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The fetal globin genes Gy and 9 from one chromosome of a chimpanzee (Pun 

troglodytes) were sequenced and found to be closely similar to the corresponding 

genes of man and the gorilla. These genes contain identical promoter and termi- 

nation signals and have exons 1 and 2 separated by the conserved short intron 1 

( 122 bp) and exons 2 and 3 separated by the more rapidly evolving, larger intron 

2 (893 bp and 887 bp in chimpanzee Gy and 9, respectively). Each intron 2 has a 

stretch of simple sequence DNA (TG)n serving possibly as a “hot spot” for recom- 

bination. The two chimpanzee genes encode polypeptide chains that differ only at 

position 136 (glycine in Gy and alanine in Ay) and that are identical to the corre- 

sponding human chains, which have aspartic acid at position 73 and lysine at 104 

in contrast to glycine and arginine at these respective positions of the gorilla 9 

chain. Phylogenetic analysis by the parsimony method revealed four silent (syn- 

onymous) base substitutions in evolutionary descent of the chimpanzee Gy and 9 

codons and none in the human and gorilla codons. These Homininae (Pun, Homo, 

Gorilla) coding sequences evolved at one-tenth the average mammalian rate for 

nonsynonymous and one-fourth that for synonymous substitutions. Three sequence 

regions that were affected by gene conversions between chimpanzee G’y and 9 loci 

were identified: one extended 3’ of the hot spot with Gy replaced by the 9 sequence, 

another extended 5’ of the hot spot with 9 replaced by Gy, and the third conversion 

extended from the 5’ flanking to the 5’ end of intron 2, with Gy replaced here by 

the 9 sequence. A conversion similar to this third one has occurred independently 

in the descent of the gorilla genes. The four previously identified conversions, labeled 

C 1 -C4 (Scott et al. 1984), were substantiated with the addition of the chimpanzee 

genes to our analysis (Cl being shared by all three hominines and C2, C3, and C4 

being found only in humans). Thus, the fetal genes from all three of these hominine 

species have been active in gene conversions during the descent of each species. 

Introduction 

The P-type hemoglobin genes of either human (Homo sapiens), chimpanzee (Pan 

troglodytes), or lowland gorilla (Gorilla gorilla gorilla) occur as a cluster spanning a 

chromosomal region of -50 kb, with the order of the genes and developmental 

expression being from 5’ to 3’: E (embryonic), duplicated y (fetal), the pseudogene now 

labeled vq (Goodman et al. 1984; Harris et al. 1984), and 6 and p (adult) (Fritsch et 

al. 1980; Barrie et al. 198 1; Zimmer 198 1; Chang and Slightom 1984; Scott et al. 
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Evidence of Gene Conversions in Hominine Evolution 37 1 

1984). The two y loci result from a duplication that occurred -35 Myr ago in a basal 

member of the primate infraorder Catarrhini, i.e. in a common ancester of Cercopi- 

thecoidea (old world monkeys) and Hominoidea that had already separated from 

Platyrrhini (new world monkeys) (Barrie et al. 198 1; Shen et al. 198 1). The polypeptide 

products from the two y loci in humans, chimpanzees, and gorillas can be distinguished 

by an amino acid replacement in position 136, the 5’ locus encoding glycine and the 

3’ locus encoding alanine (Schroeder et al. 1963; DeJong 197 1; Huisman et al. 1973; 

Slightom et al. 1980; Scott et al. 1984). 

The complete nucleotide sequence of the human fetal globin genes has been 

determined by Slightom et al. ( 1980), who sequenced both the Gr and *Y genes known 

to be linked on the same chromosome (designated A) and the allelic 9 gene from the 

opposite chromosome (designated B). Comparisons of these three sequences showed 

that a portion of the AA7 gene sequence more closely resembles the sequence of the 

AGy gene than it does its B*Y allele. Sequence identity between these nonallelic genes 

covers - 1,500 bp of DNA, starting in intron 2, 600 bp 3’ from exon 2, extending 

through exons 1 and 2 and intron 1, and ending in the 5’ flanking region (Shen et al. 

198 1). However, the 3’ third of these two *Y genes shows the identity relationship 

expected of allelic genes by being more alike than the nonallelic AGy and A? genes. 

These results suggest that sequences from the A”y gene (donor sequence) had been 

superimposed onto the A*y gene (acceptor sequence) by a mechanism involving gene 

conversion (Slightom et al. 1980). This gene conversion mechanism is believed to 

involve a stretch of simple-sequence DNA (TG), located at the 3’ boundary of this 

converted region, -600 bp downstream (3’) from the exon 2/intron 2 junction. It has 

been suggested that this simple-sequence DNA provides a “hot spot” for strand breakage 

and transfer between the duplicated y genes (Slightom et al. 1980). The value of n for 

these hot spots ranges from 12 to 22 for the human y genes. 

Scott et al. (1984) sequenced the fetal globin genes from the gorilla and found 

them to be very similar to the human genes, including the presence of the hot spot in 

intron 2 (n = 24 for Gr and 13 for *y). Detailed sequence comparisons among the 

human y genes (both chromosomes A and B) and gorilla Gy and 9 genes supported 

the conversion identified by Slightom et al. (1980) and suggested that four conversion 

events, referred to as Cl-C4, also affected either human or human and gorilla genes. 

Conversion C 1 occurred prior to separation of the human and gorilla lineages, - 10 

Myr ago. Conversions C2 and C3 occurred in the protohumans several million years 

ago, sometime after separation of the gorilla and human lineages. The latest human 

conversion, C4, first described by Slightom et al. (1980), is thought to have occurred 

- 1 Myr ago. 

The present study extends our investigation of primate fetal globin genes to another 

primate species closely related to man, namely, the chimpanzee (Pan troglodytes). 

Genealogically, Pan, Homo, and Gorilla may be classified as members of the subfamily 

Homininae (Goodman 1976; Goodman et al. 1983). Comparisons of the fetal globin 

gene sequences of these three hominines (human, chimpanzee, and gorilla) and phy- 

logenetic analysis by the parsimony method, with the rabbit ~$3 gene sequence (Har- 

dison 198 1) serving as the nearest outgroup (see below), suggest that, after divergence 

of Pan from Homo, three conversion events occurred between the chimpanzee Go and 

*Y sequences. The hot spot sequence found in intron 2 of the chimpanzee genes is 

located at the borders of two of the three chimpanzee conversions. The (TG)n simple 

sequence is a member of a highly repeated family that is distributed throughout the 

genome of many eukaryotic species (Miesfield et al. 198 I), and such sequences may 
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372 Slightom, Chang, Koop, and Goodman 

participate in many recombinational events. However, our data also show that in the 

separate lineages to gorilla and chimpanzee, the 5’ sides of the Gy and 9 genes may 

have been involved in conversion events that were not bordered by the (TG)n hot spot. 

Thus the presence of a (TG)n hot spot may not be necessary for conversion; however, 

its presence may enhance the frequency of particular gene conversions. 

Material and Methods 

Material 

Restriction endonucleases EcoRI, BamHl, PstI, AvaII, BgZII, HindIII, Sau3A, 

SacI, XbaI, and XhoI were obtained from Promega-Biotec. Polynucleotide kinase came 

from P-L Biochemicals, and bovine intestinal alkaline phosphatase from Boehringer- 

Mannheim. (a-32P) dCTP (800 Ci/mM) and (y-32P) ATP (2,000-3,000 Ci/mM; 1 ci 

= 3.7 X 10” Bq) and T4 ligase were obtained from New England Nuclear. Chemicals 

used for DNA sequencing were obtained from vendors recommended by Maxam and 

Gilbert (1980). X-ray film on rolls (20 cm X 25 m; XAR-35 1) and sheets (35 X 45 

cm; XAR-5) were from Kodak. Intensifying screens (Quanta III; 35 cm X 1 m) were 

from DuPont. Nitrocellulose paper (BA-85) came from Schleicher and Schuell, and 

3 MM paper from Whatman. 

DNA Isolation and Cloning 

Total DNA from chimpanzee 1 (Pan troglodytes), prepared from blood samples 

according to the method of Kan and Dozy (1978), was a gift from Dr. E. Zimmer 

(Louisiana State University, Baton Rouge, La). Purified DNA was partially digested 

with either Sau3A or EcoRI, and fragments of 15-20 kbp were size selected on 5%- 

20% NaCl gradients (Slightom et al. 1980). Sized DNA fragments were cloned into 

the appropriate lambda vector arms, EcoRI-cut fragments into EcoRI-cut Charon 32 

arms, (Loenen and Blattner 1983) and Sau3A-cut fragments into BamHI-cut Charon 

30 arms (Rimm et al. 1980). Recombinant-phage DNAs were packaged into phage 

capsids using the in vitro phage-packaging procedure described by Hohn ( 1979). Charon 

30 recombinant phages were plated on E. coli strain DPSOSupF (Blattner et al. 1977), 

and Charon 32 phages were plated on a RecA- E. coli strain ED8767 (Murray et al. 

1977). The resulting recombinant-phage libraries, l-2 X lo6 phages, were screened 

by the method described by Benton and Davis (1977) using the 32P nick-translated 

(Maniatis et al. 1975), 245-bp AvalI-EcoRI fragment from the y-globin cDNA clone 

pJW15 1 (Wilson et al. 1978) as probe. Lambda clones containing chimpanzee fetal- 

globin-gene regions were purified, and phage growths and DNA isolations were done 

as described by Slightom et al. (1980). Two recombinant clones, which contain parts 

of the chimpanzee fetal-globin-gene duplication region, were isolated and designated 

Ptr Ch30- 12.6 and Ptr Ch32-8.1. Clone Ptr Ch30- 12.6 contains the 9 gene and also 

the B pseudogene named vq (Chang and Slightom 1984; Goodman et al. 1984; Harris 

et al. 1984), and clone Ptr Ch32-8.1 contains the linked Gr and Ay fetal genes. The 

7.0-kbp EcoRI and both 2.64-kbp EcoRI fragments were isolated and cloned into the 

EcoRI site of pBR322. Transformation of E. coli K12 strain HB 10 1 was done using 

the extended Ca shock method described by Dagert and Ehrlick (1979). Bacterial 

clones containing the 7.0-kbp Gr or 2.64-kbp 9 EcoRI fragments are referred to as 

Ptr 8.1-~7.0, Ptr8.1-~2.64, and Ptr 12.6-~2.64, respectively. Plasmid DNAs were pu- 

rified using the alkaline-extraction procedure described by Birnboim and Doly ( 1979) 

and following it with two gradient bandings in CsCl ethidium bromide. 
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Evidence of Gene Conversions in Hominine Evolution 373 

DNA Sequence Analysis 

Nucleotide sequences were determined using the chemical procedure described 

by Maxam and Gilbert (1980) and the DNA-sequencing gel techniques described by 

Chang and Slightom ( 1984). DNA sequences were assembled with computer programs 

Gap and Map, which were supplied by the University of Wisconsin Genetics Computer 

Group (Devereux et al. 1984). 

Phylogenetic Tree Construction 

Sixty-five gene sequences, including chimpanzee Gy and 9 and human myoglobin 

(Weller et al. 1984) and consisting of just the coding regions (exons) of expressed 

globin genes and the corresponding regions of globin pseudogenes (Goodman et al. 

1984), were studied. For genes known to be hybrids, such as lemur vr$j and mouse 

/3hO and phi (found to be YE hybrids), exon 3 was treated as a separate sequence from 

the exon 1 + 2 sequences. Also, because recombination between the Gr and *Y genes 

of the hominine species may have resulted in sequences at the 5’ and 3’ sides of these 

genes having different evolutionary histories, exon 3 was treated as a sequence separate 

from the exon 1 + 2 sequence. As in our previous study (Goodman et al. 1984), 

corresponding exon sequences could readily be aligned against one another. Alignment 

of complete Gr and *+y gene sequences from the chimpanzee, man, and the gorilla (the 

total alignment requiring 1,843 nucleotide positions extending from 110 bases upstream 

of exon 1 to 26 1 bases downstream of exon 3) was also easily achieved by using gaps 

as needed to increase the number of matching bases. The rabbit ~$3 globin sequence 

(Hardison 198 1) was used as the nearest outgroup to root the branching arrangement 

of minimum length at each nucleotide position that varied among the compared 

hominine sequences. The alignment of rabbit ~$3 and gorilla 9 sequence was obtained 

using the algorithm of Smith and Waterman (198 l), which we modified (Goodman 

et al. 1984). 
The most parsimonious phylogenetic tree for the coding (exon) sequences was 

constructed as previously described (Goodman et al. 1984). The boundaries of putative 

gene conversion events were identified after determining the most parsimonious 

branching arrangement for each position contained in a file of complete coding and 

noncoding sequences (the rabbit and seven hominine genes). On each side of a bound- 

ary, a different branching arrangement for the sequences (i.e., different evolutionary 

history) is depicted by the parsimony method. A possible conversion is postulated in 

a region of a sequence if two conditions are met. (1) Three or more substitutions and/ 

or insertion/deletion events are required in its descent from its immediate ancestor, 

and (2) at least three fewer events would be necessary if the region had instead descended 

from the homologous region of a paralogous gene in the same taxon. If the conversion 

of the same region of an orthologous gene is postulated for two sister taxa, the con- 

version is instead postulated to have occurred in their common ancester. Whenever 

this parsimony criterion did not identify a sharp boundary for the converted region, 

the additional criterion of high mutational divergence between the two tandem non- 

allelic loci was employed to suggest possible conversion boundaries. For example, 

position 557 could be taken as the 3’ boundary of the hypothesized conversion between 

the gorilla nonallelic loci because a 3-bp deletion starting at position 558 distinguishes 

gorilla *Y from Gr. 
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374 Slightom, Chang, Koop, and Goodman 

Results and Discussion 

Isolation of Linked Fetal Globin Genes From the Chimpanzee 

From a Charon 30 recombinant-phage library of chimpanzee DNA, three clones 

containing y genes were isolated. Detailed restriction-enzyme site mapping showed, 

however, that two of these clones had deleted the *y gene, probably as a result of E. 

c&-mediated recombinational events that took place during propagation of these 

phages (data not shown). Instability of linked fetal globin genes in lambda clones had 

been observed during the isolation of y genes from the gorilla (Chang and Slightom 

1984). The third Charon 30 clone, Ptr Ch30- 12.6, was found to be quite stable during 

propagation and to contain the chimpanzee *y fetal gene linked to the vq gene, (see 

fig. 1). 

Deletion of the linked fetal globin genes during phage propagation was avoided 

by constructing a chimpanzee-DNA phage library in which partially EcoRI-digested 

fragments were cloned into the lambda vector Charon 32. Charon 32 was selected 

because it grows well on recombination-deficient E. cob hosts (Loenen and Blattner 

1983). Clone Ptr Ch32-8.1, containing the linked chimpanzee Gy and *y fetal globin 

genes, was isolated (see fig. 1) without any difficulty or indication that its insert is 

unstable during phage propagation. 

The Gy and *y fetal globin genes from clones Ptr Ch30- 12.6 and Ptr Ch32-8.1 

were subcloned into pBR322 and are designated Ptr 8.1-~7.0 (G’y gene), Ptr 8.1-~2.64, 

and Ptr 12.6-~2.64 (*y gene). Restriction-enzyme mapping of these subclones shows 

that most of the notable sites found in the human genes are also found in these chim- 

panzee genes, with the exception of three sites; the EcoRI site 3’ of the Gy gene, two 

XhoI sites (one in intron 2 of each gene), and the polymorphic Hind111 site (Jeffreys 

1979) are absent from the clones of the fetal globin gene of the chimpanzee (see 

fig. 1). 

Nucleotide Sequence of Chimpanzee Fetal Globin Genes 

The strategy used to sequence the chimpanzee fetal globin genes is shown below 

the maps in figure 1. The nucleotide sequence of the G’y gene was determined from 

clone Ptr Ch32-8.1, starting 55 bp 5’ of the expected capped nucleotide and extending 

17 1 bp 3’ of the expected poly(A)-addition nucleotide. Clone Ptr Ch32-8.1 does not 

contain the complete *y gene, and for this reason the 3’ sequence extending from the 

EcoRI site in exon 3 to 17 1 bp 3’ of the poly(A)-addition nucleotide was obtained 

from lambda clone Ptr Ch30-12.6, which contains a complete *y gene (see fig. 1). 

That these two *y gene-containing clones represent different isolates of the same 9 

gene was established by sequencing intron 2 from both (the region expected to vary 

the most). These intron 2 sequences were found to be identical-even across the 

hot spot. 

The nucleotide sequences for the chimpanzee Gy and 9 genes are aligned in. 

figure 2, along with sequences of the corresponding human (Slightom et al. 1980) and 

gorilla (Scott et al. 1984) genes. The fetal globin genes from these hominines share a 

high degree of identity, not only in coding regions (exons) but also in all noncoding 

regions. The sequences shown in figure 2, excluding the hot spot sequence (positions 

1,126-l, 187), differ as follows: Hsa Gy vs. Ggo Gy, 33 = 1.9%; Hsa Gy vs. Ptr Gy, 39 

= 2.25%; Ggo Gy vs. Ptr “r, 44 = 2.6%; Hsa A? vs. Ggo “r, 40 = 2.4%; Hsa A? vs. 

Pt?y, 32 = 1.9%; Hsa B*y vs. Ggo *y, 36 = 2.2%; Hsa B? vs. Ptr 9, 25 = 1.4%; 
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FIG. I.-Restriction-enzyme site mapping and strategy used to sequence the chimpanzee fetal globin 

genes. The top line shows the organization of the human Gy-, 9-, and yrtl-globin genes; raised bars denote 

the location of gene regions. The locations of various restriction-enzyme sites found in this region of the p- 

globin gene cluster are shown on two lines directly below (Slightom et al. 1980; Grosveld et al. 1981). Insert 

regions from chimpanzee recombinant lambda clones Ptr Ch30- 12.6 and Ptr Ch32-8.1 have been mapped 

and are shown below corresponding regions of the human globin gene cluster. Most restriction-enzyme sites 

are shared between the human and chimpanzee Pglobin gene regions. Noteworthy differences are the absence 

of an EcoRI site in the y intergenic region, absence of X/z01 and AvuI sites in intron 2 of both “y and 9 

genes, and the presence of MstI and ApaI sites in the chimpanzee Gy gene. The DNA regions subcloned into 

pBR322 are shown below the lambda maps. Plasmid clones are “y, Ptr 8. I-~7.0, and 9, Ptr 8.1-~2.64 and 

Ptr 12.6-~2.64. Plasmid clones were used to facilitate DNA sequencing. Horizontal arrows shown below 

lambda and plasmid clones denote the strategy used to sequence both chimpanzee genes. Sequences were 

determined from both 9 clone intron 2 regions, which were found to be identical, indicating that both 

lambda clones are from the same chimpanzee chromosome. Restriction enzymes are: Ap = ApaI; 

B = BarnHI; Bg = BgfiI; E = EcoRI; H = HindIII; MsI = MstI; P = PvuII; S = SmaI; Xb = XbaI; and 

Xh = XhoI. 

and Ggo *Y vs. Ptr 9, 28 = 1.7%. In counting differences we scored each nucleotide 

substitution as well as each insertion or deletion, regardless of length, as one difference. 

The stretch of simple-sequence DNA (TG)n is located in the expected region of each 

chimpanzee y gene and has a value of n = 22 for the Gy and 14 for the 9 gene (fig. 

2). Because of gene conversions (see below), the percentage difference values for “r- 

to-Gy and PLY-to-*y comparisons among these species are larger than would be expected 

for comparisons of strictly orthologous genes over their full alignment; i.e. some of 

the differences among the 1,843 aligned positions are due to paralogous exchanges 

between G’y and 9 sequences that predate the separations of Pan, Homo, and Gorilla. 

The 5’ noncoding regions share identical promoter elements (AATAAA) located 

3 1 bp 5’ of the expected capped nucleotide, and the 3’ noncoding regions share the 

same terminator codons and poly(A)-addition signal (AATAAA). Intron 1 sequences 

for all these genes are 122 bp in length, while intron 2 sequences vary in length, the 

chimpanzee’s G’y having 896 bp and its 9 having 887 bp in intron 2. 
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FIG. 2.-Nucleotide sequence of chimpanzee “r and 9 fetal globin genes aligned with fetal-globin- 

gene sequences from man and the gorilla. Human “r- and ‘4y-globin gene nucleotide sequences are from 

Slightom et al. (1980) and Shen et al. (198 1) and are denoted as Hsa aG and Hsa a.A (“7 and 9 genes, 

respectively) from human chromosome A and Hsa bA (9 gene) from chromosome B. Gorilla Gy- and y- 

globin gene nucleotide sequences are from Scott et al. (1984). The numbering system was set by the overall 

alignment of these gene sequences, and asterisks indicate gaps used to increase sequence identities among 
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these genes. The complete nucleotide sequence for the gorilla Gy-globin gene is written on the top line. For 

any position where one sequence differs from another, the nucleotide for all sequences is shown. Nucleotides 

that may have biological importance are noted: single overline (TATA box) and double overline (Poly[A]- 

addition signal). The fetal globin amino acid sequence is printed below the second dashed counting line, 

and amino acid replacements are printed below the appropriate codon. The initiator codon is the first Met, 

and the terminator codon is designated TER. Vertical arrows indicate exon-intron boundaries that conform 

to the GT/AG rule (Breathnach et al. 1978). 
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378 Slightom, Chang, Koop, and Goodman 

Comparison of the coding sequences from both chimpanzee Gy and 9 genes 

with those from the corresponding human and gorilla genes shows very few substi- 

tutions, either silent or replacement, among the 876 coding base positions. Substitutions 

that resulted in replacement of two amino acids in the gorilla *y gene have been 

discussed by Scott et al. (1984). No substitutions causing amino acid replacements 

were found between the human and chimpanzee coding regions, an expected result 

because the amino acid sequences of chimpanzee fetal globin chains showed no dif- 

ference from the human fetal globin chains (DeJong 197 1). However, we find five 

silent-site differences between the human and chimpanzee coding regions, three in Gy 

at codons 59,86, and 118 and two in *y at codons 59 and 80 (fig. 2). 

Rooted Parsimony Trees of Different Sequence Regions 

Inasmuch as the rabbit y globin gene shows a substantial number of base matches 

with the hominine y genes (as illustrated by the matches with gorilla *y in fig. 3), it 

was possible to construct rooted parsimony trees depicting the evolutionary history 

of different sequence regions where gene conversions occurred (figs. 4 and 5). These 

trees, in particular those for the exons or coding regions (fig. 5), indicate that the five 

silent-site differences result from four silent base substitutions in the descent of the 

chimpanzee genes and from a substitution in codon 59 of a protochimpanzee *y gene 

spreading by gene conversion to the chimpanzee Gy gene (figs. 4 and 5). 

When *y and Gy sequences of man, the chimpanzee, and the gorilla are broken 

down into regions in which convergence is minimized (as in fig. 4), 15.3% fewer 

mutational events are required than if the sequences were treated in their entirety (i.e., 

a common history found for all regions). Even with these alternative arrangements 

for species relationships that yielded less parsimonious trees, the positioning of con- 

verted regions did not change, even though the direction of conversions did. As in- 

dicated in the Material and Methods section, regional boundaries that minimized the 

incidence of convergent mutations within the circumscribed regions could be placed 

at gaps and areas of high mismatch because such nucleotide divergences tend to ter- 

minate conversions. 

Gene Conversions between Nonallelic Fetal Globin Genes 

Comparisons among the Gy and *y fetal globin genes from man and the gorilla 

have provided evidence for the occurrence of conversion event Cl between the two 

nonallelic y loci before divergence of Homo and Gorilla but long after the original 

duplication in the early catarrhines (Scott et al. 1984). Two derived amino acid re- 

placements yielding His in codon 77 and Thr in codon 135 are shared by both Gy and 

*y chains of man, the chimpanzee, and the gorilla but are absent from the old-world 

monkey and rabbit y chains. That is, the two tandem loci in all Homininae are clad- 

istically closer to one another than to any nonhominoid y gene. Given the silent- 

substitution rate typical for coding sequences of mammalian P-type globin genes (Ef- 

stratidias et al. 1980), we would expect at least 28 silent mutational events between 

any 5’ y and 3’ y gene pair if no gene conversion had occurred between them since 

the time of the original duplication (35 Myr ago for basal catarrhines). However, since 

the three hominine Gy and four hominine *y genes last shared a common ancestral 

sequence, only four silent substitutions have occurred (two within “r, one in 9, and 

one common to Gy and *y genes of chimpanzee; see figs. 2 and 5). Further evidence 

for Cl comes from comparison of the most rapidly evolving y-gene region among 
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382 Slightom, Chang, Koop, and Goodman 

Table 1 

Representative Orthologous and Paralogous Pairwise Comparisons among 

Hominine ‘y- and ?-Hemoglobin Genes in Two Sequence Regions 

Region and Type of Comparison 

Nucleotide Differences + Gaps*/ 

Shared Positions (%) 

Intron 2:t 

Orthologous (636-86 1): 

Chimpanzee Gy vs. human “y . . . . 
Chimpanzee Gy vs. gorilla Gy . . . . . . . 
Human Gy vs. gorilla Gy . . . . . . . . . 
Chimpanzee *y vs. gorilla *y . . . . . 

Paralogous (636-86 1): 

Chimpanzee Gy vs. chimpanzee *y . . . . 
Chimpanzee Gy vs. gorilla 9 . . . . . . 
Gorilla Gy vs. gorilla *y . . . . . . . . . 
Human Gy vs. chimpanzee 9 . . . . 
Human Gy vs. gorilla *y . . . . . . . . . . 

3’ of exon 3: 

Orthologous ( 1,582- 1,843): 

Chimpanzee Gy vs. human Gy . . . . 
Chimpanzee Gy vs. gorilla Gy . . 
Human Gy vs. gorilla Gy . . . . . 
Chimpanzee *y vs. human A*y . . . 
Chimpanzee *y vs. gorilla 9 . . . . 
Human A*y vs. gorilla *y . . . . . . 

Paralogous ( 1,582- 1,843): 

Chimpanzee Gy vs. chimpanzee 9 . 
Chimpanzee Gy vs. human Aky . . . 
Chimpanzee Gy vs. gorilla 3 . . . . 
Human Gy vs. human A? . . . . . . 
Human “y vs. chimpanzee *y . . . . 
Human Gy vs. gorilla *y . . . . . . . 
Gorilla Gy vs. gorilla *y . . . . . . . . 
Gorilla Gy vs. chimpanzee *y 

Gorilla Gy vs. human A? . . 

. . . 

. . 

. . . . 

. 

. . . . 

. . . . 

. . . 

81222 (3.6) 

13/224 (5.8) 

12/224 (5.5) 

12/220 (5.5) 

16/220 (7.3) 

17/220 (7.7) 

20/220 (9.0) 

16/220 (7.3) 

20/220 (9.0) 

5/256 (2.0) 

3/256 (1.2) 
6/256 (2.3) 

l/255 (0.4) 

3/252 (1.2) 

4/252 (1.6) 

361253 (14.2) 

35/253 (13.8) 
38/250 (15.2) 

341255 (13.3) 

35/255 (13.7) 

38/252 (15.1) 

35/250 (14.0) 

33/253 (13.0) 

321253 ( 12.6) 

* Each gap counts as one difference regardless of its length. 

7 Rapidly evolving. 

However, to account for the fact that over positions 862- 1,128 human B? is identical 

to both human A*Y and human AGy and also shares three substitutions not found in 

chimpanzee Go (see IV in fig. 4), we must assume that this region became very con- 

servative in both Gr and *Y loci after the bubble-conversion event. Alternatively, we 

can suggest that conversion C2 be retained but have its sequence derived either from 

an allelic *+y gene that has already been converted in this region by the Go sequence 

or from a nonallelic conversion involving a conserved donor sequence from a Gy locus. 

In addition to providing additional support for gene conversion events in the 

evolution of the human y loci, the parsimony trees in figure 4 indicate that separate 

gene conversions have occurred in the descent of chimpanzee and gorilla y loci. The 

tree for region IV (spanning alignment positions 862-l) 128) depicts not only the 

human C2 conversion but also an independent parallel conversion (labeled conversion 

C6 in fig. 4) between chimpanzee Go and *Y loci in which an *y sequence was replaced 
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Evidence of Gene Conversions in Hominine Evolution 383 

by a Gy sequence. Note that in this tree chimpanzee Gy and *y are cladistically closer 

to one another than to any human or gorilla genes and also that the enlarged branch 

of three human and two chimpanzee genes is cladistically closer to gorilla Gy than to 

gorilla *y. 

Immediately downstream from the hot spot (starting at position 1,188 at the 3’ 

end of the hot spot and extending downstream through position 1,254), the chimpanzee 

Gy gene is almost identical to *y genes of the gorilla, man, and the chimpanzee, whereas 

human and gorilla Gy genes share five derived substitutions not found in the *y genes 

(figs. 2 and 4). We conclude that in the chimpanzee Gy locus, the Gy sequence has 

been replaced by the *y sequence (labeled conversion C5 in fig. 4). Because the *y 

hominine sequences in this region prove to be very conservative (e.g., at positions 

where they vary from human and gorilla Gy sequences, they share the same nucleotides 

with rabbit y), we cannot conclude whether the postulated conversion was recent or 

not. It could have occurred almost as anciently as the ancestral divergence of Pan 

from Homo. 

Aside from these two conversions extending from the hot spot (one upstream 

and the other downstream), another conversion (labeled conversion C7 in fig. 4) be- 

tween Gy and *y chimpanzee loci is evident in a distant upstream region spanning 

positions l-635, which encompasses exon 1, intron 1, exon 2, and the first 90 or so 

bases of intron 2. The parsimony tree constructed for this region (I in fig. 4) has 

chimpanzee Gy and *y genes cladistically closer to one another than to any human or 

gorilla genes. Similarly, over much of this region (positions l-557) a conversion may 

have occurred between the two nonallelic gorilla genes (labeled conversion C8 in fig. 

4). Note that for region I the gorilla Gy and *y genes are depicted as being cladistically 

closer to one another than to any human or chimpanzee genes (see Z in fig. 4). On 

comparing the branching pattern of region Z tree to trees for other regions, we can 

deduce that region Z for the two chimpanzee and two gorilla genes consists of *y 

sequences, while region Z for the three human genes consists of Gy sequences. In region 

I the chimpanzee branch (Gy plus *y) and gorilla branch (again, Gy plus *y) group 

together first before joining the human branch. Yet, in comparisons of orthologous 

sequences, Pan and Homo group together first before being joined by GoriZZa (see ZZ, 

IV, and VI in fig. 4). Moreover, because in region II immediately downstream from 

region Z our evidence indicated that Gy sequences replaced *y sequences in human A 

and B*y loci, it is likely (and more parsimonious) that this is also the case in region 

I. Thus in region I, all three human genes (having Gy sequences in region I) are 

paralogously related to all chimpanzee and gorilla genes (having 9 sequences in re- 

gion I). 

Although we may treat the three discontinuous regions where gene conversions 

are evident between chimpanzee Gy and 9 loci as being the result of three separate 

events, we might also account for these conversion results by a single event, using the 

random patchy conversion model (Stoeckert et al. 1984). Such a single event would 

have the Gy locus of an ancestral chimpanzee converted to the 9 sequence over 

positions l-635 and 1,188-1,254 while at the same time the 9 locus accepted Gy 

sequence over positions 862- 1,128. The remaining regions (636-86 1 and 1,255- 1,848) 

of this 9 locus would remain unconverted. Michelson and Orkin (1983) have found 

a patchy pattern of conversion regions between two nonallelic human a-hemoglobin 

genes, suggesting that each heteroduplex strand served as a template for mismatch 

repair that resulted in a mosaic arrangement of parental sequences over the conversion 

regions. 
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384 Slightom, Chang, Koop, and Goodman 

Role of Hot Spot Sequence in Fetal-Globin-Gene Conversions 

The large intron of all hominine y-globin genes sequenced thus far (those of man, 

gorillas, and chimpanzees) contain a simple-sequence DNA, consisting of polypurine- 

pyrimidine bases (see alignment positions 1,127-l) 187 in fig. 2). It has been argued 

that because polypurine-pyrimidine DNA stretches tend to form an alternative structure 

of DNA, known as Z-DNA (Wells et al. 1982), they might be more accessible to 

nuclease activity (Shen et al. 198 1). Kilpatrick et al. (1984) showed that all three hot 

spot sequences contained in the human genes shown in figure 2 can form Z-DNA 

structures and that the boundary regions between B- and Z-DNA conformations are 

sensitive to Sl nuclease digestions. The Z-DNA conformation not only provides access 

for nucleases, but, as Kilpatrick et al. (1984) suggest, the nonhelical regions at the 

junction between B- and Z-DNA may serve as entry points for strand invasions. Thus 

it appears that the Z-DNA conformation may indeed increase strand cleavages and 

transfers, which are the first two steps necessary to initiate either gene conversion or 

crossover (Radding 1982). The fact that four of the seven regions of high intraspecific 

similarity between Gy and 9 loci (shown in fig. 4) are bordered by the hot spot supports 

this hypothesis. However, the actual region of a heteroduplex strand used as a template 

for mismatch repair need not necessarily be close to the site of strand cleavage and 

transfer. For example, the postulated gorilla conversion (see region I in fig. 4) encom- 

passed exons 1 and 2 and intron 1 but terminated in the far 5’ side of intron 2, long 

before reaching the hot spot. We cannot rule out the possibility that strand cleavage 

and transfer leading to a heteroduplex was initiated by the hot spot; however, the 

actual repair template employed was limited to the highly conserved 5’ region of these 

y-globin loci. 

In fact, the overall evidence on gene conversions, including that from studies on 

fungi (Nicolas and Rossignol 1983) as well as from studies on mammalian globin 

genes (Schon et al. 1982; Michelson and Orkin 1983; Goodman et al. 1984; Hardies 

et al. 1984) indicates that conserved DNA sequences such as coding sequences engage 

in gene conversion and crossing-over more often than do variable sequences such as 

introns. Conversions of 6 by p sequences involved exons 1 and 2, intron 1, and the 

conserved region 5’ of exon 1 up to and including the CCAAT box but not intron 2 

and the 3’ noncoding flanking region (Goodman et al. 1984; Hardies et al. 1984). The 

crossover boundary for the hybrid 5’-~~$%3 gene of the lemur is at the 3’ end of exon 

2. Similarly, mouse PhO- and phi-globin genes are 5’-y&-3 hybrids with the boundary 

between ‘y and E occurring at the 5’ start of intron 2. The hot spot sequence in intron 

2 of the hominine y genes, therefore, is probably not necessary for gene conversion, 

but it may provide a stimulus for gene conversion. 

Branching Pattern within Homininae 

We have already indicated that, of gene regions where chimpanzee Gy sequences 

appear to be orthologously related to human and gorilla Gr sequences, the chimpanzee 

and human sequences grouped together first before the gorilla sequence joined them. 

Note again in fig. 4 the parsimonious trees constructed for regions ZZ, ZV, and ‘VI. In 

the most extensive stretch of sequence (positions 1,254- 1,843) where the chimpanzee 

9 sequence is orthologously related to human and gorilla 9 sequences, the chimpanzee 

and human A~ sequences are closest cladistically. These findings agree with the par- 

simony evidence from a-hemoglobin amino acid sequences (Goodman et al. 1983) 
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Evidence of Gene Conversions in Hominine Evolution 385 

and ylq-globin nucleotide sequences (Goodman et al. 1984) as well as being suggested 

by cellular DNA-hybridization studies (Hoyer et al. 1972; Sibley and Ahlquist 1984). 

However, it is only slightly less parsimonious to first group Pan and Gorilla in these 

several sets of sequence data. With regard to the present data on y-hemoglobin genes, 

grouping Homo and Pan first requires four fewer substitutions than grouping Pan and 

Gorilla first and nine fewer substitutions than if Homo and Gorilla are joined first. 

These scores result from the finding that there are 10 alignment positions (66 1, 742, 

777,970, 1,O 18, 1,067, 1,602, and 1,8 16 for Go sequences and 1,29 1 and 1,292 for *Y 

sequences; see fig. 2) where the lowest substitution score is obtained by grouping Homo 

and Pan first. This compares to six alignment positions (837, 915, 995, 1,640, and 

1,699 for Gr sequences and 1,7 15 for *y sequences) where Pan must be grouped first 

with Gorilla for the lowest substitution score and only one position (7 15 for Gy se- 

quences) where the lowest score is obtained by first grouping Homo and Gorilla. 

Clearly, the present set of y-hemoglobin sequences are far from optimal for re- 

solving the Homo/Pan/Gorilla trichotomy because there are no data available for an 

outgroup closer to Homininae than the rabbit y$3-hemoglobin gene sequence. A 

decisive analysis may be obtained once orangutan y-hemoglobin genes are sequenced, 

since Pongo (orangutan) is the sister taxon of Homininae (Goodman 1976; Goodman 

et al. 1983). The sequencing of the yrq-globin DNA region of the P-globin gene cluster 

of the orangutan should also contribute to resolving the cladistic branching pattern 

within Homininae, since this region has already been sequenced in Homo, Pan, and 

Gorilla (Chang and Slightom 1984). 

Decelerated Rate of Coding Sequence Evolution in Hominines 

Fig. 5 shows the branches of the maximum parsimony tree constructed for aligned 

exons of 64 sequenced globin genes. The history of exon 3 sequences is shown separately 

from that of exon 1 + 2 because the same gene conversions encompassing exon 1 of 

the hominine y loci also encompassed exon 2 but not exon 3. Also, the mouse ph0 

and phi loci are YE hybrids, with exon 1 + 2 being in the y region and exon 3 being 

in the E region. The numbers on the links between nodes (shown as fractions) are the 

number of amino acid-changing base substitutions (numerator) over the number of 

silent or synonymous base substitutions (denominator). Because conversions have 

occurred between Gy and *Y loci in a common ancestor of Gorilla, Homo, and Pan, 

the most ancient paralogous separation between the two nonallelic loci is taken (as in 

our previous study, Scott et al. [ 19841) as 10 Myr ago (at the base of Homininae) 

rather than 35 Myr ago. Similarly, because of conversions between the two nonallelic 

a-hemoglobin loci of hominines, their most ancient paralogous separation (as deter- 

mined from sequence data on these loci in the chimpanzee and in man) was taken as 

- 10 Myr ago (Liebhaber and Begley 1983), again at the base of Homininae. In turn, 

the ancestral divergence of Pan from Homo was placed in the range of 5-7 Myr ago, 

as suggested by molecular-clock calculations using DNA sequence data (Goodman et 

al. 1984; Sibley and Ahlquist 1984) and current paleontological assessments (Andrews 

1982; Pilbeam 1984). The divergence of primates from Lagomorpha and other euth- 

erian orders was placed in the range of 70-85 Myr ago, following a consensus among 

paleontologists and molecular evolutionists. 

Using the time scale described above, our calculations show (table 2) that a marked 

deceleration of rates of coding-sequence evolution in globin genes occurred during 

descent of the hominines. We find an 18-fold decrease in the nonsynonymous (amino 
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386 Slightom, Chang, Koop, and Goodman 

Table 2 

Rates of Nucleotide Substitutions in Exons of Globin Genes during Evolution from 

Early Eutherians to Present-Day Hominines (Chimpanzees, Humans, and Gorillas) 

EVOLUTION TO THE PRESENT DAY FROM 

RATE 

Early Eutherians Primates 

(a, ET 7, P) (a, Y) 
(85-70 Myr) (70-10 Myr) 

Hominines 

(a, Y) 
(10-O Myr) 

Nonsynonymous ...... 1.8 0.9 0.1 

Synonymous ......... 6.6 1.9 0.9 

Nom.-The numbers of nonsynonymous and synonymous substitutions on the relevant links of the maximum 

parsimony tree for coding sequences of 64 globin genes and the time scale described in the text were employed 

for these calculations. The y-hemoglobin branches of this tree are shown in fig. 5; the complete tree itself is 

about the same as that shown in fig. 1 in Goodman et al. (1984), except for addition of chimpanzee “r and 9 

and treatment of mouse /3hO and phi as YE hybrids. All data are expressed as multiples of 10’ substitutions/ 

site per year. 

acid-changing) rate and a 7.5-fold decrease in the synonymous rate in the descent 

from early eutherians (85-70 Myr ago) to extant hominines (10-O Myr). The non- 

synonymous rate found for hominines is 0.1 X lo9 substitutions/site per year, which 

is one-ninth the average rate (over the past 80 Myr or so) found by Li et al. (1985) 

for 39 mammalian genes in interordinal comparisons. It is also one-ninth the average 

that we find for globin genes (a, E, y, and p) during the descent of the four mammalian 

orders (Primates, Lagomorpha, Artiodactyla, and Rodentia) represented by sequenced 

hemoglobin genes. The synonymous rate found for hominines, 0.9 X lo9 substitutions/ 

site per year, is about one-fifth the rate found by Li et al. (1985) for the 39 mammalian 

globin genes and one-third to one-fourth the rate that we find for globin genes during 

the descent of the four mammalian orders. 

Conclusions 

In interpreting these results on the slow rate of coding-sequence evolution in 

hominines, a rate that is especially slow (almost 0) in the descent of the human y- and 

cc-globin genes, we can hypothesize, as we have in our previous paper (Goodman et 

al. 1984), that enhanced DNA repair mechanisms evolved in higher primates and that 

such repair acts, preferentially in conjunction with purifying selection, on the regions 

of DNA with conserved functional sequences. The gene correction mechanism that 

prevents emergence of new alleles could operate during genetic recombination (Ah- 

mand et al. 1975; Whitehouse 1982). Base mispairs would be repaired as in a biased 

gene conversion (Dover 1982; Radding 1982), but this bias would always favor DNA 

resynthesis that utilized undamaged template strands from the wild-type allele rather 

than those from any mutant allele. The nub of our hypothesis is that gene correction 

(the DNA repair that prevents emergence of new alleles) and gene conversion both 

utilize the same molecular mechanism of strand excision and resynthesis during duplex 

formation and occur over conserved DNA sequence regions such as exons more fre- 

quently than they do over rapidly evolving sequences, such as are found in intron 2 

of P-type globin genes. Synergy between purifying selection and DNA repair would 
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then account for the rate of sequence evolution being slower in exons of genes than 

in other DNA regions. 
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