GGC GGT GAG AGC C A
E I V GTT GCT AGT CTG TGG GCC AAA GTG AAT GTG §G GTG GCC GGC GGT GAG 3C C GA
CH GTT GCT AGT CTG TGG GCC AAA GTG AAT GTG GAG GTG Gi GGC GGT GAG AGC C CA

Glu Val Ser

b Altered Altered
-120 -100 -80 CCMT box -60 -40 ATA box -20
GCATCTTACAT4CwCCMACCMATGCTTGTGTTATGCCCT TATCTACIMTGAGMAGCAGAGAGGGCAGGAGGCT-CGTGGGGC¶TTACMGGMGACCA

oX GCATCTTACATTCCCCCAMAAACCMATGAACTGTGTTATGCC;G AMTCTACTCTCAGMGCAGAGAGGGCAGGAGGCT-CGTGGGGCTCACAAGGAAGACoZ GCATCTrACATTCCCCM MTGMCTTGTTATGCC TCTAC TTAGMGCAGAGAG ACCA

+1 (1) Leu
CaP +40 Met Val His Leu

3 Y GGGaCCTGCTGCTTACACCTGCTTTTG+----------------- ----ACATC ATG G
oX GGGCCCCTGCTGCTTACACCTGCTTrrGACACACTTGCAGCTGGGTAMCACACATC ATG GTG CAT CTG

~BZ GGGCCCCTGC'GCTTACACC MACACAACTTGCAACTGCACMAACACACA¶IMA VaGTG LCT
Met Val Tyr Leu

(10)
Thr Leu Glu Glu Lys Ala Thr Val
ACT CTT GAG GAG AAG GCT ACT1 GTC
ACT C* GA4 GAG AAG GCT ACTTGTC
ACT CTT GAG GAG A] GCT ACTTG¶C
Thr Leu Glu Glu Lys Ala Thr Val

Ile Thr (20) Pro Asp (30)
Thr Ala Leu Trp Ser Lys Met Arg Val Ala Glu Val Gly Val Glu Thr Leu Gly Ar

Y GjGYC lM TGG AGC AAG ATG AGG GTG GCT GAA GTT GG C C CTA GGC AG GCAGGTATTCAGCTT
X ACT GCC CTG TGG AGC AAG ATG AGG GTG GCT GAA GTT GG GM ACC CTA GGC AG GCAGGTATTCAGCTT
Z ACT GCC CTG TGG MGG GM AR G

Thr Ala Leu Trp Asn Lys Val Ala Glu Val Gly Ile Glu Ile Leu Gly Ar

FIG. 2. Comparison of the nucleotide sequence of the goat E", E's, and Ev6 (a) and ,Xpx, +,pY and qpZ (b) genes from positions -122 to +139
and -122 to + 150, respectively. The 6.0- and 2.3-kb EcoRl fragments of clone 33 and 34, respectively, were subeloned into pUC8 (20). The 6.0-
kb fragment is actually a partial Sau3A/EcoRl genomic fragment; the EcoRl site immediately adjacent to the Sau3A site is derived from the
vector arm. The sequence of ev' was determined in both directions from the 5'-end-labeled MstEII site at -47. The sequence of 41,Y was
determined in both directions from the 5'-end-labeled Piu lI site at + 181. Regions of homology between the genes are boxed, and the deduced
amino acid sequence is indicated above the exon for V1 6v, qpY, and qipx and below the exon for 6" and qi,pZ. Dashes represent deletions
inserted to maximize homology and the single X represents an unreadable base. The sequence of 61 is from Shapiro et al. (15); Eiv is from
Townes et al. (16). 0,8X and ppZ sequences are from Cleary et al. (14).
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ed gene appears to be closely related to the second-position
genes in the Pc and PA four-gene sets. The similarity of the
three second-position genes is even more evident when the
noncoding sequences are compared with each other and with
the other genes in the locus. The 5' untranslated region and
the first 120 base pairs of 5' flanking sequence of , EIV, and
EVI are >95% homologous and are <50% homologous to the
other genes in the cluster.

Identification of a Third Pseudoglobin Gene. Part of the nu-
cleotide sequence of the gene contained in the 2.3-kb EcoRI
fragment of clone 34 is compared with the sequence from
-122 to +150 of q43x and 413Z in Fig. 2b. This gene is >90%
homologous to qi3x and 4q3Z, both in coding and in noncod-
ing regions, and therefore appears to be closely related to the
two pseudogenes. Moreover, it contains some of the same
defects that make q4Bx and q4,Z nonfunctional. For instance,
the newly isolated sequence possesses the same alterations
in the "ATA" box as 4,3x and q,83Z. The ATA box at -35 in
the functional goat globin genes has the sequence A-A-T-A-
A-A-A. This sequence is mutated to C-T-C-A-C-A-A in +q3X,
4/pZ, and the newly isolated gene. Since the newly isolated
gene is highly homologous to +Xpx and qipZ and shares with
these two genes an identically mutated ATA box, it will sub-
sequently be referred to as fqiy. q3'y also shares with qpx
and qfp3Z the same splice sequence defect in the donor site of
the first intron. All three genes contain a G-C at this splice
junction as opposed to the G-T dinucleotide found in most
mammalian genes transcribed by RNA polymerase 11 (22),
including all of the other goat 83-globin genes. q4BY, like qpx
and 4Iz, also contains a mutated C-C-A-A-T box. All active-
ly functioning globin genes reported to date contain the se-
quence C-C-A-A-T at a position approximately 80 base pairs
upstream from the transcriptional start site (23-25). This se-
quence, which is essential for optimal promoter efficiency
(26), is mutated to C-T-A-A-T in qp3Y and qi3z and to T-T-A-
A-T in qi3X. Interestingly, 4q3'y does not share with 1143X and
qq3Z in the single-base (thymidine) insertion between codons
11 and 12. This insertion in qix and /q3z produces a frame-
shift mutation that results in the formation of a stop codon in
the first exon.
The fact that 41,3y is highly homologous to +83Cx and t}pZ

and shares with these latter genes identical point mutations
strongly suggests that qiqx, qq3Y, and ,ppZ were produced by
a recent triplication of a preexisting pseudoglobin gene.

a

E E (P_ _ _3

b

E E /if3

m

DISCUSSION

Evolution of a Gene Family. The data presented above il-
lustrate the linkage of 12 genes in the 3-globin locus of the
goat genome and strongly suggest that the locus was formed
relatively recently by the triplication of 40-50 kb of DNA
containing a basic four-gene set (r-E-q4-). A model for the
evolution of the goat P3-globin locus is shown in Fig. 3. After
the formation of an ancestral four-gene set composed of two
embryonic and two /3-globin genes, the first adult gene be-
came defective, presumably due to mutations in the C-C-A-
A-T or ATA box. This basic four-gene set was then duplicat-
ed to form a second set of four genes. Interestingly, the gene
occupying the fourth position in the new four-gene set was
recruited for expression during fetal development and is now
designated pF

. After the duplication that formed the pF four-
gene set, a third four-gene set was formed, probably as the
result of an unequal crossing-over event. One possible site of
recombination is illustrated in Fig. 3. Subsequent to the
crossover, the developmental specificity of the fourth posi-
tion gene in the first four-gene set was changed. This gene
,8C) is now expressed during preadult development.
Several observations suggest that the IF four-gene set was

formed before the f3c set. First, comparison of the nucleotide
sequence of the f3c, pA, and pF genes shows that, although
all three of these genes are highly homologous, 1F has di-
verged more than pA and Pc (4). Second, the single-base-pair
insertion present in +13x and #,Bz but not in fr3Y implies that
the four-gene set containing qq3Y was formed prior to the in-
sertion. That is, the extra base was inserted into the i43B/x/z
precursor after the initial duplication. This gene was then
duplicated in the unequal crossing-over event that produced
the third four-gene set. Although the precise site of the re-
combination cannot be determined without additional se-
quence data, the presence of the inserted thymidine in both
*ipx and 4ipZ is consistent with a cross-over in a region of
DNA 5' to the q43X/q43Z precursor.
Three observations suggest that the triplicated locus is

most likely present in the entire caprine population. The
same EcoRI pattern of globin-hybridizing sequences has
been detected in genomic Southern blots of goats obtained
from at least five different herds. Second, the two genomic
libraries from which the goat globin genes were isolated were
prepared from goats obtained from different herds. The
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FIG. 3. Model for the evolutionary history of the goat /-globin locus. (a) Formation of the ancestral pseudogene and subsequent duplication
of the four-gene set. (b) Illustration of the unequal crossing-over event that most likely produced the triplicated locus.
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Charon 4A library contained 10 of the 12 genes and the
EMBL 4 library contained almost the entire 3-globin locus,
lacking only 5 kb of DNA around the E111 gene. Finally, the
triplication most likely preceded the divergence of sheep and
goats. Sheep, like goats, possess both fetal and preadult glo-
bin polypeptides that are adult ,-like in sequence (4, 5, 27).
Therefore, the sheep fetal, preadult, and adult 8-globin
genes appear to have evolved by the triplication of an adult
/3-like sequence. Although the sheep preadult gene has not
been isolated, the nucleotide sequences of the sheep fetal
and adult /3-globin genes have been determined (28). These
genes are highly homologous to the goat fetal and adult genes
in both coding and noncoding sequences. Furthermore, the
amino acid sequences of preadult (/3C) globin gene products
are similar in sheep and goats. Therefore, the triplication
event that produced the 8c, pA, and 8F genes most likely
occurred in an ancestor common to sheep and goats. This is
in agreement with the evolutionary tree derived by Czelus-
niak et al. (29) using the method of maximum parsimony.
Comparison of 13-Globin Loci. The structures of four mam-

malian ,3-globin loci (30-34) are compared in Fig. 4. Of all the
/3-globin gene families, the goat family is by far the largest.
As discussed above, the goat locus contains 12 linked genes
that span >120 kb of DNA. Like other mammalian P3-globin
gene families, all of the goat /3-globin genes are oriented in
the same direction; left to right on the linkage map. Howev-
er, unlike the human ,3-globin family, the goat genes are not
organized in the order in which they are expressed during
development. The adult gene pA is positioned in the middle
of the cluster with the preadult (TIC) and fetal (pF) genes lo-
cated on either side at -50-kb intervals. This organization
precludes a mechanism of gene activation that relies on se-
quential opening of adjacent chromosomal domains through-
out the locus during development.

Primordial Four-Gene Set. Shapiro et al. (15) have shown
that an individual four-gene set in the goat /3-globin locus is
similar to the j3-globin loci of several other mammals and
suggested that a primordial four-gene set may have existed
before the mammalian radiation. Hardison (34) has also
made this suggestion afer comparing the positions and se-
quences of rabbit and human ,3-globin genes. The first-posi-
tion gene in an individual four-gene set in the goat locus is
highly homologous to human E (35), rabbit /34 (34), and
mouse Ey3 (36). Similarly, the fourth-position gene is highly
homologous to human 3 (32), rabbit /31(31), and the dupli-
cated mouse adult genes "maJ and /3mit (37). Although the
origins of the second- and third-position genes in the goat

L
kb 0

1
20 40

locus are somewhat obscured by differences in the rate at
which first- and second-position genes fix mutations (15) and
by gene conversions that homogenize third- and fourth-posi-
tion genes (38), e11, £IV, and EVI appear to be related to human
y and rabbit 33 (15, 39) and goat qix, 4iBY, and 4fEZ are most
likely related to human 8 and rabbit /432 (38).
Convergent Evolution of Human and Goat Fetal Globin

Genes. As indicated above, the genes that now encode the
goat preadult and fetal globin polypeptides were formed rela-
tively recently by two separate duplications of an adult /-
like precursor. The adult /3-like origin of the goat fetal globin
gene is very different from the origin of the human fetal glo-
bin gene, which presumably originated from an embryonic
globin precursor (34, 39). Therefore, these two fetal globin
genes have distinct evolutionary histories. Both genes en-
code polypeptides that possess higher oxygen affinities than
their adult counterparts (1). Thus, both fetal proteins are
able to efficiently accept oxygen from the maternal adult he-
moglobin. However, the two proteins have very different
amino acid sequences. The distinct origin of the two fetal
globin genes therefore seems to represent a clear example of
convergent evolution.

Developmental Regulation of p3C, pA, and pF. Perhaps the
most interesting aspect of the two duplications that formed
the goat /3-globin locus is that these duplications mark the
origins of the fetal and preadult globin genes. It is possible
that the duplications moved these sequences into chromo-
somal domains that are opened during fetal or preadult life.
In this case, the newly formed adult-like genes would be ex-
pressed during fetal or preadult life as a result of their new
locations in the genome. Alternatively, mutations in regula-
tory sequences may have changed the developmental speci-
ficity of these genes subsequent to the duplications that
formed them. In this respect, it is interesting that the nucleo-
tide sequences of the /3c and _Agenes are identical from -79
to +56 (11). The first nucleotide differences at the 5' ends of
these genes is at position -80 and there are only eight other
nucleotide differences through position -227. The fetal glo-
bin gene is also highly homologous to PA in the 5' flanking
region. These two genes differ by only three nucleotides be-
tween -79 and +56 and there are only 10 other differences
through -227. In fact, all three genes are >90% homologous
as far as 700 nucleotides upstream from their transcriptional
start sites (40). Therefore, if developmental regulatory se-
quences are located at the 5' ends of these genes, single-
base-pair differences must be sufficient for differential con-
trol.
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FIG. 4. Comparison of four mammalian /3-globin loci.
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