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Summary .  We have  m a p p e d  and sequenced the 
globin gene and  seven surrounding Alu repeat  se- 
quences in the orangutan/~ globin gene cluster and  
have  compared  these and  other  orangutan  sequences 
to or thologously related h u m a n  sequences. Non-  
coding flanking and  int ron sequences,  s y n o n y m o u s  
sites o f  a,  % and ~ globin coding regions, and  Alu 
sequences in h u m a n  and orangutan  diverge by 3.2%, 
2.7%, and  3.7%, respectively. These  values compare  
to 3.6% f rom D N A  hybridizat ions  and 3.4% f rom 
the ff~7 globin gene region. I f  as suggested by  fossil 
evidence and "molecu la r  c lock" calculations, hu-  
m a n  and orangutan lineages diverged abou t  1 0-15  
MYA,  the rate o f  noncoding D N A  evolut ion  in the 
two species is 1.0-1.5 x 10 -9 subst i tut ions per  site 
per year. We found no evidence for ei ther the ad- 
dit ion or deletion o f  Alu sequences f rom the ~ globin 
gene cluster nor  is there any evidence for recent  
concerted evolut ion a m o n g  the Alu sequences ex- 
amined.  Both phylogenetic and  phenet ic  distance 
analyses suggest that  Alu sequences within the a and 
/~ globin gene clusters arose close to the t ime  of  
s imian and  p ros imian  p r ima te  divergence (about  
50-60 MYA).  We conclude that  Alu sequences have  
been evolving at the rate typical o f n o n c o d i n g  D N A  
for the major i ty  o f  p r ima te  history. 
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Introduction 

The a and/3 globin gene clusters in m a m m a l s  arose 
f rom a dupl icat ion in early ver tebra tes  fol lowed by  
a t ranslocat ion o f  one gene to ano ther  c h r o m o s o m e  
and a series o f  subsequent  dupl icat ions (Collins and  
Wei s sman  1984; Hard i son  and  Gel inas  1986). Each 
cluster, whether  a type, or  ~ type, contains  at least 
one gene expressed in embryon ic  life and  at least 
one postnatal ly  expressed gene. In the/~ globin clus- 
ter o f  some species, a gene expressed only during 
fetal life also occurs. General ly,  the 5' globin genes 
are expressed early in deve lopmen t  and  the 3' genes 
are expressed after  birth. Scattered within the a and  
/~ globin gene clusters o f  pr imates  are numerous  short  
interspersed Alu-like repeat  sequences. 

The  fact that  m a n y  Alu repeats  are scattered 
throughout  the globin gene clusters o f  p r imates  en- 
ables one to compare  the evolut ion o f  Alu repeats  
with the evolut ion o f  adjacent  coding and  noncoding 
globin gene regions (Sawada et al. 1985). Within  the 
globin gene clusters, for example ,  concer ted evolu-  
t ion has been demons t ra t ed  in h u m a n  and  orangu-  
tan a I and  a 2 globin genes (Marks et al. 1986) as 
well as h u m a n  and orangutan 3,1 and  3, 2 globin genes 



(Slightom et al. 1986). In each case, intraspecific 
variation is less than interspecific divergence. Evo-  
lution in the absence o f  sequence specific selection 
has also been demons t ra ted  in the human  and 
Orangutan r globin genes (Koop et al. 1986). Cod- 
mg and noncoding sequence comparisons  o f  the hu- 
man and orangutan ~ globin gene presented in this 
Paper suggests that the E gene is the only functional 
globin gene within pr imates  that  has not  been du- 
Plicated or  subjected to gene conversions.  It therefore 
Provides the most  straight-forward example o f  in- 
dependent functional globin gene evolut ion.  Thus  
for both human  and orangutan,  there are six globin 
genes, each with a slightly different evolut ionary his- 
tory with which to compare  human  and orangutan 
Alu sequences. 

Higher pr imate  Alu repeats (Schmid and Shen 
1985; Weiner  et al. 1986) typically are short d imeric  
Sequences (300 bp in length) probably der ived by 
retroposition o f  a sequence that was originally de- 
.rived from the 7SL R N A  gene. They  contain several 
internal R NA polymerase III p romoter  elements and 
they appear  to be transposed passively (Weiner et 
al. 1986). In humans  they consti tute 3-5% of  the 
genome and differ f rom their  consensus sequence 
by about 14% (Weiner et al. 1986). The galago, a 
Prosimian primate,  contains a Type  1 Alu repeat 
that is very similar to that  o f  higher primates plus 
a Type 2 Alu-like repeat o f  which only part  resem- 
bles the Alu repeat  o f  higher pr imates  (Daniels and 
Ibeininger 1983). Galago Type  2 Alu sequences dif- 
fer from their consensus by about  7-9% (Deininger 
and Daniels 1986). Roden t  Alu-like repeats (B1), 
on the other  hand, are typically monomer s  and differ 
from their consensus by about  8% (Kalb et al. 1983; 
Ibeininger and Daniels 1986). 

Some repeat sequences that appear  to be shared 
among several major  mammal i an  lineages exhibit  
greater similarities within specific lineages (Britten 
and Kohne  1968). This  has, in the past, led to several 
hypotheses invoking concerted evolut ion to explain 
PUrported species specific "homogen iza t ion"  o f  Alu 
Sequences (Deininger and Schmid 1979; Daniels and 
beininger 1983, 1985; Sawada et al. 1985; Schmid 
and Shen 1985; Weiner  et al. 1986). More  recently 
hOWever Deininger  and Daniels (1986) have sug- 
gested that these "species specific" Alu repeats are 
the result o f  independent  amplifications f rom 7SL 
RNA-like retropseudogenes.  The  two hypotheses 
Predict different interspecific divergence values as 
Well as different phylogenetic relationships among 
similarly posi t ioned Alu sequences in different 
Species (see Results and Discussion). To  distinguish 
between the two hypotheses,  we have examined  sev- 
en similarly (orthologously) posi t ioned Alu se- 
quences in the/3 globin cluster o f  human  (Shen et 
al. 198 I; Collins and Weissman 1984; Li et al. 1985a) 
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and orangutan (sequences de te rmined  in this study) 
and compared  Alu sequences to adjacent  coding and 
noncoding globin gene sequences with respect to 
patterns o f  inter- and intraspecific divergences. This  
study complements  that  o f  Sawada et al. (1985) on 
the Alu sequences o f  ch impanzee  and h u m an  glo- 
bin-gene regions. 

Methods and Mater ia ls  

High molecular weight DNA from orangutan (Pongo pygmaeus) 
was isolated from liver tissue (Maniatis et al. 1982) and partially 
digested with Mbol. DNA fragments 15-25 kb in length were 
separated in a NaCI gradient and subsequently ligated to BamHI 
arms of Charon 35 lambda phage (Loene and Blattner 1983). 
Recombinant phage DNA was packaged in vitro (Hohn 1979), 
and propagated on Rec A- E. coli K12 strain ED8767 (Murray 
et al. 1977). The genomic library was then screened (Benton and 
Davis 1977) using a human r probe (0.7 kb BamHI fragment) 
and a gorilla 3' probe (2.7 kb EcoRI fragment). Three recombinant 
phage clones were isolated and mapped. EcoRI fragments from 
these lambda clones were further subcloned into pUC 8, trans- 
formed and grown in E. coli JM 83. All gene-containing EcoRI 
fragments were confirmed using genomic blot hybridizations 
(Southern 1975). Nucleotide sequences were obtained by the 
chemical cleavage method of Maxam and Gilbert (1980). Where 
both strands were not sequenced, multiple sequences were ob- 
tained for the same strand. A more detailed account of the pro- 
cedures used are presented by Slightom et al. (i 986). Phylogenetic 
reconstruction procedures are described by Goodman et al. (1984). 

Results and Discussion 

H u m a n  and Orangutan ~ Globin Gene Comparisons 

In Fig. 1, we present the organization o f  orangutan 
r -y~, 3, 2, ~bO, and 6 globin genes as de te rmined  f rom 
three recombinant  Charon 35 clones and three re- 
combinan t  Charon  32 clones (Ppy CH32 13.5 and 
Ppy CH32 14.2 are f rom Slightom et al. [1986]). The  
EcoRI restriction map  o f  orangutan differs at only 
3 o f  the 18 sites in human  (3/(18.6) = 3.0%). The  
small arrows above the h u m an  and orangutan maps  
indicate the posi t ion and orientat ion o f  Alu se- 
quences whose identities have been confi rmed by 
sequence analysis. Recombinan t  plasmid subclones 
were named  according to the size o f  the parent  lamb- 
da clone insert, the size o f  the subcloned region, and 
the restriction site. More  detailed restriction enzyme 
maps  as well as the sequencing strategy o f  recom- 
binant  plasmids are indicated in Fig. 1. 

In Fig. 2 the orangutan r sequence and its 0.3 kb 
3' and 3.3 kb 5' flanking sequences are aligned with 
the corresponding human  sequences (Baralle et al. 
1980; Li et al. 1985a). The  overall  organization and 
sequence o f  the orangutan ~ gene region is very  sim- 
ilar to that  o f  the human.  

The human  and orangutan E coding regions differ 
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Fig. 1. Restriction map and strategy used to locate and sequence the orangutan/3 globin gene region and Alu sequences el ,  e2, ~3, 
e4, ~5, ~ l ,  and 3'1. The top two lines show the organization of  the human and orangutan E, 3 ,t, ./2, ~b~, and ~ genes in the/3 globin 
cluster. The locations of  EcoRI restriction enzyme sites and number of  kilobases (kb) between sites are indicated below each line. 
The small labeled arrows above each line show the positions of  Alu sequences. Below the human and orangutan maps are 6 recombinant 
lambda clone inserts used to derive the orangutan map. The length and position of  the lambda clone inserts correspond directly to 
the orangutan linkage map. Below the lambda clone inserts are 6 recombinant plasmid inserts on which restriction enzyme sites are 
indicated. Directly below each insert is the sequencing strategy used. Ac = AccI; Av  = AvaI; B = BamHI; Bs = BstEII; Bg = Bgl II; 
Bn = Bst NI; E = EcoRI; Ev = EcoRV; H = Hind III; Hc = Hinc II; Kp = Kpn I; N = Nco  I; Nd  = Nde  I; P = Pvu II; Ps = Pst I; 
Sc = Sca I; S = Stu I; and X = Xba I. 

at 5 o f  the 438 positions.  At codons  83 and 84, 
(positions 3697 and 3700),  the human amino  acid 
sequence has a proline and an alanine, whereas the 
orangutan sequence has two threonine residues. 
Proline is a strong a-helix destabilizer, and threo- 
nine is a weaker o~-helix destabilizer (Chou and Fas- 
man 1974). It is interesting to note that codons  83 
and 84 occur near the bend between the F and F' 
helices o f  the 3-globin molecule,  and that such ami- 
no acid changing mutations would  produce an or-he- 
lix destabilizing environment  which in turn could 
stabilize a bend. 

The human and orangutan E genes also differ by 
3 synonymous  substitutions (posit ions 3540,  3597,  

4746).  Divergence between the silent sites o f  orang- 
utan and human e is approximately 3.1%, while di- 
vergence between amino acid changing sites is ap- 
proximately 0.6%. These values compare to 7.3% 
and 1.0% between human and orangutan a ~ and a 2 
genes (Marks et al. 1986), and to 3.1% and 1.5% 
between human and orangutan 3`1 and 3 ̀2 genes 
(Slightom et al. 1986). Divergence values were cal- 
culated as per Nei  and Gojobori  (1986).  

The noncoding  regions o f  the human and orangu- 
tan e gene (Fig. 2) show 144 differences. Of  these, 
86 are transitions, 40 are transversions, and 18 are 
gaps. The divergence between human and orangutan 
in the 122 posit ions in intron 1, 864 posit ions in 

Fig. 2. Aligned nucleotide sequences of  the human and orangutan ~ gene and flanking regions. Those orangutan positions that differ 
from the human sequences appear below the human sequence. Gaps (*) are placed to maximize  sequence homology.  The nucleotide 
sequence for human is from Li et al. (1985a). Both the human and orangutan r genes are divided into three exons separated by two 

. . . . . . . . .  | . 
introns each obeying the G T - A G  sphcmg rule. The amino  aczds are indicated above thezr respective codons. The zmmedlate 5' flanking 
regions contain identical CCACCC and C C A A T  promoter elements, and a R N A  polymerase II binding site (AATAAA) .  Both sequences 
share the same initiation and terminator sequences as well as the 3' poly (A) addition signal. In the extended 5' region, two Alu 
sequences are labeled with their flanking direct repeats (solid arrows). Also present is a possible stem loop structure (solid line labeled 
LOOP is the loop and the flanking inverted repeats indicate the stem). O f  special note is the mutational difference at positions 1584 
to 1596 in orangutan. This  short orangutan insert is almost  identical to the inverted opposite strand in human spanning positions 
1619-1608.  
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HUMA GAGGGA~cAGGAGAGAATCAA~CCCATAcTcTGAATCTAAGAGAAGAcTG~TGT~ATACTCTGAATGGGAAGAATGA~GGGATTACccATAGGGCTTGTT~TAGGGAGAAAcCTGTTCT 
ORAN G C T 

HUMA C~AAACTCTTG~CCTTGAGATACCTGGTC~TTATTCCTT~GACTTT~GCAATGTCTGACCCTCACATTCAAGTTCTGAGGAAG~GCCACTG~CTTCATACTGTGGATCTGTAGCAAATTC 
6RAN 

HUMA CCC~T~AAAAC~CAGAGCTGTAT~7TAATTGTTT~AAAAAAATTATATTATCTCAA5GACTGTTCTTCTCTGAGTAGC~A~GCTCAG~TTGGTTCAAGCTACAAGCAGCTGAGCT5CTTT 
ORAN 5 A G G 

HU~A TTGTCTA5TCATTGTT~TTTTATTTCAGT~ATCAAATACGTT~TTTCCAAAC~TA5GATCTTGTCu 
ORAN G A C C 

HUMA CTAGGGGGCTGGTGAACTTTATAGAAAAAAhATCTGTATTTTTAOITACATGTAACTGA~ATTTAGCATTTTCTTCTA TTTGAATGCAAAGGACAAACTAGAATGACA~CATCAGTACC 
ORAN C T 

>ALU 5'  ~2 
HUMATATTGCATAGTTATAAAGAGAAACCACAGATATTTTCATACTACACCATAGGTATT5CAGATC~T~GT~TTTG*'~t~'**ttTTTTTGTTTGAGATGGAGTTTCGCTCTTATTGCCC 
0RAN A TTTGTTTTTG 

HUMA A-GG~G~TGGAG~5CAGTG~A~GA~CGGcT~A~T~CAACCTcCcCTTcCTGCATTCAAGCAATT~T~CTGCCT~GG~CTCCAGAGTA~CTGGG~A~TA~AGGCACcTG~cACCAT~CAG 

120 

240 

360 

480 

600 

720 

840 
ORAN G T 

HUMA T~TTTTTGTATTT~TAGT~GAGA~GGGGTTTCGCC~TTGGCC~GGCT~GTCTTG~ACTCCTG~CCTC~GATGA~CT~CCGCCT~GGCCT~CTG~AGTGCTGGGATTATAGGTGT 960 
5RAN C T 

HUMA GAGCCACcACGCCTG~CCATTGCAGATATTTTTAATTCACATTTATCTGCATCACTACTT~GATCTTAA~TAGCTG~A~ACCCAATCCTAGATCTAATGCTTTCATAAAGAAGCAAAT 
5RAN A G 

HUMA ATAATAAATACTATA~ACAAATGTA~TGTTTGATGTC~GATAATGATATTTCAGTGTAAT~AAACTTAGCACTCCT^TGTATATTATTTGATGCAATAAAAACATAT~TTTTTTAG~AC 
ORAN T G A " "  

HUMA TTACAGTCTGCCAAA~TGGCCTGTGA~A~AAA~A~GTTT~GGA^TTC~TGGTTTTGTCT~TGTTAGC~AT~TTAG~T~TATGCT~AA~AT~CCATTGGTTAATAG~TGA~G~ 
ORAN A G A C A 

HUMA AAAT0~AGTA5AAATT~AGTGGCCTGGAATAATAACAAT~TGGG~AGT~ATTAAGTCAG5~AAGACTTCTGGAATCA7GGGAGAAAAGEAA5GGAGACATT~u 
ORAN 

HUMA TTTTTTTTTTTTTTTTTTATCACAAACATAAGAAAATATAATAAATAACAAAGTCAGGTTAu 
5RAN e . ~ . , .  G y 

HUMA TGGGA~A~AGGAG~CATACTG~Tt'~'~*;'''t~A~TGAAAAAGA~GAAGAAC~T~TAGGGCCTGAACAT'~AGGA~ATTGTAGGAACAGAAATTE~TAGATCTG~TGGGG~AAGGG~ 
ORAN A AGAGGTTCTTCT ~ t * ~ ' * ' ~ ' * ' t t ~ * ' * * *  GC C 

>ALU 8'  ~I ~ 
HU~AAG~CAu165165 
ORAN G C 

HUMA T~AAAATTAGCT~G~CAT5~TGGCATGCGCCTGTAGTCCCAG~TGC~CGGGAGGCTGAG5CAGGAGAATCGT~TGAACCCAG~AGGC5AAGGTTGCAGT5AGCT~AGATAGTGCCATT 
ORAN G A A C 

H~JMA GC~CTC~AGTCTGGCAA~AGAGTG~GAOTC~GTCTE*t*t~*~AAAAAAAAAA~AAAG~^A~A~AG^~AA~^A^A~AAAAAAGA~A~AATA~ATG~ATGTAGAACAAGECAG~AGGA 
ORAN AAAAAAAAA AG A *G T 

HUMA ~CAACT5~TG~55~AAT5A5ATTA~5Gu 
ORAN A 

HUMA u165165165 
ORAN C G A C 

HUMA AATTGAATA~ACTGTAAAu 
5RAN C , , , ,  

HUMA ACTCCTAG~CTGA~TAATATAT~GATTCACTTTTu165 
ORAN A T C T A 

- - >  LOOP�9 
HUMA G^~AGA~A55~AAGCAA~AAGA~A~CAGGCA^u 
ORAN A G 

HUMA CTGTCTGTCCTCTCTA~GGAATCACCCCAAG5T~Cu 
ORAN G T T 

HUMA ~TC~TA5A~AAACTAAGGTA~AGAA~TTTTGTTTACAATGCA~TCCTTAAGA5AGCT~5AACTGG5TGA5ATTCu165165 
ORAN 

HUMA AAETGTEA~CAC~TTTAAGGCAAAT~TTAAATG~CT~GC~TGAAACT§165 
ORAN �9 A 

HUMA TCATTTT~GAAGATGATGAAGAGGGTAAAAAAGGGGACAAATGGAAATT~5TGTTGCAGATAGAT5AGGAGCCAA~AAAAAAGAGC~TCAGGATC~AGCA~ACATTATCACA~ACTT~G§ 
6RAN A G 

CCACCCC �9 CCAAT 
HUMA GT~AT~CATCA~TGCTGACCCT~T~CGGACCTGACTC~ACCCCTGA'GGACA~5GTCAG~CTTGACCAAT5ACTTTTAAGTACCATGGAGAACAG~GG5CCA~AACTTCG~CAGTAAA 
ORAN A A A G 

AATAAA . . . . .  MetVa lHtsPheThrA laGluGluLysAlaA l~Va 
HUMA GAATAAAAGGCCAGACAGAGAGGCAGCAGCACATATCTGCTTCCGACACA•CTGCAATCACTAGCAAGCTCTCAGGCCTGGCATCATGGTGCATTTTACTGCTGAG•AGAAGGCTG•CGT 
5RAN C C A 

1ThrSerLeuTrpSerLysMetAsnVatGluGIuAlaGlyG~yGluAlaLeuGlyAr , 
HUMA CACTA5CCT5TG~A5CAAGA~GAATGTGGAAGA5GCTGGA~GTGAAGCCTTGGGCAGGTAA5CATT~5TTCTCAATGCATGGGAATGAAGGGTGAATATTACCCTAGCAAGTTGATTGGG 
ORAN G 

gLeuLeUValVa~TyrProTrpThrGfnArgPhePheAspSepPheGlyAsnLeuSerSeP 
HUMA AAAGTCCTCAAGATTTTTTGCATCTCTAATTTTGTATCTGATATGGTGTCATTTCATAGACTCCTCGTTGTTTACCCCTGGACCCAGAGATTTTTTGACAGCTTTGGAAACCTGTCGTCT 
ORAN A G A 

PPoAI~ 
Pr~erA~a~1eL~uG1y~snPr~LysVa~LysA1aH(s~yLysLys~a~Le~ThrSePPhe~yAspA~1eLysAsnMetAspA~nLeuLysThr~h~PheA1aL~sLeu~er~ 

HUMA C•CTCTGCCATCCTGGGCAACCCCAAGGTCAAGGCCCATGGCAAGAAGGTGCTGACTTCCTTTGGAGATGCTATTAAAAACATGGACAACCTCAA•C•CGCCTTTGCTAAGC•GAGTGAG 
ORAN A A 

LeuHi$CysAspLysLeuHisValAspProGluAsnPheLys . . . .  
HUMA ~TGCACTGTGACAAGCTGCAT~TG~ATCCTGAGAACTTCAAGGTGA5TTCAGGTGCTGGTGATGTGATTTTTTGG~TTTATATTTTGACATTAA~TGAA~CTCATAAT~TTA~T~GAAAG 
ORAN G A C tA T G 

HUMA ACCAA•AAAGATCTCAGAAAT•ATGGGT•GAGCTT•ATGTTAGAACAGCAGACTTCTAGTGAG•ATAACCAAAACTTACAT•ATTCA•AACTAGTGACAGTAAA•GACTACTAACAG•CT 
ORAN ~ TG 

HUMA ~AATTGGCTTAACTTTTCAGGAAATCTTGCCAGAACTTGATGTGTTTATC~CAGAGAATTGTATTATAGAATTGTAGACTTGTGAAA~AAGAATGAAATTTGGCTTTTGGTAGAT~AAAG 
ORAN TG 

HUMA TC~TTTcAAG~AAATAGAA~T5CCTTATTTTATG~GGGTCATGATAATTGA~TT~A~AA~A~TTTTTGCAAAA~AAATAAAA~*~*ttG~TTTCCTC~A~GAA~A~TAA~ACA~ A 
ORAN A A AAAAAAA G 

HUMA TTTTCTAAAATATGTTAAATTT~CCATCAGTATT5T5ACCAA5TGAAGGCTTGTTTCC5AATTTGTTGG55ATTTTAAACTCCCGCT5AGAACTCTTGCAGCACTCACATTCTACATTTA 
5RAN 7 h T 

HUMA CAAAAATTA•ACAATTG•TTAAAGAAAAACA•G•A•AGAGGGAACCCAATAATACTG•TAAAATG•••A•A•GGG•TGAGGGTGTA•GTAG•TAGAATGTTGAAT•TA•GG•TCATAGAA 
C ORAN G G A A A 

HUMA TAAAATTGAACCTAAGCTCATCTGAATTTTTTGGGTGGGCACAAACCTTGGAACAGTTTGAGGTCAGGGTT~T~TAGGAATGTA~GTATAAAGCCGTTTTT~TTTGTTTGTTTGTTTTTT 
5RAN T A A A 

LeuLeuSlyAsnValMetValZleIleLeuAlaThPHisPheGtyLysGl~Phe 
HUMA CAT~AA~TTGTTTTCGGAAACTTCTACTCAACATGCCTGTGTGTTATTTTGTCTTTTGCCTAACAGCTCC~GGGTAACGT~ATGGTGATTATTCTGGCTACTCACTTT~GCAAGGAGTTC 
QRAN A A 

ThpProG]uValGlnAlaAlaTPpGInLysLeuValSerAIaVaTATaIleALaLeuAI~HIsLy~TyPHis.,. 
HUMA ACCCCT•AAGT•CAGGCTGCCTGGCAGA•GCTGGTGTCT•CTGTCGCCATTGCCCTGGCCCATAAGTACCA•TGA•TTCTCTTCCAGTTTGCA•GTCTTCCTGTGACCCTGACACCCTCC 
0RAN A CAA G T 

/POLY  A /  

ORAN 

HUMA GGAA^A^GTGTTCAT5GG~TGA~G5ATGG^G^GA^^~AT^GG^AGA^CC^^G^GCTT~TT^^G^^^TGT^TGGGGGCTTGT^^^^TT^^TGTGG }̂GTT^TGGGAG^^TT~ 
5RAN A C A 

1080 

1200 

1320 

1440 

t560 

1680 

18OO 

1920 

2040 

2150 

2280 

2400 

2520 

2640 

2750 

2880 

3000 

3120 

3240 

3360 

3450 

3600 

3720 

3840 

3950 

4080 

4200 

4320 

4440 

4560 

4580 

4800 

4920 

6032 
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Table 1. Rates of evolutionary substitution since the divergence 
of human (H) and orangutan (O) in the a, % ~b~, and e genes and 
flanking regions. The separation of the two lineages probably 
occurred 10-15 MYA (Andrews and Cronin 1982; Delson 1985). 
AA Chg = amino acid changing substitutions in the coding region. 
Syn Chg = changes in the coding region that do not change the 
amino acid composition. Non-Cod means that differences are 
obtained from outside the translated region. 

Rates of substitutions/site/year (x 10 -9) 

AA Chg Syn Chg Total Non-Cod 

H-O a I 0.3-0.5 2.6-4.0 1 .3 -1 .9  2.2-3.3* 
H-O a 2 0.3-0.5 2.3-3.4 1 .2 -1 .8  2.2-3.3* 
H-O 3: 0.4--0.6 0.7-1.0 0.5-0.8 1.4-2.1"* 
H-O 3 '2 0.6-0.9 1 . 3 - 2 . 0  0 . 8 - 1 . 1  1.1-1.7"* 
H-O ~b~ 1 . 0 - 1 . 5  1 . 2 - 1 . 8  1 . 1 - 1 . 6  1.1-1.7 
H-O E 0.2-0.3 1 . 0 - 1 . 6  0.4-0.6 1.0-1.5 

* Taken from the unconverted 3' 
for both a ~ and ol 2 

** Taken from the unconverted 3' 

150 bases and then averaged 

260 bases 

Table 2. Orthologous and paralogous comparisons of the hu- 
man (H), chimpanzee (C), and orangutan (O) Alu sequences and 
of each Alu sequence to the overall consensus (Schmid and Shen 
1985). "n" = the number of sequences, ~ = the average percent, 
and SD is the standard deviation 

n ~ S D  Range 

Paralogous comparisons 
H vs H 14 20.9 2.4 13.9-25.9 
C vs C 7 22.6 2.1 18.8-26.0 
O vs O 7 20.0 3.0 15.6-24.6 
Overall 28 21.0 2.4 13.9-25.9 

Orthologous comparisons 
H vs C 7 2.2 1.4 1.0-5.2 
H vs O 7 3.7 1.9 2.4-6.9 

Consensus comparisons 
Con vs H 14 13.8 1.6 11.6-15.9 
Con vs C 7 14.4 1.2 12.5-15.6 
Con vs O 7 14.0 1.8 12.4-16.6 
Con vs All 24 14.0 1.5 11.6-16.6 

intron 2, 277 positions in the 3' flanking region, and 
the 3325 positions in the 5' flanking region are 1.6%, 
4.2%, 4.3%, and 2.9%, respectively. The average 
divergence for all noncoding regions is 3.2% (each 
gap was treated as a single posit ion irrespective o f  
gap size). This value corresponds closely to the 3.4% 
divergence (over 2.2 kb) found between the human  
and orangutan ~b~ genes (Koop et al. 1986) and the 
3.6% divergence est imated from D N A  hybridiza- 
tion results (Sibley and Ahlquist  1984). The close 
correlation between the divergence obtained from 
D N A  h y b r i d i z a t i o n s  and  n o n c o d i n g  D N A  se- 
quences supports the suggestion that the majori ty 
o f  the genome is not subject to conserving selection. 

Orangutan and human  lineages are thought  to 
have diverged 10-15 M Y A  (Andrews and Cronin 
1982; Delson 1985; Koop  et al. 1986). Over  this 
period the coding port ions o f  the ~ gene have di- 
verged by an average o f  1.1% or by a rate o f  0 .4-  
0.6 • 10 -9  substitutions per site per year. The rate 
o f  synonymous  substitutions is 1.0-1.6 x 10 -9 ,  and 
the rate o f  amino acid changing substitutions is 0 .2-  
0.3 • 10 -9. These rates o f  change are compared  
with human  and orangutan a 1, a 2, 3 ,1, 3"2, and ~b~ 
genes in Table 1. The ~ gene appears to be one o f  
the slower evolving globin genes (Table 1). Nearly 
all of  the conservat ion is at the amino acid changing 
sites, with little conservat ion observed in the silent 
sites. 

The overall rate o f  divergence between human  
and orangutan in noncoding regions as well as for 
the synonymous  sites within coding regions is ap- 
proximately 1.0-1.5 x 10 -9 subs./site/year. This 
value is very close to the 1.3 x 10 -9 obtained for 
primates (Britten 1986) but different f rom the 
5.0 • 10 -9 subs./site/year determined from other 
species and gene comparisons (Li et al. 1985b). Such 

differences in rates o f  evolution could be the result 
o f  different generation times (Wu and Li 1985) or 
perhaps differential effectiveness o f  D N A  repair 
processes (Neel 1983; G o o d m a n  1985; Britten 1986). 

Human and Orangutan Alu Sequences 

The question o f  why Alu-like repeat sequences can 
be more similar within species than between distant 
species has been the subject o f  several recent studies 
(Schmid and Shen 1985; Deininger and Daniels 
1986; Weiner et al. 1986). Four  hypotheses have 
been advanced to explain these patterns: (1) Exten- 
sive gene conversion, (2) coevolut ion by reciprocal 
recombinat ion,  (3) specific replacement o f  old se- 
quences by new ones (Steady State), and (4) inde- 
pendent  recent expansions from a few progenitors 
followed by neutral drift. A recent study involving 
paired human  and chimpanzee Alu sequences (Sa- 
wada et al. 1985) suggested that neutral drift was 
the major  factor in determining sequence divergence 
between h u m a n  and chimpanzee Alu pairs. The au- 
thors further speculated that low levels o f  replace- 
ment  could also be operating. Orthologous Alu com-  
parisons between h u m a n  and orangutan provide a 
t ime frame that is large enough to observe more  
accurate patterns o f  divergence yet small enough to 
test whether patterns of  divergence are different from 
that expected for concerted evolution. 

H u m a n  and orangutan pairs o f  Alu sequences 
presented in Fig. 3 show an average divergence o f  
3.7% (Table 2). The large range o f  divergences (2.4-  
6.9%) between pairs o f  Alu sequences is expected 
because each sequence comparison involves less than 
300 bases. The average divergence between orangu- 
tan and human Alu sequences is approximately equal 



CONs ~CCGGGCGCGGTGGCT*CACGCCTGTAATCCCAGcACTTTGGGAGGCC~AGGCGG~CG~ATCACCT*GA~GTcAGGAGTTCGAGACCAGCCTGGCCAAC 
H E5 GCCGGGCACGGTGGCTICATGCCTGTAATCCCAGCACTTTG G CA G CAATTG TCACCT* GG G A r CC t t CTG CC 
0 ~5 GGCCGGGCATGGTGGCT*CATGCCTGTAATCCCAGCACTTTG G CA G CAATTG TCACCT* GG G A T CC G G CTG CC 
H ~4 ATCTGGGCATGGTGTCT*CACACCTGTAATCCCAGCACTTTG G TG G TGGGTG CTGCTTG GC G A T CA G T TTG AC 
0 E4 ATCTGGGCATGGTGTCTtCACACCTGTAATCCCAGCACTTTG G TG G TGGGTG TTGCTTG GC G A T CA t T TTG AC 
H E3 TTGAGGT*GCGGTGGCT*CACTCCTGTAATCACAGCAGTTTG C CA G TGGGCA TCACTT* GG G A T GG C G CCA CC 

~3 TTGAGGT*GCAATGGCT*CACACCTGTAATCACAGCAGTTTG G CA G TGGGCA TCACTT* GG G A T GG G G CCA CC 
E2 GGCCAGGCGTGGTGGCT*CACACGTATAATCCCAGCACTTCA G CA t CGGGCA TCATCT* t t  G A T CA t t CTG Ct  

0 C2 GGCCAGGTGTGGTGGCT*CACACCTATAATCCCAGCACTTCA G CA G CGGGCA TCATCT* GG G A T CA G G CTG CC 
H E1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  G AG G TGGGCA TCA**T* GG A A A CG G T CTG CA 
O E1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * = = * * * * * * t  G AG G TGGGCA TCA**T* CG A A A CG G T CTG CA H 

~1GGCCGGGCGCGGTGGCT*CACACCTGTAATCCCAGCACTTTG G TG t TGGGCG TCAC*** GG G A A CA t T CTG CT 
0 q l  GGCTGGTCGTGGTGGCT*CACACCTGTAATCCCAGCACTTTA G TG t TGGGCC TCCC*** GG G A A CA t T CTG CT 
H ~1GGCTGGGAGTGGTGGCT=CACGCCTGTAATCCCAGAATTTTG G CA G CAGGCA TCACCT* GG A A T CA G ACTG C C  
0 y1GGCTGGGAGTGGTGGCT*CACGCCTGTAATTGCAGAACTTTG G CA T CAGGCA TCACCT* GG A G T CA G ACTG CC 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  § § § § + + + § § § 

CONs ATG•TGAAACCCCGTCTCTACT*AAAAATACAAAAA*TTAGCTGGGCGTGGTGGCGCAT•CCTGTAAT*CCCAGCTACTCGGGA•GCTGAGGCAGGAGAA 
H ~5 t TG A C CCTT A TA A C AA C CCAGGTGT G GCACGCGT A A * C G AC CA A TG CA 

A C T A T  CCAGGTGT G GCACGCAT A A * C G AC CA A TG CA 0 ~5 G TG A C CCTT A TA 
H ~4 G TG T C CTGC A As G C A* T CCTGGCAT G GTGTGCAC G A * C G AT AG T TG CA 
0 ~4 G A G  T C CTGC A As G C As T CCTGGCGT G GTGTGCAC G A * C G AT AG T TG CA 
H E3 A TG A C TGGT G TT A T As T CTGGACGT G ACGGGAGC G A * * A ACTG A TG CA 
0 ~3 H ~2 A TG A C TGGT G TA A T A* T CTGAACGT G GCAGGAGC G A * * A ACTG A TG CA 

G CG A C CCAT A T* A C A* T ACTGGCAT G GCAGGTGC t A C C G AC CT A CA CA 
0 E2 G CA A C CCGT A T *  A C A* T ACTGGCAT G GCAGGTGC G A * C G AC CA A CA CA 
H ~1 t TG A T CCGT A T* A A As T CTGGGCAT G GCATGCGC G G * C G AC CG A TG CA 
0 E1 t TG A T CCGT A T* A A A* T CTGGGCGT G GCATGCGC G G * C G GC CG A TG CA 
H ~1 G TG A C CCAT A T* A C AA T CCAGAGAC G GCGGGTGC G G * C G AC CG A TG CA 

~1 G TG A C CCGT A T* A C AA T CCAGACAT G GTGGGCAC G G * C G AC CG A TG CG 
H y1  G TG A T CCAT A T* A C As T ACAGGCAT A GCAAGTGC G A * C G ACTG A TG AA 
0 y1 G TG A T CCAT A T* 

C0NS 

H ~5 CACT CCCA G GGTGGAGGT 
0 ~5 CACT CCTA G GGTGGAGGT CAG T A G  TGCA C * *  
H ~4 TGCT CCCG G GGCGGAGGT CAG TG G CGTG C * *  
0 ~4 TGCT CCTG G GTCAGAGGT CAG TG G CGTG C **  
H E3 CGCT CCGG G GGTGGAGTT CAC AG G CATG T * *  
0 E3 CGGT CCGG G GGTGGAGTT CAC AG G CATG T * *  H 

E2 TGCT TGCA G AGGGGAGGT CAG CG A CATG C * *  
0 E2 CGCT TGCA G AGGGGAGGT CAG CG A CACG C * *  

E1 CGTT CCCA t GGCGAAGGT CAG TG t AGTG T * *  
0 ~1 CGTT CCCA G GGCGAAGGT CAA TG G CGTG T * *  
H q l  GGCG CCTG t GGCAGAGC* CAG A t  t CGCG C AC 
O ~1 GGCG CCCG G GGCAGAGCT CAG GG G CGCG C * *  

Y1 TGCT CCTG A GGCAGGAGT CAG CG G CATA C * *  
0 y1 TGCT CCCG A GGCAGGAtT 

A C A* T CCAGGCAT A GTAAGTGC G A * C G AC CG A TG CA 
. . . . . . . . .  § . . . . . . . . .  § . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  + . . . . . . . . .  § . . . . . . . . .  + 

TCGCTTGAACCCGGGAGGCGGAGGTTGCAGTGAGCCGAGATTGNGCCACTGC**ACTCCAGCCTGGGTAACA*GAGCGAGACTCCGTcTCAAAAAAAA 
CAG T A G  TGCA C * *  C AGGCGAC *G GTGAGACTCCATCTCAAAAAAAA 
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C AGGCAAC *G 
C GGGGGAC *G 
C GAGTGAC *G 
C * * * * * C C  *G 
C * * * * * C C  *G 
C GGGCAAT A t  
C GGGCAAT A t  
T GG*CAAC * t  
T GG*CAAC * t  
C GGGTGAC *A 
C GGGTGAC *A 
C GGGTGAC *G 

GTGAGACTCCATCTCAAAAAAAA 
tC********************* 

GCGAGACTCTGTCTAAAGAAAAA 
GCGAGACTCTGTCTAAAGAAAAA 
GCGAAACTCCATCTCAAACAAAA 
GCGAAACTCCATCTCAAACAAAA 
GTGAGACTCCGTCTCAAAAAAAA 
GTGAGACTCCGTCT(:AAAAAAAA 
GCGAGACTCCATCT(IAAAAAAAA 
GCAGGACTCCATCT(:AAAAATAA 
ACAAGACTCTGTCTCAAAAAAAA 
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to that ofnoncoding sequences (3.2-3.6%), indicat- 
ing that divergence is accumulating at a rate ex- 
PeCted from neutral drift. Though the Alu sequence 
Pairs shown in Fig. 3 have accumulated mutations 
OVer a combined evolutionary period of  about 20-  
30 million years, these sequences show no evidence 
of COncerted evolution either by conversion or re- 
Placement. If  either o f  these mechanisms were op- 
erating, we would not expect the percent difference 
between orthologously positioned Alu sequences of  
human and orangutan to be similar to that expected 
from random drift. If  conversions were occurring 
We Would expect the divergence between ortholog- 
OUsly positioned pairs of  Alu sequences to be close 
to that of  paralogous sequences (2 I%, Table 2), or 
that the divergence between Alu sequences within 
SPecies would be very low, much lower than the 
13.9-25.9% found (Table 2). Neither of  these pos- 
sibilities appears to be supported. If  concerted evo- 
lution had occurred through replacement of  Alu se- 
quences by a few nonconserved progenitors, then 
We Would also expect to see a much greater similarity 
between different Alu sequences within species and 

at least one case where the divergence between or- 
thologous Alu sequences approximates that ofparal- 
ogous Alu sequences. In the unlikely event that these 
progenitor sequences were conserved throughout 
primate evolution, we would expect to find little or 
no divergence between paralogous Alu sequences or, 
alternatively, little or no divergence between the 
consensus and modern mlu sequences. In fact com- 
parisons with the consensus range from 11.6-16.6% 
(Table 2). If  coevolution by reciprocal recombina- 
tion had occurred then we would expect little sim- 
ilarity in linkage maps. As indicated in Fig. 1, this 
is certainly not the case. Clearly the levels of  diver- 
gence between the Alu sequences we have examined 
are not consistent with explanations involving con- 
certed evolution. 

The phylogenetic reconstruction presented in Fig. 
4 combines the results of  7 human and chimpanzee 
Alu comparisons (Sawada et al. 1985) with the re- 
suits of  7 human and orangutan Alu comparisons. 
The consensus Alu sequence (Sawada et al. 1985) 
was also added to the analysis. The tree was then 
rooted with the highly conserved functional human 

TGG CG G CATA C * *  C GGGTGAC *A ACAAGACTCCATCTCAAAAAAAA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  + + + + + + + + § 2 9 8  

l~ig. 3. Nucleotide sequences of  human and orangutan Alu sequences (d ,  ~2, ~3, ~4, e5, y1, and 71, see Fig. l) as aligned with the 
COnsensus Alu sequence (Schmid and Shen 1985). Only those positions which vary from the consensus are listed; all other positions 
are the same as the consensus. Gaps (*) were inserted to maximize sequence homology. " i "  indicates an insertion. 

2 0 0  
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Fig. 4. Phylogenetic relationships 
of  28 different Alu sequences, the 
consensus Alu sequence and the 
7SL RNA gene sequence. The 7SL 
RNA gene sequence was chosen to 
root the network because it is pro- 
posed to have given rise to the Alu 
sequences (Ullu et al. 1982). H indi- 
cates human, C indicates chimpan- 
zee, and O indicates orangutan Alu 
sequences. A total o f  567 changes 
over 185 variable positions were 
used to determine this branching ar- 
rangement. 

7SL RNA gene sequence (Ullu et al. 1982). In each 
case, pairs of orthologously positioned Alu se- 
quences remain very strongly associated. This sug- 
gests that each pair, either human and chimpanzee 
or human and orangutan, defines a distinct Alu lin- 
eage, clearly separated from other such lineages. This 
further emphasizes the lack of concerted evolution 
among the specific Alu sequences examined, either 
between the Alu sequences examined or between 
the Alu sequences examined and other Alu se- 
quences. 

In addition, it should be noted that the 14 Alu 
lineages (Fig. 4) within the a and/3 globin clusters 
are separated from one another by a large number 
of unique mutations or events. On average, two 
thirds (the range is from 50-83% of the changes) 
occurring since the most recent common ancestral 
sequence of  all Alu sequences examined occur in the 
individual orthologous Alu lineages. The relatively 
large number of  events occurring on these lineages 
(average = 29) as compared to that for human and 
orangutan Alu lineages (average = 5.6) suggests that 
the Alu lineages have been separated for about 5.2 
times (29/5.6) longer than the human and orangutan 
Alu lineages. This places the separation of Alu lin- 
eages present within the a and ~ globin clusters at 
about 52-78 MYA (assuming a linear molecular 
clock). 

The time of the apparent Alu radiation can more 
accurately be estimated by comparing the diver- 
gence of hominid and prosimian ~q sequences 
(23.9%; Koop et al. 1986) with the divergence of 
Alu sequences within each species (21%). That the 
two values are similar suggests that the average ap- 
pearance of  the 14 Alu lineages occurred about the 
same time as or a little after the divergence of  sim- 

ians and prosimians (50-60 MYA [Gingerich 1986]). 
Given this information, the 14% divergence be- 
tween the Alu sequences and their consensus could, 
in part, represent the divergence between an ances- 
tral Alu and its modem counterparts; this is about 
half the divergence between paralogous Alu se- 
quences. The ancestral nature of the consensus se- 
quence is further supported by its placement near 
the base of the phylogenetic reconstruction pre- 
sented in Fig. 4. 

The greater similarity of Alu-like families within 
human and galago lineages could be the result of 
amplification from uniquely different but similar 
progenitors after the separation of human and gala- 
go lineages. After amplification, Alu sequences 
evolved as noncoding DNA. This scenario is con- 
sistent with the model proposed by Deininger and 
Daniels (1986). 

Clearly, since we have examined only 14 of the 
500,000 (Rinehart et al. 1981) to 900,000 (Hwu et 
al. 1986) Alu sequences in humans, the question of  
whether Alu sequences have progressively amplified 
over the course of simian evolution remains to be 
answered. Amplification results in the presence of 
Alu sequences in regions where none were previ- 
ously present. The finding of  approximately twice 
as many Alu sequences in human as in either the 
gorilla, chimpanzee, or orangutan has led Hwu et 
al. (1986) to conclude that many interspersed copies 
of Alu sequences have been added in the last few 
million years. That orthologous Alu sequences are 
present in corresponding locations in the a and 
globin clusters of  human and orangutan and human 
and chimpanzee however argues against a recent 
amplification event giving rise to the Alu sequences 
examined in this study. Perhaps, as suggested by 



blwu et al. (1986) there may be some selection against 
changes in the sequence organization o f  the two glo- 
bin clusters. However ,  among  the 25 human  Alu 
Sequences reviewed by Schmid and Shen (19 8 5) plus 
the 23 Alu sequences reviewed by Slagel et al. (198 6) 
Pairwise divergences are much  greater than the 2% 
!ndicative o f  a recent (5-7 MYA) amplification event 
ua the h u m a n  Iineage. In fact, divergence between 
Alu sequences varies f rom 10-34.8% with mos t  val- 
Ues being between 20 and 30% (Slagel et al. 1986). 
It will be interesting to find out f rom additional 
Studies why these values differ f rom the 15% average 
divergence among  Alu sequences determined from 
I-Iwu et aL (1986). Though the presence o f  some 
SUbgroups o f  Alu sequences exhibiting an average 
divergence o f  9% from the consensus indicates that 
amplification may  have occured 25-30  M Y A  (Slagel 
et al, 1986), the majori ty  o f  sequence divergences 
Seem to indicate a much earlier appearance. 

We have examined 14 different Alu pairs (7 hu- 
man and orangutan, and 7 h u m a n  and chimpanzee)  
and found no examples where intraspecific diver- 
gence is less than interspecific divergence between 
~ posit ioned Alu sequences. Instead, 
What we found was that divergence among  Alu se- 
quences within a species was much  greater than in- 
terspecific divergence between orthologous Alu se- 
quences. This clearly contrasts with examples o f  
COnversion found in the ot I and a 2 globin genes and 
the 3,~ and ,y2 globin genes. We also found that the 
divergence between h u m a n  and orangutan and  hu- 
man and chimpanzee Alu pairs is very close to that 
found for typical noncoding sequences and pseu- 
dogenes, thus suggesting that Alu sequences are 
eVolving at the rate expected for typical noncoding 
13NA. Using divergence values between simians and 
Prosimians as a reference, the primate Alu lineages 
examined have existed as independent  entities for 
nearly 50-60 MY. While we can not dismiss the role 
COncerted evolution might have had prior to the 
radiation o f  simian and prosimian primates, we think 
it is likely that the majori ty  o f  Alu-like sequences 
Within primates resulted from amplification o f  a few 
ancestral progenitors in early primates after which 
Alu sequences evolved as noncoding DNA.  

Acknowledgments. We thank Drs. R.J. Britten and A.J. Mitch- 
ell for their helpful comments, and Dr. P.L. Deininger for pro- 
viding us with prepublication manuscripts and suggestions. This 
0~dY was supported by grants from NIH HL33940, NSF BSR82- 
1336, and Alfred P. Sloan Foundation. 

References 

Andrews p, Cronin J (1982) The relationship of Sivapithecus 
and Ramapithecus and the evolution of orangutan. Nature 
297:541-546 

101 

Baralle FIE, Shoulders CC, Proudfoot NJ (1980) The primary 
structure of the human e-glohin gene. Cell 21:621-626 

Benton WE), Davis RW (1977) Screening hgt recombinant clones 
by hybridization to single plaques in situ. Science 196:180- 
182 

Britten RJ (1986) Rates of DNA sequence evolution differ be- 
tween taxonomic groups. Science 231 : 1393-I 398 

Britten RJ, Kohne DE (1968) Repeated sequences in DNA. 
Science 161:529-540 

Chou PY, Fasman GD (1974) Prediction of protein confor- 
mation. Biochem 13:222-245 

Collins FS, Weissman SM (1984) Molecular genetics of human 
hemoglobin. Prog Nucleic Acid Res Mol Biol 31:315-439 

Daniels GR, Deininger PL (1983) A second class of Alu family 
repeated DNA sequences in a primate genome. Nucleic Acids 
Res 11:7595-7610 

Daniels GR, Deininger PL (1985) Integration site preferences 
of the Alu family and similar repetitive DNA sequences. Na- 
ture 317:819-822 

Deininger PL, Daniels GR (1986) Recent evolution of mam- 
malian repeated DNA sequences. Trends in Genetics 2:76-80 

Deininger PL, Schmid CW (1979) A study of the evolution of 
repeated DNA sequences in primates and the existence of a 
new class of repetitive sequences in primates. J Mol Biol 127: 
437-460 

Delson E (1985) Primate and human phylogeny. Nature 313: 
532-533 

Gingerich PD (1986) Temporal scaling of molecular evolution 
in primates and other mammals. Mol Biol Evol 3:205-221 

Goodman M (1985) Rates of molecular evolution: the homi- 
noid slowdown. BioEssays 3:9-14 

Goodman M, Koop BF, Czelusniak J, Wiess ML, Slightom JL 
(1984) The g-globin gene: its long evolutionary history in the 
B globin gene family of mammals. J Mol Biol 180:803-823 

Hardison RC, Gelinas RE (1986) Assignments of orthologous 
relationships among mammalian c~-globin genes by examin- 
ing flanking regions reveals a rapid rate of evolution. Mol Biol 
Evol 3:243-261 

Hohn B (1979) In vitro packaging oD, and cosmid DNA. Meth- 
ods Enzymol 68:299-309 

Hwu HR, Roberts JW, Davidson EH, Britten ILl (1986) In- 
sertion and/or deletion of many repeated DNA sequences in 
human and higher ape evolution. PNAS 83:3875-3879 

Kalb VF, Glasser S, King D, Lingrel JB (1983) A cluster of 
repetitive elements within a 700 base pair region in the mouse 
genome. Nucleic Acids Res 11:2177-2184 

Koop BF, Goodman M, Xu P, Chan K, Slightom JL (1986) 
Primate eta globin DNA sequences and man's place among 
the great apes. Nature 319:234-238 

Li Q, Powers PA, Smithes O (1985a) Nucleotide sequence of 
16-kilobase pairs of DNA 5' to the human e-globin gene. J 
Biol Chem 260:14901-14910 

Li W-H, Luo C-C, Wu C-I (1985b) Evolution of DNA se- 
quences. In: Maclntyre RJ (ed) Molecular evolutionary ge- 
netics. Plenum Press, New York, pp 1-84 

Loene WAM, Blattner FR (1983) Lambda charon vectors (Ch 
32, 33, 34, 35) adapted for DNA cloning recombination de- 
ficient hosts. Gene 26:171-179 

Maniatis T, Fritsh EF, Sambrook J (1982) Molecular cloning: 
a laboratory manual. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, New York 

Marks J, Shaw J-P, Shen C-KJ (1986) The orangutan adult 
c~-globin gene locus: duplicated functional genes and a newly 
detected member of the primate a-globin gene family. PNAS 
83:1413-1417 

Maxam A, Gilbert W (1980) Sequencing end-labelled DNA 
with base-specific chemical cleavage. In: Grossman L, Mol- 
dave K (eds). Methods Enzymol 68:499-560 



102 

Murray NE, Brammer MJ, Murray K (1977) Lambdoid phages 
that simplify the recovery of in vitro recombinants. Mol Gen 
Genet 150:53-61 

Neel JV (1983) Frequency of spontaneous and induced point 
mutation in higher eukaryotes. J Heredity 74:2-15 

NeiM, GojoboriT (1986) Simple methods for estimating num- 
bers of synonymous and nonsynonymous nucleotide substi- 
tutions. Mol Biol Evol 3:418-426 

Rinehart FP, Ritch TG, Deininger PL, Schmid CW (1981) Re- 
naturation rate studies of a single family of interspersed re- 
peated sequences in human deoxyribonucleic acid. Biochem 
20:3003-3010 

Sawada I, WiUard C, Shen C-KJ, Chapman B, Wilson AC, Schmid 
CW (1985) Evolution of Alu family repeats since divergence 
of human and chimpanzee. J Mol Evol 22:316-322 

Schmid CW, Shen C-KJ (1985) The evolution of interspersed 
repetitive DNA sequences in mammals and other vertebrates. 
In: Maclntyre RJ (ed) Molecular evolutionary genetics. Ple- 
num Press, New York, pp 323-358 

Shen S-H, Slightom JL, Smithes O (1981) A history of human 
fetal globin gene duplication. Cell 26:191-203 

SibleyC, AhlquistJ (1984) The phylogeny ofhominoid primates 

as indicated by DNA-DNA hybridization. J Mol Evol 20: 
2-15 

Slagel V, Flemington E, Traina-Dorge V, Bradshaw H, Deininger 
P (1986) Clustering and sub-family relationships of the Alu 
family in the human genome. Mol Biol Evol (in press) 

Slightom JL, Theisen TW, Koop BF, Goodman M (1986) 
Orangutan fetal globin genes: Nucleotide sequences reveal 
multiple gene conversions during hominid phylogeny. (sub- 
mitted to J Biol Chem) 

Southern EM (1975) Detection of specific sequences among 
DNA fragments separated by gel electrophoresis. J Mol Biol 
98:503-517 

Ullu E, Murphy S, Melli M (1982) Human 7S RNA consists 
of a 140 nucleotide middle repetitive sequence inserted in an 
Alu sequence. Cell 29:195-202 

Weiner AMA, Deininger PL, Efstratiadis A (1986) Nonviral 
retroposons: Genes, pseudogenes, and transposable elements 
generated the reverse flow of genetic information. Annu Rev 
Biochem (in press) 

Wu C-I, Li W-H (1985) Evidence for higher rates ofnucleotide 
substitutions in rodents than in man. PNAS 82:1741-1745 


