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ABSTRACT We discovered the presence of an Alu and an
Xba repetitive DNA element within introns 4 and 7, respec-
tively, of the human a-fetoprotein (AFP) gene; these elements
are absent from the same gene in the gorilla. The Alu element
is flanked by 12-base-pair direct repeats, AGGATGTTGTGG
«+.(Alu) . . . AGGATGTTGTGG, which presumably arose
by way of duplication of the intronic target sitt AGGATGT-
TGTGG at the time of the Alu insertion. In the gorilla, only a
single copy of the unoccupied target site is present, which is
identical to the terminal repeat flanking the human Alu ele-
ment. There are two copies of an Xba repeat in the human AFP
gene, apparently the only two in the genome. Xbal and Xba2,
located within introns 8 and 7, respectively, differ from each
other at 3 of 303 positions. Xbal is referred to as the old
(ancestral) repeat because it lacks direct repeats. The new
(derived) Xba2 is flanked by direct repeats, TTTCTTTTT . . .
(Xba) . . . TTTCTTCTT, and is thought to have arisen as a
result of transposition of Xbal. The ancestral Xbal and a single
copy of the Xba2 target site are present at orthologous positions
in the gorilla, but the new Xba2 is absent. We conclude that the
Alu and Xba DNA repeats emerged in the human genome at a
time postdating the human—gorilla divergence and became
established as genetic novelties in the human lineage. We
submit that the chronology of divergence of primate lines of
evolution can be correlated with the timing of insertion of new
DNA repeats into the genomes of those primates.

We have previously reported that the albumin gene family
has been invaded by numerous elements of repetitive DNA
(1). These elements have been inserted at random sites within
the gene family and, by inference, at different times during
their evolutionary history. It would be of interest to find out
if a correlation can be established between the emergence of
new DNA repeats and the divergence of species, particularly
in the time frame of primate evolution.

The most prominent among the various DNA repeats are
members of the Alu family. These repeats are considered to
be pseudogenes that have arisen by retroposition of 7SL
RNA (2, 3) or 4.5S RNA (4), and they are presently found at
an estimated 500,000 copies per genome in the primates and
other vertebrates (5, 6). Although there is some evidence of
interspecies differences in the number of Alu sequences
among closely related primates (7), studies in the a-, and
B-globin gene regions revealed no differences in the location
of specific Alu repeats between humans and two other
primates. In the a-globin locus, seven members of the Alu
family were found in identical positions in human and chim-
panzee (8). Furthermore, in the B-globin locus, seven addi-
tional Alu repeats were also found in identical positions in
human and orangutan (9). All of the 14 repeats were thus
uninformative with regard to phylogenies of the above pri-
mates. However, Trabuchet et al. (10) reported the presence
of a new member of the Alu family in the gorilla 8,5-globin
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region. This same Alu repeat is absent in human, chimpan-
zee, and macaque, thus suggesting a recent insertion of this
element in the gorilla DNA. It is not clear from the report (10)
whether this Alu repeat is fixed or polymorphic in the gorilla
lineage. If more examples are found of species-specific
differences in repetitive DNA elements at orthologous sites
among higher primates, this would provide the best evidence
for the chronology of their insertion and would help in
discerning the phylogeny of the species involved.

In determining the complete structure of the human a-
fetoprotein (AFP) gene (11), we identified the positions of two
Xba repetitive elements. We concluded from this work that
Xbal and Xba2 were entirely novel repetitive elements. Due
to the high degree of sequence similarity between Xbal and
Xba?2 (99%), we further concluded that their existence in the
human AFP gene was of relatively recent evolutionary origin
(1, 11). Presently, we have extended our work on the AFP
gene to other primates and wish to report a specific difference
in an Xba and Alu repetitive element between the human and
gorilla lineages. In addition, we submit that such DNA
elements fulfill the criterion for molecular markers of phy-
logeny.

MATERIALS AND METHODS

Cloning. A gorilla genomic library cloned in a Charon 40
phage vector was graciously provided to us by Jerry Slightom
(Division of Molecular Biology, The Upjohn Company, Kal-
amazoo, MI). Using human AFP gene fragments (11) as
probes, gorilla phage clones AGAFP9 and A\GAFP22 were
isolated and characterized by restriction endonuclease diges-
tion. EcoRI fragments of the two phage clones were sub-
cloned into the plasmid vector pBR322. DNA sequence was
determined by the method of Maxam and Gilbert (12),
frequently strand-separating labeled DNA fragments prior to
the chemical degradation.

Southern Hybridization Analysis of Human and Gorilla AFP
Genes. Cloned human 9.9-kilobase (kb) and gorilla 9.6-kb
EcoRI DNA fragments were separated electrophoretically in
a 1% agarose gel followed by Southern (13) hybridization to
an Alu probe, BLURS (14). Similarly, 10 ug of human and
gorilla genomic DNA was digested with restriction endonu-
cleases, separated electrophoretically in a 1% agarose gel,
and hybridized to either a human 6.0-kb EcoRI-HindIII
probe (11) or a gorilla 5.4-kb HindIII-EcoRI probe.

RESULTS

BLURS Hybridization. Preliminary sequencing results in-
dicated that a gorilla 9.6-kb fragment aligned with the same
EcoRlI sites as the human 9.9-kb fragment, even though it was
shorter by 300 base pairs (bp). Both fragments contain a
unique BamHI site. BamHI digestion of human 9.9-kb DNA
yielded 5.5-kb and 4.4-kb fragments, whereas BamHI diges-
tion of gorilla 9.6-kb DNA yielded 5.5-kb and 4.1-kb frag-

Abbreviation: AFP, a-fetoprotein.
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Fic. 1. Hybridization analysis of Alu repetitive DNA in the
human and gorilla AFP genes. Cloned DNA fragments were sepa-
rated electrophoretically in a 1% agarose gel followed by Southern
(13) hybridization to a BLURS (14) probe. (Left) Lane 1, DNA size
standards; lane 2, human 9.9-kb EcoRI DNA fragment; lane 3, gorilla
9.6-kb EcoRI DNA fragment; lane 4, partial BamHI digest of human
9.9-kb DNA, giving rise to 5.5-kb and 4.4-kb fragments; lane S,
partial BamHI digest of gorilla 9.6-kb DNA, giving rise to 5.5-kb and
4.1-kb fragments. (Right) Autoradiogram of the same gel, showing
hybridization to a nick-translated human BLURS probe.

ments (Fig. 1). Since the Alu repeat within intron 4 of the
human AFP gene is located in the 4.4-kb fragment, the 0.3-kb
size difference in the small BamHI fragments (4.4 vs. 4.1)
between the two species could have been due to an Alu
repeat. To test this hypothesis, BamHI-digested as well as
undigested human 9.9-kb DNA and gorilla 9.6-kb DNA were
hybridized to the Alu probe BLURS (14) (Fig. 1). As ex-
pected, the 9.9-kb EcoRI fragment and the 4.4-kb BamHI-
EcoRI fragment from the human AFP gene hybridized to the
BLURS probe, thus confirming the presence of Alu repeats.
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The BLURS probe did not hybridize to either the 9.6-kb
EcoRI or the 4.1-kb BamHI-EcoRI fragment from the gorilla
AFP gene, indicating the absence of Alu repeats (Fig. 1).

Sequence Analysis in the Alu Region. The sequence of a
5.4-kb HindIII-EcoRI fragment from the gorilla AFP gene
was determined, which overlaps the expected site of insertion
of the missing Alu repeat. The DNA of this region was found
to contain a single copy of a 12-bp target site, AGGATGT-
TGTGG, which is identical to the direct repeats flanking the
Alu residing within intron 4 of the human AFP gene (Fig. 2).
This 12-bp repeat is thought to have arisen during the event
of the Alu insertion into the human genome and hence the
human gene has two copies of this sequence. Full-size Alu
elements are known to be flanked by direct repeats that are
believed to have arisen by means of repair of staggered
breaks in genomic DNA at the target site of Alu insertion (15,
16). There are also numerous examples of Alu elements being
deleted from the human genome, but these events produce
concomitant deletions of adjacent DNA and are recognized
as genetic defects (17-22) when coding DNA is deleted. The
Alu element in the human AFP gene is flanked by perfect
repeats of 12 bp, AGGATGTTGTGG . .. (Alw) ... AG-
GATGTTGTGG, whereas there is no evidence for DNA
deletion in the entire intron 4 in the gorilla AFP gene, as
compared to the same intron in the human genome. We
submit that this Alu element was inserted into the human
genome at a time postdating the divergence of the human and
gorilla lineages. It is interesting to note that in the neighboring
intron 3 of these AFP genes, a 226-bp Kpn repeat is found in
the orthologous position in the human and the gorilla (Fig. 2).
Such an identity suggests that the Kpn repeat was inserted
into the genome before the divergence of these two species.
The gorilla Kpn repeat differs in 5/226 nucleotide positions
(2.2%) from the human Kpn repeat.

Sequence Analysis in the Xba Region. We reported earlier
(11) that the two Xba elements differ in only 3 of 303 positions
(1%) and that only Xba2 is flanked by direct repeats, TT-
TCTTTTT. . .(Xba2). .. TTTCTTCTT. This suggests that
Xbal, located in intron 8, was duplicated and reinserted into
intron 7 of the human AFP gene, giving rise to Xba2 (Fig. 3).
To our knowledge, an ancestral source DNA has not been

EcoR] FiG. 2. Comparison of restriction

maps for the human and gorilla AFP
genes (exons 1-7). The map of the gorilla
gene shows the absence of the Alu repeat.
The human AFP map is taken from Gibbs
et al. (11). Exons are shown as boxes and
introns are shown as heavy lines. The
sizes (bp) of exons and introns are also
indicated. The gorilla Kpn repeat is of
identical size and orientation as the hu-
man Kpn repeat. Also shown is the Alu
target site in the gorilla gene. In the lower
half, the DNA sequence surrounding the
Alu element is shown for both genes. The
terminal repeats (*) flanking the Alu ele-
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identified together with its derived copy previously. Further
evidence was provided by a search of GenBank (March 1989)
and genomic Southern blot analysis. These results suggest
that Xbal and Xba?2 are the only two members of this family
in the human genome. The direct repeats surrounding Xba2
are thought to have arisen during the event of Xba2 insertion
into its new position in the genome. Since then, the 5’ direct
repeat has undergone a single base mutation so that presently
the two repeats are identical at 8 of 9 positions.

In the human AFP gene, both Xba repeats can be isolated
on a 5.5-kb EcoRI-HindIlI fragment spanning from an EcoRI
site 5’ of exon 8 to a HindIII site 3’ of exon 11. The
corresponding EcoRI-HindIII fragment in the gorilla AFP
gene is only 5.2 kb in size (Fig. 3). This 300-bp size difference
could be explained by the absence of a single Xba repeat in
the gorilla AFP gene. Upon sequencing this 5.2-kb DNA, we
discovered that the gorilla AFP gene lacked the Xba2 repeat
but contained a single copy of the unoccupied target site
TTTCTTCTT, which is identical to the 3’ direct repeat
flanking Xba2 in the human AFP gene (Fig. 3). Sequence
analysis has further shown an additional seven nucleotides,
TGTCTTC, located 5’ to the unoccupied target site in the
gorilla AFP gene that are not present in the human AFP gene.
A possible explanation is that the 7-bp sequence was orig-
inally present in the human AFP gene but was deleted during
the insertion of Xba2 into the new site. An alternative is that

| @———Xba Boundaries ——»
(303 bp)

Human Sequence:
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the TGTCTTC arose by tandem duplication (in the gorilla
lineage) of part of the target sequence followed by a point
mutation (T — G). These Xba repeats provide yet another
example of a molecular marker that is present at a specific site
in the genome of one primate line but absent from another.

Population Studies. It is reasonable to assume that a newly
arisen genetic marker is originally polymorphic in a popula-
tion, and it becomes established or eliminated only after
passage of time and generations. Two examples of polymor-
phic Alu elements have been reported in humans. One is in
the tissue plasminogen activator gene (23); the other is in the
Mlvi-2 locus in a B-cell lymphoma cell line (24). Although the
last two Alu repeats have been concluded to be of recent
evolutionary origin (25), based on their sequence similarity to
the youngest Alu subfamily, it is not clear whether the Mlvi-2
Alu repeat represents true polymorphism in human DNA or
a somatic rearrangement related to tumor induction.

If the present Alu and Xba repeats are to be used as
phylogenetic time markers, their established (or polymor-
phic) state in the species must be known. To this end, we
analyzed restriction digests of genomic DNA from individual
humans and gorillas. The presence or absence of repetitive
DNA would be reflected in the sizes of such restriction
fragments. EcoRV digests of genomic DNA from 25 unre-
lated Caucasians yielded a 3.6-kb fragment containing the Alu
repeat located within intron 4 of the AFP gene; a 3.3-kb

ATTTGCAGTACAGTAGTTTGTTTTAATACAACTGATAG. . . ... (Xba 1)...... ATTATGTAAGC TAGAATAAAGTTCAGATTTAGGAGACA

Gorilla Sequence:

ATTTGCAGTACAGTAGTTTGTTTTAATACAACTGATAG. . . ... (Xba 1)...... ATTATGTAAGCTAGAATAAAGTTCAGAT TTAGGAGACA

FiG. 3. Comparison of restriction
maps for the human and gorilla AFP
genes (exons 8-13). The map of the go-

Gorilla 218 133 98 139 224 133 rilla gene shows the absence of Xba2.
The human AFP map is taken from Gibbs
Xba et al. (11). Exons are shown as boxes and
Target Site introns are shown as heavy lines. The
' sizes (bp) of exons and introns are also
indicated. The upper half shows the DNA
<«—— Xba Boundaries —» sequence surrounding Xbal in both
Terminal (303 bp) Terminal genes. The lower half shows the DNA
Human Sequence: Repeat Repeat sequence surrounding Xba2 in the human
AAACGGGAGACAAGTTAAAATTTCTTTTTAATTGATAG. . . . .. (Xba 2)...... ATTATGTAATTTCTTCTTCTTTCCTTCCTCCTTCCCCC  lineage, including the flanking terminal
Thhddh wk Raa s d st d . .
repeats (*), which can be recognized as
the unocecupied target site in the gorilla
Target lineage. The transposition of Xbal to a
Gorilla Sequence: Site new location (Xba2) is indicated. The
AMCGGGAGACAAGTTAAMTTTCTTCTT (Contiguous) CTTTCCTTCCTCCTTCCCCC  numbering of the human Xba repeats is
reversed relative to our original publica-
TGTCTTC tion (11).
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FiG. 4. Southern hybridization of restriction digests of genomic
DNA from unrelated individuals. (Upper) Autoradiogram of EcoRV
digests of human genomic DNA hybridized to a nick-translated
gorilla (HindIII-EcoRI) 5.4-kb probe. All 12 individuals show hy-
bridization in the 3.6-kb rather than the 3.3-kb region, indicative of
the presence of the Alu repeat. The probe also recognizes an adjacent
region on the AFP map, giving rise to the 6.4-kb band seen in all
individuals. (Lower) Autoradiogram of EcoRI plus HindIII digests of
genomic DNA hybridized to a nick-translated human 6.0-kb probe.
Lanes 1-6, 10 ug of digested human genomic DN A; all six individuals
show hybridization in the 5.5-kb region, indicative of two Xba
repeats. Lanes 7-9, 10 ug of digested gorilla genomic DNA; the three
individuals show hybridization in the 5.2-kb region, indicative of one
Xba repeat. The upper bands in lanes 6-9 are due to incomplete
Hindlll digests. STD, DNA size standards.

fragment would be expected if the Alu repeat was absent. We
used the gorilla 5.4-kb HindIII-EcoRI DNA fragment, which
encompasses the unoccupied Alu target site as the nick-
translated probe. The resulting autoradiogram (Fig. 4) shows
12 of the 25 individuals analyzed in this experiment. With
regard to the Xba repetitive elements, we performed a similar
experiment using EcoRI plus HindIII genomic digests of both
gorilla and human DNA. This double digest should yield a
5.5-kb fragment if both Xbal and Xba?2 repeats are present or
a 5.2-kb fragment if only the ancestral sequence Xbal is
present. A 6.0-kb human fragment encompassing both re-

Alu-1 20 4o
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peats was used as the nick-translated probe. As can be seen
from the resulting autoradiogram (Fig. 4), all 6 Caucasians
analyzed possess both Xba repeats in their AFP genes. Also,
all four gorillas analyzed (including the gorilla from which
sequence data were obtained) possess only Xbal in their AFP
genes. From these results, it appears that the Alu repeat and
the two Xba repeats are established (fixed) markers in the
human lineage and so is Xbal in gorilla. A larger sampling
may be required to rigorously prove that they are truly
panspecific characters.

DISCUSSION

Time of Insertion of Repeats. Our conclusion about a recent
origin of the Alu repeat in the human AFP gene draws support
from work by Willard et al. (26), Britten et al. (27), and Jurka
and Smith (28). These authors recognized that Alu repeats
can be subdivided into subfamilies, each being inserted into
the host genome at different times during evolution. Based on
diagnostic substitutions that are shared among Alu subfam-
ilies, Britten et al. (27) published a consensus sequence of
what they consider the youngest (class V) subfamily of Alu
repeats. The Alu repeat within the human AFP gene differs
from this class IV consensus by only 4 of 283 positions
(1.4%), excluding 5 of 283 mutations in noninformative CpG
hot spots (29), and it has retained 12 of the 13 mutations
considered diagnostic for this youngest Alu subfamily (Fig. 5)
From this high degree of sequence similarity between Alu
class IV consensus and the present Alu-1, it can be inferred
that both belong to the same subfamily, whereas the conclu-
sion about their young age has been reached from two
independent considerations.

The Xbal and Xba2 repeats in the human AFP gene appear
to be the only copies found in the human genome (Fig. 4).
Since Xbal lacks direct repeats, it is reasonable to assume that
Xbal was duplicated and reinserted into the human genome,
resulting in Xba2. To our knowledge, both the source (ances-
tor) DNA and the derived repeat have not been identified
previously. The target site for Xba2 is at a sharp boundary
between a purine- and a pyrimidine-rich region, but we do not
know what triggered the movement of the Xba element or
whether it was an RNA-mediated or a DNA-mediated trans-
position. The repeats represent a single duplication event of
unknown and possibly very novel nature. If it was not for the
presence of Xba2, Xbal would be difficult to discern from
nonmobile parts of chromosomal DNA. Unlike the random
retroposition of Alu sequences, amplification of the Xba
element is restricted to the same gene as the parental se-
quence, although this might be the first event in the rise of a
novel repeat element. The human Xba elements differ in 3 of
303 positions, whereas human Xbal differs from gorilla Xbal
in 2 of 303 positions, indicating a recent separation of the three
sequences. The degree of homology (99%) between the two
human Xba elements suggests that Xbal gave rise to Xba2
perhaps less than 6 million years ago, and postdating the time
of human—gorilla divergence. It is, a priori, possible that Xba2
also existed in the gorilla lineage and was subsequently de-
leted, but the young age of Xba2 argues against this possibility.

60 80 100
GGCCGGGCGCGGTGGCTCACGCTTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACGAGGTCAGGAGATCGAGACCATCCTGGCTAACATGG

GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACGAGGTCAGGAGATCGAGACCATCCTGGCTAACACGG
* * * *

Con-1V

*

Fi1G. 5. Comparison of the Alu
DNA sequence from intron 4 of

120 140 160 180 200
TGAAACCCCGTCTCTACTAAAAATACAAAARAAATTAGCCGGGCGTGATGGTGEGCGCCTGTAGTCCCAGCTACTCRGGAGGCTGAGGCAGGAGAATGEC  the human AFP gene (Alu-1) with

TGAAACCCCGTCTCTACT AARAATACARAARA- - TTAGCCGGECGTEATEGCGBECECCTATAGTCCCAGCTACT CGRGAGGCTRAGGCAGBAGAATGGC  the Youngest Alu subfamily con-
* *k * *k
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GTGAACCCGGGAGGCGGAGCTTGCAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC
* *

sensus sequence (Con-IV) as de-
scribed by Britten et al. (27). As-
terisks (*) show positions of the 13
diagnostic mutations used to dis-
tinguish a class 1V repeat.



9364 Evolution: Ryan and Dugaiczyk

However, it is quite possible that the Xba duplication took
place prior to the human—chimpanzee separation, rather than
being unique to the human lineage.

Reconstructing Phylogenies from Differences in DNA. There
is a need for identifying nonrecurrent, irreversible events in
the genomes of species that would serve as informative
markers of evolution. After years of effort in reconstructing
the phylogeny of higher primates from DNA mutations, a
number of conflicting phylogenies have been published,
leading to an impasse (for review, see refs. 30 and 31). Why
can’t we decide? is the question of the time (32). The answer
appears to be: Because of the mutations’ reversibility. Given
enough time, consecutive mutations occur at the same site in
one species, and parallel mutations occur independently at
the same (orthologous) site in two species. This multiplicity
of changes makes it difficult to decide whether in a contem-
porary DNA sequence a given nucleotide represents the
ancestral or the derived state of the character. Phylogenetic
trees reconstructed from such reversible events are hence
statistical trees, and so the uncertainty remains as to whether
statistics can reveal the true phylogeny of species.

Mobility of Repetitive DNA Elements. There are transpos-
able elements—e.g., THE-1 (33)—that transfer themselves
from one chromosomal site to another. This is accomplished
in a controlled mode of movement, in that an enzyme
(transposase), encoded by the element, and the element’s
long (350 bp) terminal repeats participate in the reversible
integration/excision mechanism. Alu elements belong to a
different category. They are pseudogenes that appear to have
overrun the genome by means of retroposition from a con-
served source gene (27). Over the last 60 million years or so,
an impressive number of 0.5 million copies have accumulated
in the genome of the human lineage. Multiple examples of
deletions due to unequal crossover at two Alu repeats have
been reported, but we have yet to find a deletion of a single
Alu element. Although an excision of a circularized Alu
sequence by means of recombination at its terminal repeats
is plausible, it is probably a rare event compared to the vast
number of interspersed Alu elements in chromosomal DNA.
The terminal repeats are short (=5-15 bp) and diverge in time
and apparently are not very efficient recombination sites. The
infrequency or lack of single Alu deletions can be also
inferred from studies in the globin gene locus of numerous
primates (34): when a specific Alu repeat could be identified
as an ancient insertion in an ancestor of apes and humans, it
was found to be present at the same chromosomal site in
contemporary primates, such as human, chimpanzee, gorilla,
and orangutan. Thus, the globin Alu element resides at the
same position for some 40 million years in at least four lines
of evolution. Based on the above arguments, and until
evidence to the contrary is found, we submit that inserted Alu
repeats become rather frozen in the recipient genome. They
may be subsequently deleted in unequal crossover events,
but it appears they are not excised in a reversible manner.

Another intriguing feature of the Alu spread is an apparent
lack of control in the process. Viral infections are under the
surveillance of the immune system; other transposable ele-
ments appear to be under a feedback control that limits their
number. The spread of Alu repeats (and probably other
pseudogenes) seems to be driven by the propensity of DNA
to interact with itself. Indications exist (26) that the 0.5
million copies were transposed not at a constant rate in time
but rather in sporadic transposition bursts. As we pointed out
previously (1), such bursts could have been cataclysmic in
that the burden of their mutagenic load could become a way
of death in the extinction of species, or perhaps a way of
branching off new lines of evolution.

Spread of Repeats as Time Markers in Evolution. In the
present work we have demonstrated that two repeated DNA
elements are present in the human genome but absent from

Proc. Natl. Acad. Sci. USA 86 (1989)

orthologous sites in the gorilla. We postulate that spreading
of most, if not all, repetitive Alu elements through the
genomes of species is a unidirectional process, stemming
from an irreversible mechanism of their integration into new
sites. These rather infrequent (as compared to mutations) and
irreversible events may provide reliable records of the
branching order in primate evolution.
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