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ABSTRACT Regions surrounding the single y-globin gene
of galago and the duplicated y'- and ¥*-globin genes of gibbon,
rhesus monkey, and spider monkey were sequenced and
aligned with those from humans. Contrary to previous studies,
spider monkey was found to have not one but two y-globin
genes, only one of which (7) is functional. The reconstructed
evolutionary history of the y-globin genes and their flanking
sequences traces their origin to a tandem duplication of a DNA
segment =5.5 kilobases long that occurred before catarrhine
primates (humans, apes, and Old World monkeys) diverged
from platyrrhines (New World monkeys), much earlier than
previously thought. This reconstructed molecular history also
reveals that the duplication resulted from an unequal homol-
ogous crossover between two related L1 long interspersed
repetitive elements, one upstream and one downstream of the
single ancestral y-globin gene. Perhaps facilitated by the
redundancy resulting from the duplication, the y-globin genes
escaped the selective constraints of embryonically functioning
genes and evolved into fetally functioning genes. This view is
supported by the finding that a burst of nonsynonymous
substitutions occurred in the y-globin genes while they became
restructured for fetal expression in the common ancestor of
platyrrhines and catarrhines.

Investigation of the evolutionary history of genes in the
mammalian B-like globin gene family has provided insights
into the processes of molecular evolution that first produced
more of the same genes (duplication) and then produced,
from the duplicates, diversified genes ranging from those with
new functional roles to those that have become nonfunctional
pseudogenes (1-7). In humans, apes, and Old World mon-
keys, the genes of the B-like globin gene family are clustered
within a 60-kilobase (kb) genomic segment, with each gene
flanked by extensive noncoding DNA, and are arranged in
order of developmental expression: 5'—¢ (embryonic)-y! and
¥* (fetal)-ym (nonexpressed)-8 and B (postnatal)-3’ (2). This
cluster arose through a series of gene duplications beginning
200-150 million years ago (MYA) in early mammals to
produce proto-e-globin and proto-B-globin genes (3, 6, 7).
About 100-80 MYA in the stem eutheria (early placental
mammals), duplications yielded & and 8 from proto-B, and &,
v, and n from proto-¢ (6, 7). After the separation of the
primates from the other eutherian mammals, n became a
pseudogene (7).

After the ancestors of the anthropoids diverged from those
of the prosimians =55 MY A (8), developmental expression of
y-globin changed from embryonic to fetal in the emerging
anthropoids (5, 9). Before this change in developmental
expression, the cluster in early primates probably had an
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arrangement of genes and a pattern of developmental expres-
sion resembling that of such strepsirhine prosimians as
galago: 5'—¢ and y (embryonic)-ym (nonexpressed)-6 and 8
(both fetal and postnatal)-3’ (9, 10). Previous studies (1, 11,
12) indicated the presence in the B-globin cluster of only one
y-globin gene (the expression of which was fetal rather than
embryonic) just before the simian or anthropoid radiation
leading to platyrrhines (New World monkeys) and catar-
rhines (humans, apes, and Old World monkeys) and that,
after separation of platyrrhines from catarrhines, a 5.5-kb
DNA segment encompassing the y-globin locus was dupli-
cated in the stem catarrhines ancestral to hominoids (hu-
mans, gibbons, and other apes) and Old World monkeys. This
conclusion regarding when the gene ancestral to y!- and
y*-globin tandemly duplicated relied on observations reveal-
ing only one y-globin locus in platyrrhines (1, 12).

In this paper, we demonstrate that spider monkey (a platyr-
rhine) has two y-globin genes. Like those of catarrhines, the
history of these two y-globin genes can be traced back to a
single y-globin locus that tandemly duplicated in a common
ancestor of platyrrhines and catarrhines. In addition we show
that this y-globin gene duplication resulted from an unequal
exchange between two L1 elements flanking the single ances-
tral y-globin gene, and we discuss the possible involvement of
this duplication in the evolutionary changes that converted
embryonic y-globin genes into fetal y-globin genes.

MATERIALS AND METHODS

Materials. Enzymes were obtained from Bethesda Re-
search Laboratories, United States Biochemical, and New
England Biolabs. Radioactive nucleotide [a-*2PJdATP was
obtained from ICN. X-ray roll film (Kodak XAR-351) and
electrophoresis apparatus were obtained from Fotodyne
(New Berlin, WI). Wedge spacers (60 cm long, with thickness
linearly increasing from 0.2 mm at the top to 0.4 mm at the
bottom) for field-gradient gel electrophoresis and acrylamide
were obtained from C.B.S. Scientific (Delman, CA).

Molecular Clones. Most of the plasmid and phage clones
sequenced in this study have been described elsewhere as
follows: AgeCh35-19-2 and pAge19-2-H3.4 (in pBR328) from
spider monkey (12); HlaCh40-14.5, HlaCh40-12.5; pHlal4.5-
R8.0, pHlal4.5-R2.3, pHlal4.5-R1.8, and pHlal2.5-K6.5
from gibbon (13); MmuCh30-13.1, MmuCh32-4, MmuCh32-
14.7, pMmul13.1-R8.8, pMmul4.7-R2.6, and pMmul4.7-
R10.0 from rhesus monkey (14); AGcrl5.4 and pGerl5.4-E3.8
from galago (10). One plasmid subclone specifically obtained
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for this study, pAge19-2-EB3.1 (in pUC19), included a 3.1-kb
EcoRI/BamHI fragment of AgeCh35-19-2 containing se-
quences starting just downstream from the truncated v!-
globin locus of spider monkey.

DNA Sequencing. Enzymatic sequencing was performed on
cloned plasmid or phage DN A, using Sequenase as specified
by the vendor (United States Biochemical), and using primers
synthesized by the Department of Biochemistry macromo-
lecular synthesis facility at Wayne State University and by
the DNA synthesis facility at the Upjohn Company. Primers
were designed using the human y-globin sequence (11) such
that sequencing reactions primed from one strand would
overlap adjacent sequencing reactions by 100-300 base pairs
(bp). Also, the placement of primers on one strand was
staggered with respect to the complementary strand. The
library of primers designed from the human sequence was
sufficient for obtaining ~85% of the sequences from the other
anthropoid species (gibbon, rhesus monkey, and spider mon-
key); species-specific primers had to be designed for obtain-
ing some rhesus monkey and spider monkey sequences and
most of the galago sequences. Conditions for field-gradient
gel electrophoresis to ensure long sequence reads (600-900
bp) have been described (14).

Evolutionary Analysis. Nucleotide sequence relationships
were determined by parsimony analysis (15) using PAUP
(Parsimony Analysis Using Parsimony; David Swofford,
Illinois Natural History Survey, Champaign, IL) or by a
cluster analysis using the neighbor-joining algorithm (16). In
all analyses performed in this work, insertion or deletion
events (gaps) were treated as single events, regardless of
length, counted at one of the nucleotide positions that they
may cover in the sequence alignment. Site-by-site ancestral
reconstructions were obtained by hand as described (13).

RESULTS

Evidence for Two Linked y-Globin Genes in Spider Monkey.
Previous evidence for only a single y-globin locus in spider
monkey relied on the use of a DNA segment from intron 2 of
the cloned spider monkey y-globin locus as a probe to spider
monkey genomic blots (12). Since several different restriction
enzyme digests each yielded only a single band detected with
this probe, the investigators concluded that only a single
y-globin locus existed in the spider monkey genome (12). As
part of our present study, we have continued their sequencing
effort much further upstream and have found a second, but
nonfunctional, y-globin gene (Fig. 1). To align the spider
monkey sequences with corresponding sequences from ca-
tarrhine primates (Fig. 1), a 1.8-kb gap must be placed in the
sequence of the upstream locus. This gap delineates a large
deletion that occurred in the ancestry of the spider monkey
upstream y-globin locus and explains the previous failure to
find this second upstream y-globin locus.

A Single Duplication Produced the y'- and ¥*-Globin Genes
of Simian Primates. Having established that spider monkey
has two y-globin loci, we next addressed the question of
whether or not the spider monkey upstream locus was
orthologous to the upstream y'-globin locus in catarrhine
primates and, similarly, whether or not the spider monkey
downstream locus was orthologous to the catarrhine down-
stream y?-globin locus (Fig. 1). That is, did the y-globin
duplication precede the divergence of catarrhines (humans,
apes, and Old World monkeys) from platyrrhines (New
World monkeys, such as the spider monkey), contradicting
previous estimates (1, 11, 12), or did the catarrhine y-globin
loci arise after the catarrhine/platyrrhine divergence from a
duplication independent of that producing the two spider
monkey loci? To answer this question, we treated as separate
sequences the two contiguous, duplicated 5.5-kb segments of
related DNA from each of the four simians (human, gibbon,
rhesus monkey, and spider monkey), one segment containing
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FiG.1. Schematic of alignment of genomic segments encompass-
ing the duplicated y-globin loci of human (Homo sapiens; Hsa),
gibbon (Hylobates lar; Hla), rhesus monkey (Macaca mulatta;
Mmu), spider monkey (Ateles geoffroyi; Age), and the single y-globin
locus of galago (Galago crassicaudatus; Gcr). Parentheses represent
end points of the larger alignment gaps. Because galago has only one
y-globin gene, it has been arbitrarily aligned in this figure with the
¥'-globin gene of the anthropoids. Open boxes represent y-globin
exons (the yyl-globin gene of spider monkey is truncated within exon
2). Dashed line represents sequences incompletely determined for
this paper; subsequent sequencing (K. Hayasaka, D.H.A.F.,J.L.S.,
and M.G., unpublished data) confirms orthology of spider monkey
Lla to catarrhine Lla sequences. Arrowheads designate sense-
strand orientation of interspersed repetitive elements: open arrow-
heads, L1 elements; solid arrowheads, Alu elements (the Alu in
galago is type II). Only the upstream-most (solid circles) and down-
stream-most (open circles) boundaries of previously determined (13)
converted regions are shown. The sequences described here are from
GenBank/EMBL data bases [accession nos. J05174 (Hla), X53419
(Mmu), X53420 (Age), X132286 (Gcr), J00179 (previously deter-
mined in ref. 11 Hsa), and DS5020 (entire annotated alignment)].

the y'-globin locus and the other containing the y?-globin
locus. These eight sequences and the single matching se-
quence from galago (a strepsirhine prosimian and outgroup of
Anthropoidea, a group comprising all simians) were then
aligned. Prior to analysis, we removed from this alignment a
2.2-kb stretch extending from =600 bp 5’ of the initiation
codon to the 3’ noncoding region. Gene conversions, the
outer boundaries of which are demarcated in Fig. 1, have
been shown to have occurred in this region (11, 13, 14) and
would have interfered with the reconstruction of the history
of the duplication.

Fig. 2A shows the most parsimonious tree relating the eight
simian sequences from unconverted regions within the du-
plicated segments and the outgroup galago sequence. This
tree depicts the origin of the duplicated y-globin genes of both
platyrrhines and catarrhines as a single duplication event that
preceded the platyrrhine/catarrhine divergence and requires
postulating 49 fewer substitutions than the tree depicting the
alternative hypothesis of independent y-globin duplications
in platyrrhines and catarrhines (Fig. 2B). Thus, the parsi-
mony criterion strongly supports the conclusion that a single
y-globin duplication preceded the platyrrhine/catarrhine di-
vergence. This conclusion is also supported by neighbor-
joining analysis (16) using the percent divergence values
calculated from pairwise comparisons of unconverted se-
quences within the duplicated segments, corrected (18) for
hidden, superimposed substitutions (Fig. 2C). The neighbor-
joining tree (data not shown) has a branching arrangement
that is identical to that of Fig. 2A and similar branch lengths.
Clearly, the truncated nature of the yy!-globin gene of spider
monkey (Fig. 1) is due to a large deletion covering much of
the original y'-globin gene and not to an independent dupli-
cation of only part of the y-globin gene.

Date of the y-Globin Duplication. Although no precise date
can be determined for the y-globin duplication, a rough esti-
mate can be made by applying local rates of accumulation of
nucleotide changes in the unconverted noncoding sequences
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Fi1G. 2. Phylogenetic trees constructed by using only uncon-
verted sequences within the duplicated genomic segments shown in
Fig. 1. Taxa names represent sequences abbreviated as in Fig. 1,
where 1 and 2 denote y!- and y?-globin sequences, respectively. (4)
The most parsimonious tree obtained using the exhaustive search
option of PAUP requires postulating a minimum of 1979 total changes.
The three next most parsimonious trees (which differed by arrange-
ment of taxa Hsal, Hlal, and Mmul with one another, or Hsa2,
Hla2, and Mmu2 with each other) require eight additional changes
each. Branch lengths, shown as percentage divergence (fixed
changes per 100 bp), were reconstructed as described elsewhere (17).
Lengths were normalized over missing positions in Agel (*). The
length of the contiguous y!-globin stem anthropoid plus stem catar-
rhine branch over the large Agel deletion was divided proportion-
ately between the separate y!-globin stem anthropoid and stem
catarrhine branches (1). (B) The alternative hypothesis, that y-globin
duplications occurred independently in catarrhine (Hsa, Hla, Mmu)
and platyrrhine (Age) lineages, requires a minimum of 2028 changes
and is only the 52nd tree encountered on ordering all possible trees
according to increasing minimum length. (C) Pairwise comparisons
of unconverted sequences within the duplicated segments, showing
values (% divergence) corrected (18) for hidden, superimposed
substitutions above, and uncorrected values (over the number of
positions compared) below the diagonal.

within the duplicated segments. Using 25 MYA for the catar-
rhine radiation date and 37.5 = 2.5 MYA for the anthropoid
radiation date (when the catarrhine and platyrrhine lineages
began to diverge) (17, 19) and branch lengths from the most
parsimonious tree (Fig. 24: y'-globin, 3.15%; y?-globin,
2.79%) and from the neighbor-joining tree (data not shown;
¥'-globin, 2.82%; y*-globin, 3.55%), a rate of 2.6 = 0.8 X 10~7
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%/yr is obtained for the y'- and y*-globin catarrhine stems.
The mean number of changes accumulating on the anthropoid
stems after the y-globin duplication is 2.30% =+ 0.24% (parsi-
mony tree, Fig. 2A: y'-globin, 2.14%; y*-globin, 2.38%; neigh-
bor-joining tree, data not shown: y'-globin, 2.61%; y?-globin,
2.08%). Applying the rate calculated for the catarrhine stems,
the date at which the duplication occurred is estimated to be
10.0 = 4.0 million years before the anthropoid radiation, or
about 47.5 = 6.5 MYA.

Mechanism of the Duplication. In the simian sequences (Fig.
1), at each boundary of the contiguous duplicated DNA
segments containing the two y-globin genes is a highly trun-
cated member of the L1 family of long interspersed repetitive
elements (11, 26). Orthologous L1 elements are absent in
galago (Fig. 1) and in other outgroup mammals such as rabbit
(23). Thus, we propose that early in the lineage to the ancestor
of simian primates, after diverging from the strepsirhine pro-
simians (e.g., galago), but before the y-globin duplication, the
ancestral L1a element inserted upstream of the single y-globin
gene while the ancestral L1b element independently inserted
downstream of the gene. In one model (Fig. 3A), the y-globin
duplication is proposed to have originated as one of the
products of an unequal homologous crossover (11, 26) be-
tween mispaired L1a and L1b elements. The reciprocal prod-
uct, a chromosome containing a deletion of the y-globin locus
(data not shown), was presumably not fixed. As a result of this
unequal exchange, the ancestral L1ba element would have
comprised 5’ sequences of the 3’ element, L1b, and 3’ se-
quences of the 5’ element, L1a (Fig. 3A). Otherwise (e.g., if
L1ba had inserted independently), it would be very unlikely
for L1ba to have had exactly this type of hybrid structure.

That the y-globin duplication arose from such an unequal
exchange is supported by comparing the aligned L1a, L1ba,
and L1b sequences. In Fig. 3B, a portion of the simian L1
sequences (actually sequences from the L1 antisense strand,
consistent with their schematic orientation in Fig. 1) are
aligned with one another and with a human L1 consensus
sequence (24), with which they are clearly related. When the
ancestral anthropoid L1a, L1ba, and L1b elements and their
flanking sequences are reconstructed (Fig. 3B), it is clear that
the prediction of the unequal exchange model is met. That is,
the ancestral L1ba element appears to be a hybrid element
consisting of sequences from the 3’ part of L1a (downstream
from alignment position 43; Fig. 3B) and sequences from the
5’ part of L1b (upstream from position 42), supporting an
unequal exchange as the origin of the duplication with
breakpoints between positions 42 and 43 in the preduplication
Lla and L1b elements. Phylogenetic scanning (20) also
supports the unequal exchange model for the origin of the
y-globin duplication and unequivocally maps the exchange
breakpoint (Fig. 3C, X) between positions 42 and 44.

DISCUSSION

About 100-80 MYA tandem duplications of the embryonic
proto-e-globin locus led to &, v, and nloci (6, 7). While e-globin
genes continued to function as indispensible, embryonically
expressed genes, y and % apparently served as extra or
redundant e-globin genes and were dispensible [y-globin was
deleted in artiodactyls and 7-globin became a pseudogene in
primates and was deleted in rodents and lagomorphs (7)]. The
y-globin genes have continued to function as embryonic genes
in rodents, lagomorphs, and prosimian primates, although
considerable amino acid sequence divergence has accumu-
lated in the e- and y-globin chains encoded by these embry-
onically expressed e- and y-globin genes (9, 10). Although
much of this divergence may be selectively neutral, some of it
may have been adaptive, giving the - and y-globin genes
somewhat different embryonic niches, implying that embry-
onic y-globin genes may no longer be dispensible in animals
such as rabbit and galago. However, y-globin genes in their
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FiG. 3. (A) Unequal exchange between mispaired ancestral L1a and L1b elements in the origin of the y-globin gene duplication. (B) Partial
sequence alignment of primate L1 elements (abbreviated and oriented as in Fig. 1) to a human consensus L1 sequence (cons.) (24). Asterisks
denote gaps introduced to maximize alignment. Identities between the reconstructed anthropoid ancestral L1ba element (Ant L1ba) and either
the ancestral L1a or the ancestral L1b element are indicated with vertical lines. Ancestral sequences were reconstructed as described (13) and
actually represent a subset of equally likely reconstructions. Interestingly, these L1s are most closely related to a human L1 type J consensus
sequence postulated to be the most ancient L1 group (25). (C) The ‘‘phylogenetic scanning’’ (20) algorithm designed to test the model (A)
determines in 20-base intervals whether L1b and L1ba are more closely related than either is to L1a (the 5’ tree; Lower Left), or whether Lla
and L1ba are more closely related than either is to L1b (3’ tree; Lower Right). The spider monkey L1la sequence (Age L1a) was unavailable
at the time of the analysis; dashed line represents the putative position of the Age L1a branch. Because no appropriate L1 outgroup was available,
the degree to which ancestral L1 lineages are related was measured by relative lengths of branches a (open bars) and B (solid bars), such that
the tree root was placed on the longer of these two branches. The abscissa of the plot denotes the 3’-most position (in the L1 alignment; B) of
the 20-base window within which unambiguous lengths of a (0) or B (a) were evaluated. Wherever a > B, L1ba is more closely related to L1b
than to L1a (the 5’ tree); B > a indicates that L1ba is more closely related to L1a than to L1b (the 3’ tree). The unequal exchange breakpoint
is mapped by this method to a point (X) between positions 42 and 44 (B). When changes with ambiguous branch assignment are included in the
analysis, even stronger support for this unequal exchange is obtained due to the greater differences between branch lengths a and 8.

role as extra embryonic genes were apparently redundant in We can conjecture but not prove that duplication of the

the early primates and, in the ancestral anthropoid lineage
about 50-35 MYA, were recruited to be fetally expressed
genes (9). The time that this recruitment occurred is intrigu-
ingly close to the time that y- and y’-globin genes arose from
the tandem duplication mediated by L1 elements flanking the
ancestral single y-globin locus.

Our phylogenetic reconstruction shows that during this
time, 14 nonsynonymous substitutions, as compared to only
6 synonymous substitutions, accumulated in the stem an-
thropoid y-globin genes (Fig. 4). Some of the resulting amino
acid changes restructured the encoded y-globin chains for the
functional requirements of fetal hemoglobin (5, 9). In addi-
tion, there were nucleotide changes in the 5’ promoter region
of the stem anthropoid y-globin genes that are implicated in
the regulatory changes that delayed expression of these genes
from embryonic to fetal life (9, 21). We know that concerted
evolution via frequent gene conversions occurs not only in
the coding sequences of the paired y'- and y*-globin genes,
but also in their 5’ regulatory sequences (11, 13, 14). Thus, if
the duplication resulting in - and y’-globin genes had
occurred before they were recruited as fetal genes, concerted
evolution plus selection for favorable mutations would have
spread the regulatory and coding mutations responsible for
fetal expression and function to both genes.

y-globin genes facilitated (and thus accelerated) the transition
from embryonic to fetal function by doubling the number of
extra, unneeded embryonic genes that were freer to collect the
changes required for fetal expression and function. This hy-
pothesis rests on the observation that changes can accumulate
in either gene duplicate not only by mutation, but also by
intergenic (as well as interallelic) recombination (22, 27).
Whether or not duplication of the y-globin genes played such
a role, two genes are probably not needed for continued
occupation of this fetal niche. In catarrhines, the level of
¥*-globin expression in fetal life is 3 times lower than that of
~'-globin (28) and the ratio of nonsynonymous to synonymous
changes is generally higher in catarrhine 9?- than in y!-globin
lineages (Fig. 4). This pattern suggests relaxed selection on
catarrhine y*-globin genes and the possibility that they may
eventually become nonfunctional. In platyrrhines, the lineage
of the expressed spider monkey y?-globin gene displays a ratio
of nonsynonymous to synonymous substitutions that is the
same as, if not higher than, that of the nonexpressed spider
monkey ¢y'-globin lineage (Fig. 4). Perhaps in platyrrhines,
¥*-globin was initially relatively unconstrained while y!-globin
was the selectively constrained gene until a large deletion
inactivating y'-globin was fixed in the spider monkey lineage,
leaving y*-globin gene as a backup copy.
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FiG. 4. Ratios of amino acid changing to silent substitutions
during evolution of the coding regions of primate y-globin genes.
Besides y-globin sequences from the species shown in Fig. 1, other
sequences (13) included are from the human 9?-globin B allele
(Hsa2B), chimpanzee (Ptr), gorilla (Ggo), orangutan (Ppy), tarsier
(Tsy), brown lemur (Lfu), dwarf lemur (Cme), and rabbit (Ocu).
Branching patterns and approximate nodal dates depicted are those
determined previously (5, 13). The reconstructed branch lengths
represent the number of nonsynonymous (numerator) and synony-
mous (denominator) substitutions postulated to have occurred be-
tween ancestral and descendant sequences for their total number of
aligned positions (3, 5). These branch lengths are only presented
where they are nonzero. The complex branching arrangement re-
flects the varying extents of gene conversion between yf- and
¥*-globin genes in particular species lineages (5, 13). Gorilla y!-globin
(Ggol) and y?-globin (Ggo2) share a conversion up to but not
including the last codon of exon 2; this codon is thus included in the
exon 3 taxon. Regions of Age2 not shared with Agel are grouped
under the exon 3 taxon. Agel and Age2 share a gene conversion
nearly the entire length of the Agel exon sequences. Note the node
(o) designating a conversion in a hominoid ancestor (13). Dashed
arrow shows alternative placement of the gibbon y-globin lineage.

This multifaceted history of the duplicated anthropoid
y-globin genes, marked both by genes that serve an important
new functional role and by those that have become nonfunc-
tional pseudogenes, exemplifies the fates of duplicated genes.
It also provides a model for gene duplication involving inter-
spersed repetitive elements at the site of unequal exchange.
The large number of examples documenting unequal ex-
changes involving such elements (29-31) lends credibility to
the suggestion that unequal exchanges between such elements
may contribute significantly to the formation of duplications
(30, 32). It has been suggested (33) that natural selection acts
through the long-term advantage of functional diversity to
maintain the ability granted by unequal exchange to cause
gene duplications. It has also been observed that unequal
exchange has a role in controlling copy number and preventing
the loss of interspersed repetitive elements (34). By being
numerous, interspersed, and homogeneous (similar in se-
quence), interspersed repetitive elements such as L1s can be
nucleation sites for these unequal exchanges. We speculate
that, if the short-term genetic load associated with such
elements (e.g., insertions into essential genes) is not too high,
their presence may actually provide genomes that harbor them
a long-term advantage by their ability to mediate gene dupli-
cations.

Note Added in Proof. A recently discovered conversion between
Agel and Age2 3’ of the coding region reduces those branch lengths
somewhat but alters no conclusions.
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