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Summary. We present the nucleotide sequence of
a new Alu family member that lies between the
delta- and beta-globin genes in goriila DNA. The
sequence exhibits 91% similarity with a consensus
sequence o f the Atu family. It is flanked by a pertbct
repetition o f a 16-nucleotide target sequence and
terminates with 24 adenytic residues. As this sequence is absent at this :locus in other primate DNAs,
its insertion occurred less than 8 million years ago,
thus supporting the idea that Alu sequences are still
mobile elements in the hominoid genome.
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Introduction
The Alu sequences constitute a fhmily of small repetitive sequences interspersed throughout the primate genome. Their number has been estimated in
the range o f 300,000--900,000 copies in the human
genome (Schmid and Jelinek 1982; Hwu et al. 1986),
and evidence suggests that these repetitive sequences could be mobile and transpose through the
genome. First, there is high variability among species
in the number o f Alu repeats (as estimated by titration of total DNA with an /~du-specific probe) in
humans, chimpanzees, gorillas, and orangutans. This
variability among closely related species suggests
that many insertions or deletions of these sequences
have occurred during the recent evolution o f horninoids (Hwu et al. 1986). Second, the families o f
small interpersed repeats observed in the rabbit ge~
(7)fi}~rr re'quests lo: G. Trabuchet

home do not exhibit any homology with the Alu
repcats (Hardison and Printz 1985), whereas significant homologies (in the range o f 70-80%) are
seen between intergenic sequences of rabbit and human at the beta-globin locus (Trabuchet et al., to be
published).
In two instances, insertion of an Alu sequence
into highly repetitive D N A sequences has been documented and suggests a recent insertion event. First,
Grimatdi and Singer (1982) ik-~und an Alu repeat
interrupting an alpha satellite D N A segment of the
Afiqcan green monkey and estimated the m o m e n t
o f this transposition event to be less than 12 million
years (Myr) ago. Second, an M2 repeat, the type 2
Atu sequence in the mouse, occurs in the polymoro
phic repetitive sequence PR1 in the genome of the
Balb/C mouse only. Its absence in other mouse
strains demonstrates a recent integration event in
the Balb/C mouse genome (Kominami et al. 1983).
More recently, the transposition of an Alu sequence
at the Mlvi-2 locus in a human B cell lymphoma
has been documented, but in this third case it is not
clear whether this modification represents a rare
polymorphism in human DNA or a somatic rearrangement related to t um or induction (EconomouPachnis and Tsichlis t 985)~
Coupled with these indications of Alu mobility,
there is also evidence of Alu immobility. For example, in two well-defined regions of the human
and chimpanzee genomes, one containing the alpha
cluster ofglobin genes and the other lying upstream
from the delta-globin gene, there are seven Alu sequences. Neither of these regions has experienced
additions, deletions, or concerted evolution o f Alu
sequences since the divergence o f humans and chimpanzees (Maeda et al. 1983; Sawada et al. 1985).

289

Fig. L a Map of the delta-beta-globin intergenic region in the goriHm Stril~'d boxes, exons of delta- or beta-globin genes; o ~ n
boxes, introns: black box, Alu repeat; E, EcoRl; H, HindlII. b Strategy tbr sequencing the EeoRI-HindIIl DNA fragmem. The
horizontal arrows below the map indicate sequence data obtained fi-om individually generated Bal31 clones.

Much, therel~ore, remains to be learned about the
tempo of Alu mobility,.
Our paper describes the insertion of an Alu se~
quence between the delta~ and beta@obin genes in
the gorilla. The structure of this locus has been studied extensively and is conserved among higher primates (Bame et aL 1981). Nucleotide sequences of
this region previously have been determined from
several primate DNAs: human (Poncz et al. 1983),
chimpanzee (Savatier et at. 19851), and macaque (Sa~
vatier et al. 1987). These sequences are highly homologous and can be aligned without ambiguity by
introducing only very small insertions or deletions.
On the contrary, by restriction endonuclease mapping of genomic DNA, Zirnmer et al. (1980) found
a difference in the size of restriction fragments suggesting the presence of an extra piece of DNA a1
this locus in gorilla DNA. To analyze further this
modification, we have cloned and sequenced this
region and found an Alu repeat inserted at this locus.
As this transposition occm'red after the divergence
of the gorilla from other apes, probably less than 8
Myr ago, we conclude that Alu repeats are still movable elements in hominoids~

Materials and Methods
A blood sample from a lowland gorilla (Gorilla goriNa) was provided by the Centre de Recherche Medicale de Franceville (Gabon). DNA preparation, blm-hybridizatkm experiments, and
cloning of the G0-kbp EcoRI DNA fragment containing the 5'
flanking region and the mNor part of the ~ta~NoNn gene (Fig.
l) ha~e been a~ready descmbed (Savatier e~ at. 1987). The insert
DNA was digested with the appropriate restriction endonuclease.
Randomly terminated fragments were generated with Bal31 nuclease digestion fbllowed by Nunt~end Iigation into t:he Smut site
of M13 mpl 0 or mpl 9 according to the method of Ponez et aL
(1982). Sequencing was carried out by the method of Sanger et
aL (1977)using ssS-dATP essentially as described by Bi~in et
al. (1983). The strategy for sequencing is depicted in Ng. lb,

Results

Genomic DNA was cut by EcoRI, electrophoresed,
transferred onto nitrocellulose filter (Southern 1975),
and hybridized with a specific beta~globin gene
probe. A 6.0-kbp DNA fragment was observed in
the gorilla sample, instead of the 5.5-kbp homologous fragment observed in human, chimpanzee, and
macaque DNAs (Savatier et al. 1985, 1987). To
analyze this size difference, we cloned the EcoRI
t?agment from gorilla DNA in the EcoRI site of the
bacteriophage lambda gt WES lambda C. This fragment was then subcloned in the EcoRI site of the
plasmid pEmbl 9 (Dente et al. 1983). A more detailed mapping of the plasmid DNA allowed us to
locate the difference between human and gorilla in
the 5 ~ part of the 6.0-kbp EcoRI DNA tYagment in
an EcoRI-HindlII DNA fragment (Fig. Ia). The size
of the latter was Ibund to be 1.9 kbp in gorilla and
1.6 kbp in humam
The nucleotide sequence (Fig. 2) reveals an inse~ed piece of DNA of 316 bp in the gorilla. Homology between the sequence of this inse~ and a
consensus sequence of the Alu fim~ily was 91%
(Schmid and Shen I985). Moreover, the inserted
Alu sequence is flanked on each side by the exact
direct repetition of 16 nucleolides. Only one copy
of the t6-nuc/eofide stretch is present in human
DNA, which demonstrates that this target sequence
has been duplicated dunng the insertion of the AIu
repeat. Finally there is a perfect run of 24 adenylic
residues at the 3' end of the inserted sequence. All
these f~atures are characteristic ofAlu t!amily members of repetitive sequences (Schmid and Shen t985).
The nucleotide sequence o f gorilla DNA was also
established on both sides of the inse~ and compared
with the homologous human sequence over 11 i0
nucleotides Nucleotide sequence divergence between the pa'o species was calculated to be 2.0%, all
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the differences consisting of substitutions or insertions/deletions o f one nuclcotide, Similar values in
the range of 1.3-2.9% have been observed between
these two species for putatively neutral DNA sequences (Savatier et al. 1987) or for unique genomic
DNA sequences as estimated by delta-T50 measurements (Sibley and Ahlquist 1984; O~Brien et aL
1985).

Discussion

A new AIu repeat has been inserted in the intergenic
sequence between the delta- and beta-globin genes
in gorilla DNA. This insert is located 3.3 kbp upstream fix)m the beta-globin gene. The structure of
this region has been studied extensively, and the
nucleotide sequence is known in human (Poncz et
al, 1983), chimpanzee (Savatier et al. 1985), and
macaque (Savatier et aL 1987). As the Alu sequence
is absent at this locus in eyeD' primate species previously analyzed, we are confident that the insertion
event occurred during evolution o f the gorilla after
the separation of this species from the other H o m i nidae,
The possibility exists that this Alu insert could
be a polymorpbism in gorilla. Indeed, Barrie et al.
(I 98 I) mapped this region in several apes and fbund
no differences in the size of restriction fragments
between gorilla and human DNA. Nevertheless, this
last observation is at variance with those o f Z i m m e r
et al, (1980) and with ours, and could indicme the
existence o f a polyrnorphism in the gorilla. Whatever the case, the Alu sequence insertion is a recent
event and is at most 8 Myr old, the estimated date
for the gorilla lineage divergence (Sibley and Ahlquisl 1984).
Two other characteristics o f the new Alu sequence are in agreement with a recent insertion event.
First, the gorilla Alu sequence is flanked by the pert?ct repetition o f 16 nucleotides. The same nucleotide sequence is present only once in human DNA,
and thus was duplicated during the integration event.
Following the duplicatiom random mutation of these
sequences could have occurred, so it has been proposed that nucleotide sequence divergence between
the two flanking direct repeats be used as a measure
o f the date o f insertion o f the Alu repeat (Fukumaki
et al, t982; Schmid and Shen 1985)~ The fact that
the two flanking sequences are perfectly :identical in
gorilla D N A argues for a recent insertion of the new
Atu sequence. Second, this Atu repeat ends with an
exact stretch o f 24 adenylic residues. It is a c o m m o n
characteristic o f Alu Family sequences to terminate
with an oligo-dA rich 3' terminus. Insertion of other
nucleotides at this place could result from mutations
dunng aging o f the Alu sequence.
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Fig. 2, Nucleotide sequence of a part of the EcoRl-HindIlI
gorilla DNA fragment including the Alu repeat. The gorilla sequence (upper line) is compared to the homologous h u m a n sequence (lower line). On the latter, only differences are indicated
by the appropriate base and deletions by a dash, The direct repetitions flanking the Alu sequence are boxed.

As a consequence o f its recent insertion, we believe that this AIu sequence is very similar to that
from which it originated. Assuming it diverged at
the same rate as the putatively neutral neighboring
DNA, one can estimate that there is a m a x i m u m of
three nucleotide differences between the present-day
sequence and its progenitor. The calculation assumes that there is 2% nucleotide divergence between human and gorilla sequences, thus 1% be-
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t w e e n gorillas a n d t h e i r last c o m m o n a n c e s t o r , w h i c h
l e a d s to t h r e e n u c l e o t i d e s d i f f e r e n t o v e r 2 8 0 bp, In
t h i s r e s p e c t t h e p r e s e n t s e q u e n c e s h o u l d be usefi,l
in s t u d y i n g t h e p h y l o g e n y o f t h e A I u t~mily.
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