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ABSTRACT  Alu elements are a family of interspersed
repeats that have mobilized throughout primate genomes by
retroposition from a few ‘‘master’’ genes. Among the 500,000
Alu elements in the human genome are members of the
human-specific subfamily that are not fixed in the human
species; that is, not all chromosomes carry an Alu element at a
particular locus. Four such polymorphic human-specific Alu
insertions were analyzed by a rapid, PCR-based assay that uses
primers that flank the insertion point to determine genotypes
based on the presence or absence of the Alu element. These four
polymorphic Alu insertions were shown to be absent from the
genomes of a number of nonhuman primates, consistent with
their arising as human genetic polymorphisms sometime after
the human/ African ape divergence. Analysis of 664 unrelated
individuals from 16 population groups from around the world
revealed substantial levels of variation within population
groups and significant genetic differentiation among groups.
No significant associations were found among the four loci,
consistent with their location on different chromosomes. A
maximum-likelihood tree of population relationships showed
four major groupings consisting of Africa, Europe,
Asia/Americas, and Australia/New Guinea, which is concor-
dant with similar trees based on other loci. A particularly
useful feature of the polymorphic Alu insertions is that the
ancestral state is known to be the absence of the Alu element,
and the presence of the Alu element at a particular chromo-
somal site reflects a single, unique event in human evolution. A
hypothetical ancestral group can then be included in the tree
analysis, with the frequency of each insertion set to zero. The
ancestral group connected to the maximum-likelihood tree
within the African branch, which suggests an African origin of
these polymorphic Alu insertions. These data are concordant
with other diverse data sets, which lends further support to the
recent African origin hypothesis for modern humans. Poly-
morphic Alu insertions represent a source of genetic variation
for studying human population structure and evolution.

The Alu family of short interspersed repetitive DNA elements
is distributed throughout primate genomes (recently re-
viewed in refs. 1 and 2). Alu repeats represent a highly
successful class of mobile genetic elements; they have am-
plified in the last 65 million years to a copy number in excess
of 500,000 within the human genome. Alu sequences were
ancestrally derived from the 7SL RNA gene and are thought
to mobilize in a process termed retroposition. The vast
majority of the Alu elements located within the human
genome are transcriptionally and presumably transposition-
ally silent. Once inserted at specific chromosomal locations,
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most Alu elements do not appear to be subject to loss or
rearrangement, making them stable genetic markers.

The Alu sequences located within primate genomes may be
subdivided into groups of related subfamily members that
share common diagnostic nucleotide substitutions (3, 4). One
of the most recently formed groups of Alu sequences within
the human genome has been termed human-specific (HS) (5,
6), or predicted variant (7, 8). There are an estimated 500-
2000 HS Alu elements (5-8), which are mostly (6, 9) but not
exclusively (10) restricted to the human genome.

Some HS Alu elements have retroposed so recently that
they have not fixed in the human species; that is, not all
chromosomes carry an Alu element at a specific locus (6, 9).
There are two reasons why these polymorphic Alu insertions
should be particularly useful for population genetic studies.
First, since the probability of independent retroposition at the
same exact chromosomal site is virtually nil (6), all loci
carrying a particular polymorphic Alu insertion are derived
from a unique event and hence are identical by descent.
Polymorphic Alu insertions should thus more accurately
reflect population relationships than markers [such as restric-
tion fragment length polymorphism (RFLP), variable num-
bers of tandem repeats and microsatellite loci] in which the
sharing of the same allele by two individuals may reflect
chance identity by state (i.e., independent mutations). Sec-
ond, the ancestral state for polymorphic Alu insertions can be
reasonably inferred to be the absence of the insertion, and the
direction of mutational change is therefore the gain of the Alu
element at a particular locus. Knowing the ancestral state and
the direction of mutational change greatly facilitates the
analysis of population relationships but is generally not
possible for other types of loci.

We have previously described a rapid, PCR-based assay
for determining genotypes (homozygous for the absence of
the insertion, homozygous for the presence of the insertion,
or heterozygous) for polymorphic Alu insertions (6, 9, 11).
Here, we report on the distribution of four polymorphic Alu
insertions in a worldwide survey of 664 individuals from 16
population groups. Our results indicate that these polymor-
phic Alu insertions probably have an African origin and that
they are indeed useful loci for human population genetic
studies.

MATERIALS AND METHODS

DNA Samples and Cell Lines. Individual DNA samples
were isolated from peripheral blood lymphocytes as de-
scribed (6). The geographic origin of each population group
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is shown in Fig. 1. The Alaska Natives were composed of
Eskimos, Native Amerindians, and Aleuts (12). The Quechua
group inhabits the South Andean regions of South America
(13). The Arhuaco group resides in the Sierra Nevada region
of Northern Colombia (14). The Caucasian group consisted of
United States individuals with Northern European ancestry.
The Asian group consisted of a mix of Chinese and Vietnam-
ese samples. The African-American group was collected in
New Orleans, Louisiana. The Cypriots were collected on the
island of Cyprus and were composed of individuals from
Greek-Cypriot and Turkish-Cypriot communities. African
DNA samples were from two groups of Pygmies (Zaire and
the CAR) and Nigerians. Samples from two Indonesian
groups (Moluccas and Nusa Tengarras), two PNG groups
(highland and coastal), and Australians were typed previ-
ously for the TPA 25 Alu element and are described in more
detail elsewhere (11). Primate DNA samples consisting of
five individual chimpanzees (Pan troglodytes), one gorilla
(Gorilla gorilla), three orangutans (Pongo pygmaeus), one
macaque (Macaca fascicularis), and one marmoset (Leonto-
pithecus saguinus) were obtained from Bios (New Haven,
CT). Rodent/human hybrid cell line DNA panels were ob-
tained from the Coriell Institute for Medical Research
(NIGMS panels 1 and 2). The other cell lines used in this
study were the same as those described (6).

PCR Amplification. Amplification and analysis of DNA
samples was carried out as described (6). The oligonucleotide
primers for the TPA 25 and ACE loci were previously
reported (6, 15). The primers and annealing temperatures for
the PV 92 Alu repeat were 5'-AACTGGGAAAATTTGAA-
GAGAAAGT-3' (5’ primer) and 5'-TGAGTTCTCAACTC-
CTGTGTGTTAG-3' (3’ primer) (54°C); those for APO were
5'-AAGTGCTGTAGGCCATTTAGATTAG-3' (5' primer)
and 5'-AGTCTTCGATGACAGCGTATACAGA-3' (3’
primer) (50°C). The chromosomal location for PV 92 was
determined by PCR amplification of Coriell Institute rodent/
human hybrid cell line DNA panels (1 or 2). The distribution
of each Alu element across primate species was determined
using PCR-based analysis of orthologous positions within
nonhuman primate genomes as described (6).

Data Analysis. Unbiased estimates of average heterozy-
gosity, the associated standard error due to sampling, and G5,
values (a measure of the relative magnitude of genetic dif-
ferentiation among populations) were calculated according to
equations in Nei (16). The GENDIST program in PHYLIP 3.4 (J.
Felsenstein, University of Washington, Seattle) was used to
compute genetic distances according to the methods of

F1G.1. Geographical map of surveyed human population groups.
The figure is a map of the world with the geographic location of all
the population groups used in this study denoted by circles with
numbers. The populations surveyed were 1, Alaska Natives; 2,
United States Caucasians; 3, African-Americans; 4, Arhuaco; §,
Quechua; 6, Greek and Turkish Cypriots; 7, Nigerians; 8, Central
African Republic (CAR) Pygmies; 9, Zaire Pygmies; 10, Asians
(Vietnamese and Chinese); 11, Indonesians (Nusa Tengarras and
Moluccas); 12, coastal and highland Papua New Guineans (PNGs);
and 13, Australian Aborigines.
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Cavalli-Sforza and Edwards (17), Nei (18), and Reynolds et
al. (19), and neighbor-joining (NJ) trees (20) were constructed
from these genetic distances using the program NEIGHBOR.
The cONTML program was used to estimate a maximum-
likelihood (ML) tree (21) directly from the allele frequencies.
Trees were rooted as described in the text; the likelihood-
ratio test of Kishino and Hasegawa (22), as implemented in
PHYLIP 3.4, was used to evaluate the significance of alterna-
tive placements of the root on the tree.

RESULTS

Chromosomal Location and Distribution of Polymorphic Alu
Insertions. The chromosomal locations of the TPA 25 (23),
APO (24), and ACE (15) repeats were previously reported as
8, 11, and 17, respectively. Amplification of the hybrid cell
line DNA panel showed that the PV 92 Alu insertion site is
located on chromosome 16, and hence each of the four loci
reported here reside on different chromosomes. To verify
that the polymorphic Alu insertions are indeed HS, DNA
samples from a number of representative nonhuman primate
genomes were analyzed. We sampled a total of six chimpan-
zees, two gorillas, three orangutans, one macaque, one green
monkey, one owl monkey, and one marmoset, each of which
did not contain any of the polymorphic Alu insertions re-
ported here (data not shown). Therefore, we conclude that
the four Alu insertions analyzed here are indeed HS and that
the polymorphism at each locus is due to the recent insertion
of each Alu element sometime after the divergence of human
and African ape lineages.

Human Genetic Variability. A total of 664 individuals from
16 populations were screened for the four polymorphic Alu
insertion loci. For each locus, the frequency of each allele
and the average heterozygosity in each population are re-
ported in Table 1. All loci were polymorphic in all populations
with the exception of APO, which was fixed for the presence
of the Alu insertion in the Quechua and Arhuaco. Only three
departures from Hardy-Weinberg equilibrium were noted
using a x?2 test for goodness of fit (Nusa Tengarra for ACE,
Greek-Cypriot for APO, and African-American for PV92).
The most likely explanation for these deviations is that they
represent normal statistical fluctuations, since there were 62
tests for goodness-of-fit to Hardy-Weinberg proportions, and
1 out of 20 tests are expected to be significant at the 5% level.
In addition, y? tests for associations between each pair of loci
were carried out for each population. No significant associ-
ations were detected, which is not surprising since each Alu
insertion is located on a different chromosome.

The heterozygosity for each population, averaged across
all four loci, was substantial, ranging from 0.134 in the
Arhuaco to 0.447 in the Nusa Tengarras (Table 1). The
Arhuaco, Australians, and Quechua have the lowest het-
erozygosities, which is not surprising since they probably
represent smaller population sizes and/or fewer founders
than the other populations. The heterozygosity for each
locus, averaged across all 16 populations, ranged from 0.290
for APO to 0.479 for PV 92 (Table 1). These heterozygosities
are quite high, especially since the Alu insertion loci are
biallelic and hence have a maximum possible heterozygosity
of 0.5 and attest to the value of these polymorphic Alu
insertion loci for population genetic studies.

To further investigate the utility of the polymorphic Alu
insertions for human population studies, the G value (16)
was calculated for each locus (Table 1). The Gy value
estimates the proportion of the total variance that is due to
differences among populations: the higher the G value, the
greater the magnitude of genetic differentiation among pop-
ulations. The G values ranged from 0.097 for TPA 25 to
0.283 for PV 92, and all were statistically significant by
contingency x2 analysis. We therefore conclude that there are
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Table 1. Distribution of polymorphic Alu insertions
TPA 25 PV 92 APO ACE
Population n  fam  Het SE  fam  Het SE  fan  Het SE  fan  Het SE  Pop. Het + SE
PNG
Coastal 47 0.160 0.271 0.052 0.362 0.467 0.028 0.660 0.454 0.032 0.660 0.454 0.032 0.411 = 0.047
Highland 69 0.159 0.270 0.043 0.239 0.367 0.038 0.681 0.438 0.029 0.739 0.388 0.036 0.366 = 0.035
Australian
Aborigine 99 0.126 0.222 0.035 0.152 0.258 0.036 0.869 0.229 0.035 0.909 0.166 0.033 0.219 % 0.019
Indonesian
Nusa
Tengarras 91 0.385 0.476 0.017 0.500 0.503 0.004 0.780 0.345 0.035 0.637 0.465 0.020 0.447 = 0.035
Moluccas 49 0.561 0.498 0.014 0.694 0.429 0.037 0.755 0.374 0.045 0.673 0.444 0.033  0.436 = 0.025
Asian
Chinese and
Vietnamese 16 0.531 0.514 0.025 0.813 0.315 0.087 0.906 0.175 0.084 0.688 0.444 0.064 0.362 + 0.075
Amerindian
Quechua 20 0.675 0.450 0.054 0.875 0.224 0.079 1.000 0.000 0.000 0.700 0.431 0.060 0.276 + 0.105
Arhuaco 20 0.125 0.224 0.079 0.975 0.050 0.047 1.000 0.000 0.000 0.850 0.262 0.080 0.134 + 0.064
Alaska Native 62 0.363 0.466 0.024 0.645 0.462 0.025 0.992 0.016 0.016 0.637 0.466 0.024 0.353 = 0.112
Cypriot
Greek 50 0.530 0.503 0.009 0.250 0.379 0.044 0.950 0.096 0.039 0.390 0.481 0.023 0.365 = 0.094
Turkish 33 0.576 0.496 0.021 0.333 0.451 0.040 0985 0.030 0.029 0.333 0.451 0.040 0.357 = 0.109
Caucasian 32 0.641 0.468 0.035 0.141 0.246 0.063 0.922 0.146 0.057 0.469 0.506 0.014 0.341 + 0.087
Pygmies
Zaire 17 0235 0.371 0.079 0.353 0471 0.052 0.853 0.258 0.086 0.324 0.451 0.060 0.388 = 0.048
CAR 17 0.206 0.337 0.083 0.265 0.401 0.073 0.735 0.401 0.073 0.118 0.214 0.085 0.338 = 0.044
Nigerian 11 0.409 0.506 0.050 0.091 0.173 0.101 0.500 0.524 0.033 0.273 0.416 0.090  0.405 *+ 0.081
African-Amer. 31 0.419 0.495 0.023 0.177 0.297 0.063 0.565 0.500 0.020 0.355 0.465 0.037 0.439 + 0.048
Locus Het 0.455 = 0.008 0.479 + 0.006 0.290 + 0.014 0.472 = 0.006
G« 0.097 0.283 0.140 0.138

faw, frequency of the Alu insertion; Het, heterozygosity; Pop. Het, heterozygosity for each population, averaged across all four loci; Locus
Het, heterozygosity for each locus, averaged across all 16 populations; Amer., American.

significant differences among human populations in the fre-
quency of each polymorphic Alu insertion, further testifying
to their usefulness as markers in studying genetic variation in
humans.

Population Relationships. To investigate the genetic rela-
tionships of the 16 populations based on the four polymorphic
Alu insertion loci, three different measures of genetic dis-
tance were calculated from the allele frequencies in Table 1,
and a NJ tree was constructed for each distance measure. We
also constructed a ML tree directly from the allele frequen-
ciesin Table 1; the ML tree is depicted in Fig. 2. The topology
of the ML tree consists of four major branches composed of

Nigeria

Australia

CAR Pygmy

Highland PNG
Coastal PNG

Zaire Pygmy
Nusa Tengarras
Greek-Cypriot African-American
Moluccas

Turkish-Cypriot Caucasian

Quechua

African (top left), Caucasian (bottom left), Pacific (top right),
and Asian as well as New World groups (bottom right). The
three NJ trees shared these same four major branches and
only differed in the order of branching among the Asian and
New World groups (data not shown); the order of branching
of populations was the same everywhere else for all four
trees.

The allele frequencies alone do not provide any informa-
tion as to the location of the root of the tree (i.¢., the position
of the ancestral population on the tree). Placement of the root
on the tree requires additional information (e.g., knowledge
of ancestral frequencies) or assumptions (e.g., a constant rate

F1G. 2. ML tree of human re-
lationships. This tree was derived
directly from the allele frequen-
cies of four polymorphic Alu re-
peats (TPA 25, APO, ACE, and
PV 92) in a total of 664 unrelated
individuals (Table 1) using PHYLIP
3.4; the log-likelihood of this tree
was 88.936. The distance between
population groups is proportional
to the branch lengths on the tree.
Addition of a hypothetical ances-
tor that does not contain the Alu
repeats results in a branch that
connects with the tree at the po-
sition denoted by the arrow in the
African branch; the asterisk indi-
cates an alternative placement of
the root that is not significantly

Arhuaco  worse than the optimal placement.
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of evolution). For most genetic polymorphisms, there is no
way to know what the allele frequencies might have been in
the ancestral population. However, since the ancestral state
for the HS polymorphic Alu insertions is the absence of the
insertion, it seems reasonable to suppose that the ancestral
population would have been fixed for the absence of the
insertion. We therefore included in the phylogenetic analyses
a hypothetical ancestral population with allele frequencies of
zero for the Alu insertion at each locus. The point at which
this hypothetical ancestral population attached to the ML
population tree is indicated by the arrow in Fig. 2 and is
within the African branch, suggesting an African origin of
these polymorphic Alu insertions. A similar placement of the
root was found with the NJ trees (data not shown).

The robustness of the placement of the root in the African
branch of the ML tree was evaluated in two ways. First, even
though the ancestral state of the HS polymorphic Alu inser-
tions is the absence of the insertion, all this really means is
that the Alu insertion occurred sometime after human and
African ape lineages diverged. The frequency of the insertion
may have been greater than zero (i.e., polymorphic) in the
actual ancestral human population from which all contem-
porary human populations are derived. We therefore sequen-
tially incremented the frequency of the Alu insertion in steps
of 0.05 at each locus in the hypothetical ancestral population
and repeated the ML analysis. The placement of the root did
not change until the frequency of each Alu insertion reached
0.45 or more in the ancestral population, indicating that the
placement of the root is actually relatively insensitive to the
hypothetical ancestral frequency of each Alu insertion. Sec-
ond, the likelihood-ratio test (22) was used to evaluate if
alternative placements of the root on the ML tree were
significantly inferior to the actual placement in Fig. 2. Moving
the root outside of the African, European, Pacific, and
Asian/Americas groupings to the branch indicated by an
asterisk in Fig. 2 does not significantly decrease the likeli-
hood, but moving the root within either the European or
Asian/Americas branches does result in trees with signifi-
cantly lower likelihoods (data not shown). Since the likeli-
hood-ratio test is based on the number of loci, with only four
loci it is not surprising that small alterations in the placement
of the root do not significantly decrease the likelihood.

DISCUSSION

Alu insertion polymorphisms have several desirable proper-
ties for studying genetic variation in human populations.
First, the nonradioactive, PCR-based detection method for
these polymorphisms makes it feasible to rapidly screen large
numbers of DNA samples isolated from a wide variety of
sources. By contrast, traditional methods for detecting DNA
polymorphisms are more time-consuming, often require ra-
dioactive isotopes, and need so much DNA that cell lines
often must be established (e.g., refs. 25 and 26).

Second, Alu insertions appear to be relatively stable inte-
grations into the genome that are rarely deleted (27, 28). Even
when deletion of an Alu element occurs, the deletion is not a
precise excision of the Alu element, but rather it leaves
behind a signature of the original insertion event (29). Also,
the rate of insertion and fixation of new Alu elements is about
100-200 per million years (5, 6), so the independent insertion
of two different Alu elements at the same location in the
genome has essentially no chance of occurring. Therefore,
individuals who share polymorphic Alu insertions inherited
them from a common ancestor, making Alu insertion poly-
morphisms identical by descent. This distinguishes Alu in-
sertions from other types of polymorphisms including RFLP
(30) and variable numbers of tandem repeats (31), which may
arise multiple times within a population and are merely
identical by state.

Proc. Natl. Acad. Sci. USA 91 (1994) 12291

Third, the four Alu insertion loci studied here were highly
variable both within and among populations. Although these
four loci were first detected as polymorphisms in Caucasian
populations, and hence might be subject to ascertainment
bias, with just two exceptions all four loci were polymorphic
in all 16 populations. Heterozygosity values were substantial,
exceeding 0.45 for three of the four loci, which is even more
remarkable when one considers that these are biallelic loci
and hence have a maximum heterozygosity of 0.5. The
insertion frequency at each locus varied significantly among
the 16 populations, with G values ranging from 0.097 to
0.283. By comparison, of 42 biallelic DNA markers studied
by Bowcock et al. (25), 23 had F; values (comparable to G5,
values) exceeding 0.097, and only four had Fy values ex-
ceeding 0.283. Since Bowcock et al. (25) studied different
populations, the comparison with the present study is not
strictly accurate, but it does illustrate that there is an appre-
ciable amount of interpopulation differentiation for these Alu
insertion polymorphisms. Thus, Alu insertion polymor-
phisms provide a useful set of DNA markers for studying
human population relationships.

This is also supported by the tree analysis of population
relationships. The genetic affinities among the population
groups reported here, based on the four polymorphic Alu
insertion loci, appear to be quite reasonable. Four main
groups were revealed, corresponding to Africa, Europe,
Asia/Americas, and Australia/New Guinea. The Australia/
New Guinea grouping is consistent with previous studies on
the genetic structure of these populations (32), as is the
placement of the New World populations (Alaska, Quechua,
and Arhuaco) with the other Asian groups (33). It is inter-
esting to note that the African-American group is placed
between Caucasians and Africans. This is not surprising since
previous studies have shown that there is a 10-30% contri-
bution of Caucasian genes to the African-American gene pool
(34). Finally, the Caucasian branch of the tree places Greek
and Turkish-Cypriots closer together than to a generic group
of U.S. Caucasians, which presumably reflects greater ethnic
heterogeneity in the group of U.S. Caucasians sampled.

The tree of population relationships based on Alu insertion
polymorphisms is very similar to population trees based on
classical blood protein markers (35, 36), nuclear DNA RFLP
loci (26, 37), microsatellite loci (38), and mitochondrial DNA
(39). While these previous studies also agree with the present
study in placing the ancestral population in Africa, these
studies had no reliable information concerning the probable
ancestral allele frequencies. Instead, the placement of the
root of the tree in all of the above studies was obtained by
assuming a constant rate of evolution. This was done either
by using the unweighted pair-group method with arithmetic
mean type of tree construction (e.g., ref. 35), which assumes
a constant rate of evolution, or by first constructing a tree by
a different method (such as NJ) and then using midpoint
rooting (e.g., refs. 36 and 38), which then invokes a constant
rate of evolution by placing the root at the midpoint of the
longest path connecting two populations. In either case, it
should be noted that the assumption of a constant rate of
evolution for such trees of population relationships means
that the rate of allele frequency change (not just the rate of
mutation) within and between populations would have been
constant in time. This assumption can be examined by
constructing trees with a method that does not assume a
constant rate of evolution (such as ML) and then comparing
the lengths of the terminal branches. For example, in Fig. 2
the terminal branches leading to the Alaska and Arhuaco
groups should have similar lengths if the rate of evolution was
approximately constant, and yet the lengths are clearly very
different. The assumption of a constant rate of evolution,
when applied to allele frequency data, is therefore at best
dubious.
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A significant advantage of using the Alu insertion poly-
morphisms to study human population relationships is that
one can make inferences regarding ancestral allele frequen-
cies, thereby avoiding the assumption of a constant rate of
evolution. Since the ancestral state of each Alu insertion is
the absence of the insertion (which is supported by the
absence of these HS Alu insertions at orthologous positions
in nonhuman primate genomes), the root of the tree can be
obtained by including a hypothetical ancestral population in
the analysis in which the frequency of the insertion is zero for
each locus. Furthermore, one can also test if alternative
placements of the root are significantly inferior, an issue that
has not been addressed in previous genetic studies of human
population relationships.

The results of such analyses indicate that the most prob-
able placement of the ancestral population for these four
polymorphic Alu insertions is in Africa. The placement of the
root does not shift unless one greatly increases the presumed
ancestral frequencies of the insertions; however, placing the
root outside the African branch in the tree is not significantly
inferior to the optimal rooting within the African branch. This
latter result is not surprising, since only four loci were
analyzed, which are too few to obtain a reliable indication of
population relationships (16). Analysis of more loci is re-
quired to obtain strong statistical support for a particular tree
topology. Nevertheless, the placement of the root within the
African branch of the tree does suggest an African origin for
these polymorphic Alu insertions. An African origin has
similarly been inferred for classical markers (35, 36), DNA
RFLP markers (26, 37), microsatellite loci (38), and mito-
chondrial DNA (39-41). Such concordant results over such
diverse data sets provides strong support for a recent African
origin of modern humans (42).

In conclusion, the application of Alu insertion polymor-
phisms to the study of human population genetics provides a
new set of rapidly and easily screened nuclear DNA markers
for investigating relationships among populations. It has been
estimated that there may be as many as 400 polymorphic Alu
insertions in the human genome (9). The isolation of addi-
tional polymorphic Alu insertions should facilitate incisive
investigation of both the evolutionary history and genetic
structure of modern population groups, as well as the analysis
of admixture between groups. In addition, Alu insertions
provide the opportunity to study evolution over even more
recent time scales. Some Alu insertions appear to be re-
stricted to single families, such as the cholinesterase Alu
family member (43). Other HS Alu insertions have been
reported that represent unique (de novo) insertions into the
NF-1 (44) and factor IX (45) loci and result in neurofibroma-
tosis and hemophilia, respectively. These Alu insertions
represent unique genetic variants located in the genomes of
single individuals from the human population. Polymorphic
Alu insertions clearly represent an ongoing evolutionary
process in the human genome, and the Alu family of repeats
represent a unique source of genetic variation for human
population genetics and forensic identity testing.
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