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Summary. A member of  the young PV Alu sub- 
family is detected in chimpanzee DNA showing that 
the PV subfamily is not specific to human DNA. 
This particular Alu is absent from the orthologous 
loci in both human and gorilla DNAs, indicating 
that PV subfamily members transposed within the 
chimpanzee lineage following the divergence of  
chimpanzee from both gorilla and human. These 
findings and previous reports describing the trans- 
positional activity of  other Alu sequences within the 
human, gorilla, and chimpanzee lineages provide 
phylogenetic evidence for the existence of  multiple 
Alu source genes. Sequences surrounding this par- 
ticular Alu resemble known transcriptional control 
elements associated with RNA polymerase III, sug- 
gesting a mechanism by which cis-acting elements 
might be acquired upon retrotransposition. 
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Introduction 

Approximately one million human Alu repeats are 
thought to have arisen by retrotransposition of an 
RNA intermediate (Schmid and Shen 1985; Weiner 
et al. 1986). The reason why this particular sequence 
family amplified to such an incredible extent is not 
known. Recently, two groups independently iden- 
tified a young Alu subfamily (Deininger and Slagel 
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1988; Batzer et al. 1990; Matera et al. 1990a,b; 
Schmid et al. 1990; Shen et al. 1991). However, the 
nomenclature of  Alu subfamilies is unresolved. Al- 
though we refer to this young subfamily as the PV 
subfamily (Matera et al. 1990a), the Deininger group 
believes it to be human specific and refers to the 
identical sequence as the HS-1 subfamily (Shen et 
al. 1991). We refer to the next older subfamily as 
the precise subfamily, which is the CS subfamily 
identified by the Deininger group. Members of  the 
human PV subfamily almost exactly match their 
consensus sequence, which differs by five tightly 
linked diagnostic mutations from the older precise 
subfamily (Batzer et al. 1990; Matera et al. 1990a,b; 
Shen et al. 1991). The relative youth of  the PV sub- 
family is documented by: (1) its expansion in the 
human lineage following the divergence of  humans 
and apes, (2) the low sequence divergence among 
its members, and (3) the dimorphism in the human 
population for the presence or absence of  several 
individual PV members including one contempo- 
rary germ line insertion (Batzer et al. 1990; Matera 
et al. 1990a,b; Shen et al. 1991; Wallace et al. 1991). 
The existence of  discernible Alu subfamilies implies 
that the individual members of  these different sub- 
families resulted from either a single source gene or 
a closely related subset of  source genes (Slagel et al. 
1987; Willard et al. 1987; Britten et al. 1988; Jurka 
and Smith 1988; Labuda and Striker 1989; Quentin 
1989). Identifying the source gene(s) for the PV sub- 
family would enhance our knowledge of  how Alu 
repeats amplified. 

Prerequisite to this goal is the ability to recognize 
an Alu source gene(s). Distinguishing hallmarks ex- 



pected for a source gene are model  dependent ,  and 
plausible models  extend f rom a single active locus 
to every  dispersed Alu being a potential  source gene. 
Retrot ransposi t ion is a mult istep process for which 
transcript ion would be the first o f  several necessary 
events. Because most  Alu repeats are t ranscribed in 
vi tro by vir tue o f  their  intragenic R N A  polymerase 
III promoter ,  one possibility is that  every  dispersed 
Alu might  generate addit ional  family members  (Ja- 
gadeeswaran et al. 1981; Van Arsdell et al. 1981). 
However ,  this pangenic model  is contradicted by  
the existence o f  subfamilies that  arose at different 
evolu t ionary  t imes f rom individual  founders  or se- 
lect subgroups o f  founders  (Slagel et al. 1987; Wil- 
lard et al. 1987; Brit ten et al. 1988; Jurka and Smith 
1988; Labuda  and Striker 1989; Quent in  1989). Be- 
cause the mere  presence o f  an active p romote r  is 
not  sufficient for in v ivo  retrotransposit ion,  the ac- 
t ive subset o f  source genes might  be selected by any 
o f  the addit ional  requirements  for retrotransposi-  
tion. The  contrasting example o f  the human  7SL 
R N A  gene and its pseudogenes provides  excellent 
precedence for the possibility o f  generating a repet- 
i t ive sequence family f rom a single active locus (Ullu 
and Weiner  1984, 1985). The  authentic 7SL R N A  
gene has necessary cis-acting elements that  are aban- 
doned  by retrotransposi t ion o f  the resulting pseu- 
dogenes. The  structural similarity of  Alu and 7SL 
retrotransposons,  the fact that  bo th  contain intra- 
genie R N A  polymerase  III p romoters  that are active 
in vitro, and the homology  o f  7SL R N A  and Alu 
make  the 7SL R N A  gene an extremely attractive 
model  for a single Alu gene. 

Based on analyses o f  largely the same data, Ma- 
tera et al. (1990a) and Shen et al. (1991) reached 
opposing conclusions concerning the probable num-  
ber o f  Alu source genes. The  sequence diversi ty o f  
recently inserted PV Alus and the po lymorph ism in 
the hum a n  populat ion o f  a precise Alu subfamily 
m e m b e r  in the C1 inhibi tor  locus (Stoppa-Lyonnet  
et al. 1990) led Matera  et al. (1990a) to conclude 
that  there are multiple Alu source genes. Shen et al. 
(1991 ) rationalize the sequence diversi ty o f  PV Alus 
as resulting f rom unfixed alleles o f  a single source 
gene and fur ther  that  the polymorphic  Alu in the 
C1 inhibi tor  locus is a very  ancient human  D N A  
po lymorph i sm that  precedes the appearance o f  the 
puta t ive  single source gene for the PV subfamily. 
O f  course, the sequence diversi ty o f  new Alus might  
be taken as p r ima  facie evidence for multiple source 
genes (Matera et al. 1990a). This detail concerning 
the "C  1 Alu,"  a m e m b e r  o f  the older precise sub- 
family, is crucial to the single gene model ,  as Shen 
et al. (1991) propose that  distinct Alu subfamily 
founder  genes appeared at nonover lapping t imes 
during pr imate  evolut ion so that  the different sub- 
families correlate with pr imate  phylogeny. Shen et 

al. (1991) regard the HS-1 subfamily (i.e., PV in this 
discussion) to be h u m an  specific, and in fact any 
appearance o f  PV Alus pr ior  to human-grea t  ape 
divergence would contradict  the single locus founder  
by requiring the con temporaneous  existence of  sev- 
eral distinct founder  genes (Shen et al. 1991; see 
Discussion). Specifically, the precise subfamily Alu 
at the C1 locus appeared in the h u m an  lineage fol- 
lowing h u m an  and ape divergence so that the pres- 
ence o f P V  Alus in apes would require that  the com- 
m o n  ancestor o f  h u m an  and apes possessed the 
founder  genes for these two entirely different sub- 
families. Recently,  another  m em b er  o f  the precise 
subfamily has also been recognized as being poly- 
morphic  in the human  popula t ion (Muratani  et al. 
1991). The  existence o f  the PV Alu source gene in 
the ancestral h u m a n - a p e  genome would be very  dif- 
ficult to reconcile with sequential changes in a single 
locus. 

Resolut ion o f  these opposing models  is necessary 
to formulate  any meaningful strategy for isolating 
and identifying the PV founder  gene(s). Here  we 
demonst ra te  the appearance o f  a PV subfamily Alu 
m em b er  in chimpanzees  following the divergence 
o f  this species f rom both  gorilla and human.  

Materials and Methods 

Library Screening 

Isolation of a Chimpanzee PVAIu Clone. A chimpanzee genomic 
library was constructed by ligating an EcoRI limit digest of chim- 
panzee (Pan troglodytes) DNA with lambda Dash arms (Strata- 
gene), and 20,000 recombinants (equivalent to one-fifth of a ge- 
nome) were screened with the oligonucleotide GM2 (Matera et 
al. 1990b). Of 15 putative positive primary clones, 6 were selected 
for further analysis. Upon plaque purification and blot hybrid- 
ization to restriction digests of these six clones, only one proved 
to be an authentic PV Alu repeat, whereas the others were false 
positives. The positive clone is reported here as a chimpanzee 
PV Alu. 

Subcloning and Sequencing of the Chimpanzee Genomic Clone. 
A 2.5-kb PstI fragment containing the chimpanzee PV Alu was 
initially subcloned into pUC (pUC 2.5 Pst). This fragment was 
further subcloned into appropriate pUC vectors and again into 
appropriate M13 vectors and was sequenced by the dideoxy se- 
quencing method (Sequenase R 2.0, United States Biochemical 
Corporation) using both universal and GM2 primers (Matera et 
al. 1990b). Additionally, sequences flanking the PV Alu were 
subcloned into pUC for use as hybridization probes, a distal 
flanking probe, pUC 1.6 Pst/Sst, and a proximal flanking probe, 
pUC 0.3 Sst/Hpa. 

Hybridization Techniques. Oligonucleotide probes were 5' la- 
beled by T4 polynucleotide kinase with gamma-[32P]dATP; DNA 
probes were labeled by random priming (Boehringer Mannheim) 
with alpha-[32p]dATP according to the manufacturer's protocols. 
Oligonucleotide hybridization was typically performed in 5 x SSPE 
(0.18 M NaC1, 0.01 M sodium phosphate, 1 mM EDTA), 5× 
Denhardt's, 0.5% SDS at 55°C followed by washing at 65°C in 
5 × SSPE (Matera et al. 1990b). DNA hybridization was routinely 
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GAGCTCTTCAATGACTGGTTCAACCTAGATTCATGTCTCTCTCTCGCAACAGGTCTATAT 

61 

CACATTTCACACACACTGACTTTTAACATTCTGTGTGTTGGGCCTACCTCCCTAGCAAGG 

121 

TTGACAATGTATTGAAGGTCTTATTCATCTATTTATTGACTCTTTTAGCCATTCTTTTGT 
............. > 

181 

CTAATAAATACATATCAGCACCTATGTTTTACATACTTTTCTATGTAATCTTATTTGATC 

241 
TTCTCATATATGTATAATTATCCTCATTTTACGTATGGCTA~GA~AGGTTCTGAGGCCGG 

*I*IIII I Illlll 
TTTATATAT GGCCGG 

301 

GCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGTGGGCGGATCACGA 

llillllll llJlllllllllllllllllllllllllIlllllll*llllIIIllllll 
GCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACGA 

361 
GGTCAGGAGATCGAGACCATCCCGGCTAAAACGGTGAAACCCCGTCTCTACTAAAAATAC 

IIIIIIIII lllllllIllIllllllIllllllIllllllIIlllllllIlllllllIl 
GGTCAGGAGATCGAGACCATCCCGGCTAAAACGGTGAAACCCCGTCTCTACTAAAAATAC 

421 
AAAAAATTAGCCCGGCCTAGTGGCGGGCGCCTGTAGTCCCAGCTACTCGGGAGGCTGAGG 

IIIIIIIII II*III*IIIIIIIIIIIIIIIIIIIIIIIIIIIIII*IIIIIIIIIIII 
AAAAAATTAGCCGGGCGTAGTGGCGGGCGCCTGTAGTCCCAGCTACTTGGGAGGCTGAGG 

481 
CAGGAGAATGGCGTGAACCCGGGAGGTGGAGCTTGCAGTGAGCCGAGATCCCGCCACTGC 

IIIIIIIII IIIlilllllllllll*lllllllllllllllllllllllllllllllll 
CAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCAGTGAGCCGAGATCCCGCCACTGC 

541 
ACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC~ 

IIIIIIIII IlllllllllllllllllllllIll 
ACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC 

601 
AAAAAGAA~GGTTCTGAGATGTTAATTCATT~TCCCAAGGTCACTTAGCTTAAATGGCAG 

661 
TATAGAGTTTCAAACACAGATTGGCTTAATTCCAAGTCTCAGCTTGGCCAGAGACATGCC 

< .................. 

721 

TTGAACTTCTAACAGGAGTTAGATTTGAGGCCAGGTGTGAGTTGTCTTAC(C)T(A)GAT 

777 
GAGGTAGAGTGACCACTTGAGTAA 

B 

Fig. 1. A The restriction and sequence map of the 
chimpanzee PV Alu locus. The 2.5-kb PstI frag- 
ment containing the PV Alu locus was subcloned 
into pUC and further subcloned into M 13mpl 8 
and M 13mpl 9 as SstI-SmaI, SmaI-PstI,  Hpa- 
III(H), and HpaII-SstI restriction fragments for bi- 
directional base sequence analysis. The oligonu- 
cleotides GM2 and GM3 (indicated by G) were 
also used as sequencing primers. This map and the 
resulting sequence arbitrarily fix the SstI site as the 
origin. The 1.6-kb PstI-SstI fragment subcloned 
into pUC is used as a distal flanking hybridization 
probe. The 0.3-kb SstI-HpaII fragment subcloned 
into pUC is used as a proximal probe. The posi- 
tion of  the Alu is schematically depicted. B Base 
sequence of the chimpanzee locus. Numbering 
commences from the SstI site (Fig. 1A). The Alu 
repeat (positions 295-575) is compared to the PV 
Alu consensus sequence shown in italics (Matera et 
al. 1990b). Direct repeats flanking the Alu repeat 
are set in bold type. A sequence resembling the U6 
RNA RNA polymerase III promoter element (posi- 
tion 250) depicted in bold type is aligned with the 
U6 promoter (Lobo and Hernandez 1989). A pos- 
sible TTTT terminator sequence (position 635) is 
also set in bold type. PCR primers at positions 
112-132 and the opposing complementary se- 
quence at positions 714-731 are indicated by un- 
derlined arrows. 

performed in 3 x standard saline citrate (SSC: 0.15 M NaC1, 0.015 
M sodium citrate), 5 x Denhardt 's,  0.5% SDS with 20 ~zg/ml 
salmon sperm DNA carder and followed by washing in 0.2 x 
SSC at 65°C. 

Polymerase Chain Reaction (PCR) Product Sequencing of 
Gorilla and Human DNA. The proximal flanking probe (vide 
supra) was used to screen commercial (Stratagene) human lym- 
phocyte and gorilla peripheral blood lambda genomic DNA li- 
braries for loci orthologous to the chimpanzee PV Alu. After 

plaque purification the resulting lambda clones were subjected 
to PCR using primers flanking the chimpanzee Alu (discussed in 
Results). The PCR conditions are 0.025 mM concentration for 
each nucleotide triphosphate, 1 × Taq buffer (Stratagene), 2.5 
units o fTaq  polymerase (Stratagene), 0.5 #g of  each primer, and 
0.1 gg of denatured lambda clone DNA, all in a final volume of  
100 ~1. This mixture was subjected to 1.3 min at 95°C, 2 rain at 
64°C, and 3 min at 72°C 35 x, followed by an additional 7 min 
at 72°C. PCR products were cloned using the TA cloning kit 
(Invitrogen Inc.) and sequenced (Sequenase R 2.0, United States 
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Biochemical Corporation) using the forward and reverse univer- 
sal primers. C H 

Results 

Existence of  a Chimpanzee P V Alu 

As described earlier (Materials and Methods), a 
lambda clone containing a candidate PV Alu was 
isolated from a partial chimpanzee genomic DNA 
library. A 2.5-kb PstI restriction fragment from this 
lambda clone was cloned into pUC and further sub- 
cloned for sequence analysis and for use as hybrid- 
ization probes (Fig. 1A). 

The sequence of this Alu repeat differs at five 
positions from the human PV Alu consensus se- 
quence (Fig. 1B). The low level of divergence of this 
chimpanzee Alu from the human PV consensus se- 
quence suggests that it may be a relatively recent 
insert in the chimpanzee genome (Matera et al. 
1990a; Shen et al. 1991). Further, this Alu termi- 
nates in a polyadenylate stretch of 30 residues; 
stretches of pure A are indicative of recently inserted 
Alus (Batzer et al. 1990; Matera et al. 1990a). The 
sequenee differences between the chimpanzee Alu 
and the PV consensus at Alu positions 139 and 143 
are transversions (sequence positions 433 and 437; 
Fig. 1B). The remaining three differences at Alu po- 
sitions 53, 174, and 213 (sequence positions 347, 
468, and 507) are transitions that coincide with CpG 
dinucleotides in either the chimpanzee or PV con- 
sensus sequence (Fig. 1B). The rapid transition of 
CpG to TpG dinucleotides in the case of human Alu 
repeats is well documented, so we may assume that 
CpG is usually the ancestral sequence (Jurka 1988; 
Quentin 1989). Except for the T at Alu position 213, 
the chimpanzee Alu has all diagnostic mutations 
that distinguish the human PV subfamily from the 
precise subfamily (Matera et al. 1990a; Shen et al. 
1991). Accordingly, this sequence is identified as a 
chimpanzee PV Alu rather than a representative of 
the older precise subfamily. 

The presence of C at Alu position 213 replacing 
the diagnostic T suggests that this Alu results from 
a progenitor of the PV founder gene(s) rather than 
from the currently active human PV founder(s). 

Other noteworthy features of this Alu are its 5' 
and 3' sequence motifs, which resemble the pro- 
moter and transcription terminator elements, re- 
spectively, for RNA polymerase III (Fig. 1B). These 
features are more thoroughly examined in the Dis- 
cussion. 

The authenticity of this chimpanzee locus is ver- 
ified by blot hybridization using the distal 5' PstI- 
SstI flanking sequence (Fig. 1 A) as the hybridization 
probe (Fig. 2). The 2.5-kb PstI fragment observed 
in chimpanzee DNA is identical to that observed 

--4.51 

2.45 

--2.12 

Fig. 2. Genomic DNA blot hybridization. Marker lengths 
(lambda PstI digests) are indicated in kilobase units. Lane C is 
a PstI digest of  chimpanzee DNA, and lane H is a PstI digest of 
human DNA. The gel blot was hybridized to the distal flank 
probe (Fig. 1B). 

in the parent lambda genomic clone (not shown) 
and distinct from the 3.7-kb PstI fragment observed 
in human DNA (Fig. 2). The chimpanzee DNA ex- 
amined in Fig. 2 is apparently homozygous for this 
locus and happens to be from a different donor than 
that used to construct the lambda genomic DNA 
library. Although this locus appears to be single copy 
and homozygous in human, the human PstI frag- 
ment length difference compared to chimpanzee is 
not informative for the presence or absence of this 
particular Alu sequence in human DNA. 

The Orthologous Human  and Gorilla Loci 
Are Empty  

Because the presence or absence of the orthologous 
Alu sequence in human DNA would have evolu- 
tionary implications for the PV source gene, we iso- 
lated the corresponding loci from both human and 
gorilla genomes. Seven human genomic clones were 
selected from approximately two equivalents of a 
human genomic library (Materials and Methods). 
Differences in the restriction fragment length pat- 
terns of these seven clones show that they repre- 
sented at least four independent cloning events of 
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homologous sequences (data not shown). Each gives 
the same blot hybridization pattern in HpaII and 
HinfI digests probed with the single copy 5' proxi- 
mal flank sequence from the chimpanzee locus (Fig. 
1A). Because each of these enzymes cleaves at least 
once in the chimpanzee PV Alu sequence, we con- 
clude that the seven clones are identical for the pres- 
ence or absence of an Alu at the orthologous human 
locus. None of  the seven clones hybridizes to an 

805-- 
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512-- 

340--  
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Fig. 3. PCR product lengths of orthologous human and gorilla 
loci. Marker DNA lengths are indicated. Lambda genomic clones 
from chimpanzee (lane 1), human (lanes 2-5), and gorilla (lanes 
6-8) were PCR amplified using primers identified in Fig. 1B. The 
PCR product length (610 bp) for the chimpanzee clone is the size 
expected for the presence of the PV Alu, whereas the PCR product 
lengths for human and gorilla (ca. 300 bp) are the size expected 
for the absence of  an Alu (Fig. 1B). 

oligonucleotide that is specific to the PV family, 
showing that either the PV Alu is entirely absent or 
its identity has been obscured by mutational diver- 
gence. PCR amplification and subsequent base se- 
quence analysis, however, provide simple direct ev- 
idence that the PV Alu is entirely absent at this locus 
in humans (Fig. 3). 

For this experiment, PCR primers corresponding 
to positions 112-132 and positions 704-721 were 
selected to span the PV Alu insertion site (Fig. 1B). 
The predicted PCR product lengths are approxi- 
mately 610 bp if an Alu is present and 290 bp if the 
target site is vacant (Fig. 1B). The predicted full- 
length 600-bp PCR product is observed for the 
chimpanzee lambda genomic clone providing a pos- 
itive control for the PCR experiment (Fig. 3). Each 
of the four distinct human lambda genomic clones 
gives a 300-bp PCR product, showing that the or- 
thologous human target site is empty (Fig. 3). Base 
sequence analysis of the human PCR product ex- 
tends and confirms this interpretation. 

The direct repeats that flank the chimpanzee PV 
Alu are represented by a single copy of  the undis- 
turbed insertion site in the human locus (Fig. 4). 
This could be the result of one of two different pos- 
sibilities, i.e., either the Alu inserted into this site 
in the chimpanzee lineage or it was cleanly deleted 
from this site in the human lineage following the 
divergence of  these two species from their last com- 
mon ancestor. We believe that the difference is most 
likely due to an insertion rather than a deletion. 
Many examples of Alu repeats involve stable inte- 
grations into the primate genome over long evolu- 
tionary periods, and all events that are known to 

1 
H AGCAAGGTTGACAATGTATTGAAGGTCTTATTCGTCTATTTATTGACTCTTCTAGCCATT 

ifllifillililifIfliilfiiflliilIfi*Ilflilfiiiliilill*ilifllii 
C AGCAAGGTTGACAATGTATTGAAGGTCTTATTCATCTATTTATTGACTCTTTTAGCCATT 

IIIIliiliiflillillilllilililiill**flilllliliiIIIlliiiliflill 
G AGCAAGGTTGACAATGTATTGAAGGTCTTATTTGTCTATTTATTGACTCTTTTAGCCATT 

61 
H CTTTCATCTAATAAATACATATCATCACCTATGTTTTACATACTTTTCTATGTAATCTTA 

ifii**flllfilifiilllifli*iliiliflifilllllllllilllllilliillil 
C CTTTTGTCTAATAAATACATATCAGCACCTATGTTTTACATACTTTTCTATGTAATCTTA 

Ifii*Ifiliililililililiillllflillifiilllililliliilifiilillli 
G CTTTCGTCTAATAAATACATATCAGCACCTATGTTTTACATACTTTTCTATGTAATCTTA 

121 
H TGTGATCTTCTCATATATGTATAATTATCCTCATTTTACATATGGCTAAGAAAGGTTCTG 

i*fililiifiliilliilliilllilliliililfifi*ifllllfliifilffliifl 
C TTTGATCTTCTCATATATGTATAATTATCCTCATTTTACGTATGGCTAAGAAAGGTTCTG 

i*ililfiiifiililiillliilifililliflifllf*Ifllililillillillili 
G TGTGATCTTCTCATATNTGTAT~TTATCCTO~TTTTNCATATGGCTAA61~,&6GTTCTG 

181 
H AGATGTTAATTCATTTTCCCAAGGTCACTTAGCTTAAATGGCAGTATAGAGTTTCAAACA 

ilfififiiiilfllilililiflililllilililiiifilllliiifililliilili 
C AGATGTTAATTCATTTTCCCAAGGTCACTTAGCTTAAATGGCAGTATAGAGTTTCAAACA 

liififillilfiilliiIIIIffii*iliifllifliliifiilllililillililif 
G AGATGTTAATTCATTTTCCCAAGGTCCCTTAGCTTAAATGGCAGTATAGAGTTTCAAACA 

241 
H CAGATTGGCTTAATTCCAAGTCTCAAGCTTGGCCAGAGACATG 

lilllfiilifiiIIliilflili*ilililifiilllfilii 
C CAGATTGGCTTAATTCCAAGTCTC AGCTTGGCCAGAGACATG 

iilfifillilifililiillfli*lilliliiliilllilfi 
G CAGATTGGCTTAATTCCAAGTCTCAAGCTTGGCCAGAGACATG 

Fig. 4. Alignment of the human, chimpan- 
zee, and gorilla loci. The human (H) and go- 
rilla (G) PCR products (Fig. 3) were se- 
quenced and compared to the ehimpanzee (C) 
sequence (Fig. 1B). The chimpanzee sequence 
is represented as the ancestral empty site 
without the interspersed Alu repeat and hav- 
ing only one copy of its two direct repeats as 
shown by bold type. 
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Fig. 5. Arrows indicate the insertion of 
Alu repeats that are either specific to the 
gorilla, chimpanzee, and human lineages 
or are polymorphic within the human pop- 
ulation. The subfamily identity of these 
Alus is provided in parentheses. The PV 
subfamily consists of major and minor se- 
quence variants as indicated (Batzer et al. 
1990; Matera et al. 1990a). The identity of 
these Alus is as follows: Gorilla beta he- 
moglobin (Hb) (Trabuchet et al. 1987), 
chimpanzee PV reported here, human al- 
pha fetal protein (AFP) (Ryan and Dugai- 
czyk 1989), PV major/minor (Batzer et al. 
1990; Shen et al. 1991), C1 inhibitor (Inh) 
(Stoppa-Lyonnet et al. 1990), Apo (Mietus- 
Snyder et al. 1990), tissue plasminogen ac- 
tivator (TPA) (Friezner Degen et al. 1986), 
and NF1 (Wallace et al. 1991). Not indi- 
cated are a number of PV Alu repeats that 
are also polymorphic within the human 
population at anonymous loci (Batzer et al. 
1990; Matera et al. 1990b). 

have deleted Alus involve unequal recombinations 
that radically alter the ancestral locus (Schmid and 
Shen 1985; Lehrman et al. 1987; Schmid et al. 1990). 
Also, the present example involves a representative 
of the PV Alu subfamily that is known to be enriched 
for recently inserted members, at least in the human 
lineage (Batzer et al. 1990; Matera et al. 1990a). 

As a further test of  this interpretation, we also 
examined the orthologous gorilla locus. Using the 
previous strategy, three gorilla clones were selected 
by hybridization to the proximal flank sequence (Fig. 
1 A) from approximately four equivalents of a lamb- 
da genomic library. Comparisons of the restriction 
patterns (BamH1, Pstl ,  and Hinfl)  of these three 
clones indicate that they represent at least two in- 
dependent cloning events during the construction of 
the gorilla genomic library. By blot hybridization 
analysis each clone gives the same restriction digest 
pattern when probed with the chimpanzee single 
copy proximal flank (Fig. 1A), indicating that each 
represents the same genomic locus. None of the three 
clones hybridizes with a PV Alu-specific oligonu- 
cleotide probe (data not shown). PCR amplification 
of  the three gorilla clones using the previous primers 
gives product lengths that are indistinguishable from 
the human empty site indicating that the ortholo- 
gous gorilla locus is also empty (Fig. 3). This inter- 
pretation is confirmed by the base sequence analysis 
of the gorilla PCR product (Fig. 4). 

As in the case of the human locus, the empty 
target site in gorilla also contains a single undis- 
turbed copy of  the sequence that provides the direct 
repeats flanking the chimpanzee Alu (Fig. 4). Minor 
sequence differences distinguish the human and go- 
rilla PCR products (Fig. 4). As discussed for the 

comparison of chimpanzee and human, we interpret 
these findings as evidence that the PV Alu was in- 
serted in the chimpanzee lineage rather than deleted 
from the gorilla lineage following the divergence of 
these two species from their last common ancestor. 

Discussion 

Phylogenetic Evidence for Multiple Alu 
Source Genes 

Shen et al.'s (1991) model for a single Alu source 
gene requires PV Alus to be human specific. The 
reason for this requirement is that three members 
of the older precise subfamily (notably the "AFP"  
and "C1 inhibitor" Alus in Fig. 5) are absent in 
chimpanzee and gorilla DNAs but are present in 
human DNA (Ryan and Dugaiczyk 1989; Matera 
et al. 1990a; Stoppa-Lyonnet et al. 1990; Muratani 
et al. 1991; Shen et al. 1991). The AFP Alu mapping 
near the alpha fetal protein gene is fixed in the hu- 
man population and absent at the orthologous loci 
in both gorilla and chimpanzee (Ryan and Dugai- 
czyk 1989). Another precise Alu that maps near the 
C 1 inhibitor locus is not fixed in the human pop- 
ulation (Stoppa-Lyonnet et al. 1990). The presence 
of PV Alus in either chimpanzee or gorilla requires 
the appearance ofa  PV source gene prior to the time 
at which these two and possibly other precise sub- 
family members inserted into the human lineage, 
i.e., multiple Alu source genes must have existed 
contemporaneously.  We therefore interpret the 
chimpanzee PV Alu as direct evidence that multiple 
Alu source genes existed in the ancestral human 



lineage. Further, the retrotransposition of this PV 
Alu in the chimpanzee lineage demonstrates that 
the activity of the ancestral PV founder was not a 
later acquisition confined exclusively to the human 
lineage (Fig. 5). 

These findings reaffirm Matera et al.'s (1990a) 
interpretation of the sequence diversity of human 
polymorphic Alus (including those at the C 1 inhib- 
itor, tissue plasminogen activator, and cholinester- 
ase loci) as evidence for multiple source genes (Fig. 
5). The PV Alu resulting from a recent germ line 
insertion into the neurofibromatosis gene differs from 
the PV consensus sequence at two positions thus 
providing additional evidence for this interpretation 
(Wallace et al. 1991; Fig. 5). The transcriptional 
pattern of rodent B1 repeats also indicates that a 
select subset of many B 1 repeats are expressed (Ma- 
raia 1991). 

A working assumption of our interpretation is 
that allelic variants of a single locus do not survive 
the chimpanzee-human speciation bottleneck. As 
just one example of the evidence supporting this 
generalization, Maeda et al. (1988) examine the pri- 
mate evolution of  a 3-kb intergenic region, which 
is known to be polymorphic in the human popu- 
lation. Whereas the two human alleles of this locus 
differ by an average of 0.5%, the chimpanzee and 
human loci differ by 1.38%. Because the overall se- 
quence divergence of human and chimpanzee DNAs 
seems to be slightly less than 2% (Sibley and Ahl- 
quist 1990), the 1.38% divergence observed for this 
region is not atypical. Although there is no generally 
accepted value for the overall heterozygosity of hu- 
man DNA, 0.5% divergence is also probably not an 
atypical value (Botstein et al. 1980). Sequence vari- 
ation within this 3-kb locus is highly variable, rang- 
ing from 0.14% to 0.9% (Maeda et al. 1983). Inter- 
estingly, this same region contains two inverted 
repeated Alu members, thus providing a direct mea- 
sure of  the sequence polymorphism associated with 
orthologous Alu repeats. One pair of Alu ortho- 
logues differs by three point mutations, one of which 
involves a CpG dinucleotide. The other pair of  Alu 
orthologues differs by two point mutations, both of 
which involve CpG dinucleotides (Maeda et al. 1983, 
1988). Transition mutations involving CpG dinu- 
cleotides within Alu repeats are a special case and 
not indicative of an overall mutation rate (reviewed 
in Schmid 1991). Excluding the three transitions 
within CpG dinucleotides, there are two changes 
within a total of 560 bp or 0.35% sequence diver- 
gence between Alu orthologues; including the CpG 
sites there is a 0.9% divergence between the Alu 
orthologues. 

Although the level of sequence polymorphism 
within selected human loci indicates that most 
changes postdate the divergence of the human and 
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chimpanzee lineages, the major histocompatibility 
(MHC) locus may be one remarkable exception to 
this generalization. Complementary DNA sequenc- 
es suggest that some MHC alleles predate the di- 
vergence of human and chimpanzee (Fan et al. 1989). 
However, the MHC locus is also likely to be a special 
case for which polymorphism is selected. It is also 
noteworthy that even in the extreme case of this, 
the most polymorphic human locus identified to 
date, identical MHC alleles are observed among dif- 
ferent individuals. In contrast, no two of the many 
young PV and precise Alus identified above have 
exactly the same sequence. The single locus model 
thus seems to require an extraordinarily high num- 
ber of alleles involving a relatively short (ca. 280 
bp) sequence. 

The single locus model also requires an extraor- 
dinarily high and unprecedented level of  sequence 
polymorphism for human DNA sequences. For ex- 
ample, the minor PV subfamily sequence differs by 
three diagnostic changes from the major PV sub- 
family consensus sequence (Batzer et al. 1990; 
Matera et al. 1990a). The three reported members 
of this small subfamily, including at least one hu- 
man-specific member, differ from the major PV sub- 
family by an average of  2.25%, a value that ap- 
proximates the difference between human and 
chimpanzee DNAs and exceeds any estimate of the 
sequence diversity of human DNA. The average 
sequence difference between the three recently in- 
serted precise Alu repeats and the minor PV sub- 
family exceeds 5%. For these and the reasons ad- 
vanced by Matera et al. (1990a), these Alus are 
probably the products of distinct source genes rather 
than alleles at a single locus. 

Accounting for Selective Amplification of 
Alu Variants 

Our conclusion that Alus are generated from mul- 
tiple source genes avoids another awkward feature 
of the single source gene model, the sudden con- 
certed appearance of five tightly linked mutations 
in human Alu that distinguish the PV subfamily 
from the next older precise subfamily (Batzer et al. 
1990; Matera et al. 1990a). Plausibly, one relatively 
quiescent Alu after having acquired multiple mu- 
tations gave rise to one or more progeny that sub- 
sequently proved more active thereby amplifying 
the original sequence variant. However, certain Alus 
or subsets of Alus must be more active than others 
to account for the appearance of sequence subfam- 
ilies (see the Introduction). Although the basis of 
this selectivity is not known, available data are now 
sufficient to entertain plausible models. Young Alus 
are especially rich in 5-methyl C (5m-C) and over 
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evolutionary time the decay of 5m-C to T could 
selectively inactivate older Alus (Schmid 1991). The 
relative activities of  the younger Alus as compared 
to each other might depend on their individual chro- 
mosomal context and flanking regions. 

Sequences resembling known transcriptional 
control elements flank the chimpanzee PV Alu re- 
ported here (Fig. 1B). The TATA-like element po- 
sitioned about 40 nucleotides 5' to the Alu (about 
position 250; Fig. 1 B) closely resembles RNA poly- 
merase III promoter elements for the human U6 
and 7SK RNA genes (Murphy et al. 1987; Lobo and 
Hernandez 1989). In the case of the U6 RNA gene, 
this element is both necessary and sufficient for RNA 
polymerase III transcriptional activity (Lobo and 
Hernandez 1989). These elements are thought to 
bind TFIID, which in turn serves as a transcription 
factor for RNA polymerase III (Margottin et al. 
1991). TATA-like elements at about position - 4 0  
relative to the chimpanzee Alu separately resemble 
both the U6 RNA promoter element (position 250) 
as well as a TATAA motif  (position 256), the more 
conventional TFIID binding site (Fig. 1B). At pres- 
ent we have no data available to show whether this 
particular chimpanzee Alu is active in vivo. We 
observed no transcripts of this sequence following 
stable transfection in mouse cells (data not shown). 
We merely note these similarities to known tran- 
scriptional elements to illustrate the possibility that 
upon retroinsertion an Alu might acquire flanking 
sequences that promote or enhance its subsequent 
transcription. This point is further illustrated by four 
T residues positioned 13 nucleotides downstream 
from the poly A tail (position 632; Fig. 1B). Runs 
ofT are the natural terminator for RNA polymerase 
III, and these four Ts can form part of a small hair- 
pin stem and are immediately followed by a GC- 
rich sequence (Fig. 1B). In certain circumstances 
both of these features enhance the effectiveness of 
Ts in terminating transcription by RNA polymerase 
III (Cozzarelli et al. 1983; Platt 1986). An early 
model for the RNA intermediate in Alu retrotrans- 
position envisioned exactly such a closely posi- 
tioned oligo-T terminator so that the resulting ter- 
minal Us in the transcript could prime reverse 
transcriptase (Jagadeeswaran et al. 1981). This par- 
ticular chimpanzee Alu has acquired many of the 
features that might be imagined for an especially 
active source gene. 

Because Alu retrotransposition is a multistep pro- 
cess possibly requiring several trans-acting factors, 
the successful amplification of any particular se- 
quence variant that satisfies the minimum require- 
ment of transcriptional activity is probably a sto- 
chastic event. According to this view, there is nothing 
inherent in the PV sequence per se that would pro- 
vide these Alus with a competitive advantage corn- 

pared to the transpositional activity of other se- 
quence variants. However a few fortuitous early 
insertion events, as at least conceptually illustrated 
in the example of the chimpanzee Alu, could result 
in the appearance of a new subfamily (Britten and 
Kohne 1968). 

Inserted Alus Do Not Exhibit Sequential 
Mutations 

As reviewed in the Introduction, several groups us- 
ing independent criteria have identified Alu subfam- 
ilies that appeared at different evolutionary times. 
The temporal order of these subfamilies shows se- 
quentially accumulated diagnostic mutations distin- 
guishing each subfamily from the preceding subfam- 
ily. Based on this observation, Shen et al. (1991) 
favor the interpretation of a single founder locus, 
which by sequential changes generates each succes- 
sive subfamily. Consistent with this interpretation, 
the PV subfamily has recently expanded within the 
human lineage (Matera et al. 1990b; Batzer and 
Deininger 1991). 

However, it is erroneous to conclude from our 
ability to recognize the expansion of a subfamily 
that some older subfamily is inactivated and to fur- 
ther conclude that this older subfamily has been 
inactivated because its single founder gene has been 
mutated to resemble the subsequent subfamily con- 
sensus sequence. Specifically, the contemporary 
transpositional activity of the older precise Alu sub- 
family relative to the PV subfamily is an open ques- 
tion. Three precise subfamily members are known 
to have appeared within the human lineage follow- 
ing the divergence from apes, and two of  these three 
are polymorphic within the human population 
(Gibbs et al. 1987; Stoppa-Lyonnet et al. 1990; Mur- 
atani et al. 1991). These three young members have 
been identified against the background of the rela- 
tively large precise subfamily, which undoubtedly 
includes many members that have been fixed within 
the primate genome. Considerably more than three 
young PV Alus have been identified. However, the 
identification of these young PV Alus has been driv- 
en by the recognition of their subfamily and the 
availability of specific hybridization probes in the 
studies by this and the Deininger laboratory. Ex- 
cluding the joint results of our directed studies, only 
three PV Alu repeats have been identified by other 
investigators (Economou-Pachnis and Tsichlis 1985; 
Friezner Degen et al. 1986; Wallace et al. 1991). 
Based on these considerations, the PV subfamily is 
not appreciably more active than the precise sub- 
family, although undeniably its members on average 
are younger than those of the older precise subfam- 
ily. 
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Practical Significance of the Paucity of 
Ape P V Alus 

By l ib ra ry  screening,  M a t e r a  et al. (1990b)  e s t i m a t e d  

tha t  there  are several  h u n d r e d  PV Alus  in  gori l la  

D N A .  We  n o w  t h i n k  tha t  e s t ima te  to be  e r rone ous l y  

high. Wherea s  the h y b r i d i z a t i o n  probe ,  G M 2 ,  used  
in  tha t  s tudy  was  suff icient ly d i s c r i m i n a t i n g  to iden -  

t ify the  m o r e  n u m e r o u s  h u m a n  PV Alus ,  in  the cases 

o f  b o t h  c h i m p a n z e e  a n d  gorilla, the b a c k g r o u n d  hy- 

b r i d i z a t i o n  o f  this  p robe  is far greater  re la t ive  to the 
pauc i t y  o f  a u t h e n t i c  P V  m e m b e r s .  W o r k  in  progress 

as well  as the p resen t  resul ts  suggest tha t  there  are 
on ly  a few P V  Alus  in  b o t h  gori l la  a n d  c h i m p a n z e e  

(Fig. 5). S imi l a r ly  Shen  et a l . ' s  (1991) do t  h y b r i d -  

i za t ion  da t a  shou ld  be r econs t rued  in  l ight  o f  the 

p re sen t  resul ts  as ev idence  tha t  there  is a ve ry  smal l  

n u m b e r  o f P V  Alus  in  gori l la  a n d  c h i m p a n z e e  D N A .  

O p e r a t i o n a l l y  we define PV Alus  as h y b r i d i z i n g  to 

the  d i agnos t i c  p robe  desc r ibed  in  the Resul ts .  C o n -  

ce ivably ,  s o m e  o the r  v a r i a n t  o f  this  sequence  has 
e x p a n d e d  in  e i ther  c h i m p a n z e e  or gorilla,  or  j u s t  as 

l ikely the  P V  f o u n d e r  genes h a p p e n e d  to be less 

ac t ive  in  these  species. E i the r  poss ib i l i ty  raises the 
t an t a l i z ing  poss ib i l i ty  o f  o b t a i n i n g  a c o m p l e t e  in-  

v e n t o r y  o f  a ve ry  smal l  sequence  subfami ly ,  which  

poss ib ly  still c o n t a i n s  the  ances t ra l  source genes  in  

a r ecogn izab le  form.  
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