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We have utilized computational biology to screen GenBank for
the presence of recently integrated Ya5 and Yb8 Alu family
members. Our analysis identi®ed 2640 Ya5 Alu family members
and 1852 Yb8 Alu family members from the draft sequence of
the human genome. We selected a set of 475 of these elements
for detailed analyses. Analysis of the DNA sequences from the
individual Alu elements revealed a low level of random
mutations within both subfamilies consistent with the recent
origin of these elements within the human genome. Polymerase
chain reaction assays were used to determine the phylogenetic
distribution and human genomic variation associated with each
Alu repeat. Over 99 % of the Ya5 and Yb8 Alu family members
were restricted to the human genome and absent from ortholo-
gous positions within the genomes of several non-human pri-
mates, con®rming the recent origin of these Alu subfamilies in
the human genome. Approximately 1 % of the analyzed Ya5
and Yb8 Alu family members had integrated into previously
unde®ned repeated regions of the human genome. Analysis of
mosaic Yb8 elements suggests gene conversion played an
important role in generating sequence diversity among these
elements. Of the 475 evaluated elements, a total of 106 of the
Ya5 and Yb8 Alu family members were polymorphic for inser-
tion presence/absence within the genomes of a diverse array of
human populations. The newly identi®ed Alu insertion poly-
morphisms will be useful tools for the study of human genomic
diversity.
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Introduction

Alu elements are the most abundant Short
INterspersed Elements (SINEs), reaching a copy
number of over one million in the human gen-
ome,1 making them the mobile element with the
highest copy number. Alu repeats compose
greater than 10 % of the mass of the human gen-
ome. Full-length Alu elements are approximately
300 bp in length and commonly found in
introns, 30 untranslated regions of genes, and
intergenic genomic regions.2 ± 4 Ampli®cation of
Alu elements occurs through the reverse tran-
scription of RNA in a process termed retro-
position.5 However, Alu elements have no open
reading frames, so they are thought to parasitize
the required factors for their ampli®cation from
Long Interspersed Elements (LINEs).6 ± 8 Although
the human genome contains over one million
Alu elements, only a few Alu elements, termed
``master'' or source genes, are retroposition
competent.9 ± 13 The crucial factor(s) that deter-
mine an Alu as a functional source gene are not
fully known. Several factors have been suggested
to in¯uence the ampli®cation process, including
transcriptional capacity, priming or self-priming
for reverse transcription and others.14

Alu elements ®rst appeared in the primate gen-
omes over 65 million years (myr) ago.11 Since then,
the ampli®cation of Alu elements within the
human genome has been punctuated, with the cur-
rent rate being at least 100-fold slower than the
initial rate of Alu expansion within primate gen-
omes.15 Throughout Alu evolution, the source
gene(s) accumulated mutations that were incorpor-
ated into the new copies made, creating new Alu
subfamilies. Therefore, the Alu family is composed
of a number of distinct subfamilies characterized
by a hierarchical series of mutations that result in a
series of subfamilies of different ages.15 ± 20 Of these
subfamilies, almost all of the recently integrated
Alu elements within the human genome belong to
one of several closely related ``young'' Alu sub-
families: Y, Yc1, Yc2, Ya5, Ya5a2, Ya8, Yb8,
and Yb9 with the majority being Ya5 and Yb8
subfamily members.9,18,21,22

The availability of a draft human genomic
DNA sequence as a result of the Human Gen-
ome Project23 facilitates the ``in silico'' identi®-
cation of recently integrated Alu elements from
the human genome.17,18 This method proves to
be less demanding in comparison to older
approaches, such as cloning and library screen-
ing.9,21,24 These recently integrated Alu elements
serve as temporal landmarks in the evolution of
our genome, and many of them will prove to be
useful in the study of human evolution and in
the study of the natural history of different
regions of the genome. Here, we present an
analysis of the human genomic diversity associ-
ated with 475 members of the Alu Ya5 and Yb8
subfamilies in the human genome.
Results

Subfamily copy number and sequence diversity

In order to determine the copy number of each
subfamily of Alu elements, we searched the draft
sequence of the entire human genome for the pre-
sence of Alu repeats using oligonucleotide
sequences complementary to each of the subfami-
lies (outlined in the Materials and Methods). Our
query of the draft human genome sequence ident-
i®ed 2640 Alu Ya5 subfamily members and 1852
Alu Yb8 subfamily members. Both of these copy
numbers are in good agreement with previous esti-
mates of the sizes of these Alu subfamilies based
upon high-resolution restriction mapping and com-
putational biology.18,21

A comparison of the nucleotide sequences of all
of the Ya5 and Yb8 Alu family members can be
found at our website (http://129.81.225.52). In
order to determine the time of origin for the
respective Ya5 and Yb8 subfamilies, we divided
the nucleotide substitutions within the elements in
each family into those that occurred in CpG dinu-
cleotides and those that occurred in non-CpG pos-
itions. The distinction between types of mutations
is made because the CpG dinucleotides mutate at a
rate that is about ten times faster than non-CpG
positions9,25 as a result of the deamination of 5-
methylcytosine.26 In addition, all insertions, del-
etions and 50 truncations were excluded from our
calculations. A total of 441 non-CpG and 241 CpG
mutations occurred within the 231 Alu Ya5 sub-
family members used in this analysis. For the 244
Alu Yb8 subfamily members analyzed, a total of
478 non-CpG and 275 CpG mutations were
observed. Using a neutral rate of evolution for pri-
mate intervening DNA sequences of 0.15 % per
million years27 and the non-CpG mutation density
of 0.799 % (441/55,209) within the 231 Ya5 Alu
elements yields an estimated age of 5.32 million
years for the Ya5 subfamily members. Using only
non-CpG mutations in the 244 Yb8 sequences
yields an estimate of 5.30 million years old for the
Yb8 subfamily (478/60,024). This estimate of age is
somewhat higher than the 2.7-4.1 million years pre-
viously reported.21 However, the previous study of
Ya5 and Yb8 Alu family members involved only a
small number of elements making the calculated
subfamily ages more subject to random statistical
¯uctuation. Alternatively, the new estimated age
based upon non-CpG mutations may be arti®cially
in¯ated due to sequencing errors in the human
draft sequence that may account for an increase in
the number of mutations observed.

We can also estimate the ages of each Alu sub-
family using CpG-based mutations. The only
difference in the estimate is to multiply the CpG
mutation density by a mutation rate that is
approximately ten times the non-CpG rate as pre-
viously described.9,25 In this case we calculate an
average CpG mutation density for the Ya5 subfam-
ily (241 mutations/11088 CpG bases) or 2.17 %,



Figure 1. Evolution of the diagnostic nucleotide pos-
itions from Y to Yb8 Alu elements. (a) Alignment of the
eight Alu Yb8 diagnostic nucleotides and the different
Yb1, 2, 3, 4, etc. elements found in the databases. The
eight diagnostic nucleotides are indicated in bold at the
top for Alu Y, and for Alu Yb8 at the bottom. At pos-
ition 8, ÿ or d represents the absence or presence of the
seven nucleotide duplication, respectively. For easy
reference, individual elements containing different com-
binations of the diagnostic mutations were numbered
consecutively in order of abundance (Yb1.1, Yb1.2 , etc.).
The total number of elements found for each subgroup
is indicated on the left in parenthesis. Note that no
Yb1.1 was found (0). The total number of the Yb8 indi-
vidual diagnostic sites found in all the intermediate
elements is indicated at the bottom. (b) Alignment of
the same elements after eliminating the diagnostic sites
in Alu Y elements involving CpG to T changes. Com-
mas separate elements within the same Yb group and
dashes between different groups, i.e. Yb1.2,7-4.2 rep-
resents Yb1.2, Yb1.7 and Yb4.2. The suggested evol-
utionary order of the occurrence of the changes at the
diagnostic sites are indicated at the bottom (#1, #2 . . . ).
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and (275 mutations/11,224 CpG bases) 2.45 % for
the Yb8 subfamily. Using a neutral rate of evol-
ution for CpG based sequences of 1.5 %/million
years yields estimates of 1.44 and 1.63 million
years old for the Ya5 and Yb8 Alu subfamilies,
respectively. Both estimates are consistent with the
initiation of the expansion of the Ya5 and Yb8 Alu
subfamilies that is roughly coincident with the
divergence of humans and African apes.

Inspection of the nucleotide sequences ¯anking
each Ya5 and Yb8 Alu family member shows that
most of the elements are ¯anked by short perfect
direct repeats. The direct repeats range in size from
3-23 nucleotides. The observed direct repeats are
fairly typical of recently integrated Alu family
members.7,9 The appearance of truncations within
a number of these elements probably occurred as a
result of incomplete reverse transcription or impro-
per integration into the genome rather than by
post-integration instability. All of the Ya5 and Yb8
Alu family members analyzed have oligo(dA)-rich
tails that range in length from six nucleotides to
over 60 nucleotides in length. It is also interesting
to note that the 30 oligo(dA)-rich tails of many of
the elements have accumulated random mutations
beginning the process of the formation of simple
sequence repeats of varied sequence complexity.
The oligo(dA)-rich tails and middle A-rich regions
of Alu elements have previously been shown to
serve as nuclei for the genesis of simple sequence
repeats.28

Alu Y to Yb8 sequence evolution

In our query of the human genome, we ident-
i®ed 88 Alu elements containing one to seven of
the eight Yb8 diagnostic nucleotides. These 88
``mosaic'' elements were subdivided into Yb1, Yb2,
Yb4, Yb5, Yb6 and Yb7 depending on the number
of diagnostic changes present (Figure 1(a)). To
facilitate identi®cation of the individual elements
with different diagnostic mutation combinations,
the mosaic elements were numbered consecutively
in order of abundance (Yb1.1, Yb1.2, etc., see
Figure 1(a)). No evident sequential order of
accumulation of the Yb8 diagnostic mutations can
be easily discerned. Interpretation becomes compli-
cated due to the fact that four out the eight diag-
nostic mutations are CpG changes (positions 1, 2, 4
and 6 Figure 1(a)). The Alu Y has three CpG sites
(positions 1, 2 and 6) that become TpG in Yb8, and
Alu Yb8 has one (position 4). CpG dinucleotides
mutate at a rate that is about 9.2 times faster than
non-CpG,9,25 as a result of the deamination of 5-
methylcytosine.26 Therefore, it is dif®cult to know
if the presence of a TpG diagnostic mutation is due
to a change in the Alu source gene or in the par-
ticular individual Alu element being evaluated.
Because CpG dinucleotides represent hot spots for
mutation, a high proportion of CpG positions in
the Y subfamily might have mutated to TpG. This
makes discrimination between source gene changes
and parallel forward mutations occurring in mul-
tiple Y elements at these loci dif®cult. Therefore,
we have eliminated these sites (positions 1, 2 and
6) from our analysis (Figure 1(b)). Position 4 rep-
resents a different situation. Because the TpG to
CpG mutation occurs at the normal evolutionary
rate, it was not eliminated from the analysis. How-
ever, some variations may be observed where indi-
vidual copies might have mutated the position
back to a TpG that need to be taken into consider-
ation. Now, a sequential evolution of the appear-



20 Alu Insertion Polymorphisms and Sequence Diversity
ance of the diagnostic sites can be obtained, start-
ing with position 3, then 4, 7 and/or 8, and ®nally
position 5 (Figure 1(b)). The mutation at position 3
appears to have occurred ®rst, being the most com-
mon single nucleotide change with 15 Yb8 mosaic
elements. The other Alu Yb8 mosaic elements with
only one diagnostic nucleotide change occur in
lower frequencies and may be explained by paral-
lel mutations, post-transcriptional selection,8 or by
a forward gene conversion event. The order in
which the mutation at positions 7 and 8 (the seven
nucleotide duplication) occurred cannot be
resolved with these data. Four of the elements
(Yb6.2 in Figure 1(b)) do not ®t the proposed
sequential evolutionary pattern. In this case mul-
tiple recombination events would be required to
obtain this outcome or some selection occurring at
the retroposition process, both highly unlikely.
Alternatively, position 5 may be explained by gene
conversion events or parallel mutations. The possi-
bility of gene conversion between Alu repeats has
been suggested previously.29 In addition, limited
amounts of gene conversion between Yb8 Alu
elements21,30 and extensive levels of short gene
conversions in the Ya5 subfamily18 have been pre-
viously reported.

Phylogenetic origin

In order to determine the approximate time of
origin of each Alu subfamily member (Ya5 and
Yb8) in the primate lineage, we ampli®ed a series
of human and non-human primate DNA samples
using the polymerase chain reaction (PCR) and the
oligonucleotide primers shown in Tables 1 and 2.
In this assay, genomes that are homozygous for
the presence of an Alu element amplify a PCR pro-
duct about 400 bases in length. Genomes that do
not contain the Alu element at a particular chromo-
somal location amplify a 100 bp fragment, while
heterozygous genomes amplify both fragments.
Using this approach we investigated the phyloge-
netic origin of each Alu element. All 231 Ya5 Alu
family members were subjected to this analysis
and only one element (Ya5NBC42) was present in
the orthologous locus from the common chimpan-
zee genome. For the Yb8 subfamily, 244 elements
were assayed with one (Yb8NBC253) being present
in the common chimpanzee genome. This suggests
that almost all of these Alu elements dispersed
within the human genome sometime after the
human and African ape divergence and that less
than 0.42 % (2/475) of the Ya5 and Yb8 Alu sub-
family members in the human genome also reside
in non-human primate genomes.

Human genomic diversity

In order to determine the human genomic vari-
ation associated with each of the Ya5 and Yb8 Alu
family members, each element was subjected to
PCR ampli®cation (outlined above) on a panel of
human DNA samples. The panel was composed of
20 individuals of European origin, 20 African
Americans, 20 Greenland Natives or Asians and 20
Egyptians for a total of 80 individuals (160
chromosomes). Using this approach 134 Alu Ya5
(Table 1) and 160 Yb8 (Table 2) subfamily members
were monomorphic for the presence of the Alu
element, suggesting that these elements integrated
in the genome prior to the radiation of extant
humans. A total of 28 Ya5 and Yb8 Alu family
members appeared heterozygous in all of the indi-
viduals that were analyzed, suggesting that they
had integrated into previously unde®ned repeated
regions within the human genome as reported pre-
viously.31 In the PCR-based assay these elements
generate a pre-integration site size product from
the duplicate copies of the pre-integration site
located throughout the genome along with an Alu
®lled site from the one pre-integration site
sequence that contains the new Alu insertion.
These elements were not subjected to any further
analysis. An additional six elements were located
in other repetitive regions of the genome that were
identi®ed computationally and discarded from
further analysis. The remaining elements were
polymorphic for the presence of an Alu repeat
within the genomes of the test panel individuals
(Tables 3 and 4). Loci that were polymorphic for
the presence/absence of individual Alu insertions
were subsequently classi®ed as high, low or inter-
mediate frequency insertion polymorphisms
(de®ned in Tables 1 and 2). The unbiased hetero-
zygosity values (corrected for small sample sizes)
for these polymorphic Alu insertions were variable,
and approached the theoretical maximum of 50 %
in several cases. This suggests that many of these
Alu insertion polymorphisms will make excellent
markers for the study of human population gen-
etics. Approximately 25 % (58/231) of the ran-
domly identi®ed Ya5 and 20 % (48/244) of the Yb8
Alu family members are polymorphic for insertion
presence/absence within the human genome.
These results are in good agreement with previous
estimates of the percentages of insertion poly-
morphisms within these two Alu subfamilies.21

The Alu inserts that have been in the genome
longest are more likely to approach ®xation. There-
fore, we might expect to ®nd different levels of
sequence divergence for the Alu elements from
each insertion frequency class. Using this approach
the average number of non-CpG/CpG-based
mutations for the Ya5 Alu family was 1.62/1.06,
2.83/0.67, 2.16/0.66 and 2.53/1.0 for the ®xed pre-
sent, high frequency, intermediate frequency and
low frequency Alu insertion polymorphisms,
respectively. In the case of the Yb8 subfamily the
average number of non-CpG/CpG mutations was
1.86/1.16, 5.0/0.6, 2.2/0.66 and 1.7/1.2 for the
®xed present, high frequency, intermediate fre-
quency and low frequency Alu insertion poly-
morphisms, respectively. In all cases the standard
deviations for each average were as large or larger
than the average number of mutations re¯ecting
the heterogeneity in the dataset. No detectable
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difference in the mutation density within each fre-
quency class of Alu insertions was observed.
Therefore, our data suggest that any sequence
differences between the polymorphic elements and
those with ®xed presence may be obscured because
of the small number of total mutations and sequen-
cing errors (see Discussion).

Discussion

Alu elements account for more than 10 % of the
mass of the human genome. The majority of Alu
elements integrated into the genome early in pri-
mate evolution. Only a small number of elements
(a few thousand) have ampli®ed in the human
genome after the divergence of humans and Afri-
can apes. Here, we report an investigation of the
dispersion and insertion polymorphism of the two
largest subfamilies of recently integrated Alu
repeats within the human genome. Our copy num-
ber estimates of 2640 Ya5 and 1852 Yb8 Alu
elements within the draft sequence of the human
genome are in fairly good agreement with previous
estimates of the sizes of these Alu subfamilies
although they both exceed the previously pub-
lished ®gures.21

Using the mutation density and a neutral
mutation rate we were able to estimate the ages of
each subfamily as 5.32 million years (myr) old for
Ya5 and 5.30 myr old for Yb8 using non-CpG-
based estimates and 1.44 myr (Ya5) and 1.71 myr
(Yb8) using the CpG mutation density. Each of
these reported average ages based upon non-CpG
mutation density is substantially higher than those
reported previously of about 1 myr and 2.7 to 4.1
myr for the Ya5 and Yb8 subfamilies, while the
estimates based upon CpG mutation density com-
pare favorably to those previously reported.21,32 If
we assume a linear ampli®cation of these Alu sub-
families in the human genome, the oldest elements
would be no greater than 10.64 myr old for Ya5
and 10.6 myr old for Yb8 using non-CpG mutation
density, or 2.88 myr old for Ya5 and 3.42 myr old
for Yb8 using the CpG mutation density. The non-
CpG based estimates for the oldest subfamily
members appears to be somewhat higher than
expected for a group of repeated DNA sequences
that largely ampli®ed within the human genome
after the divergence of humans and African apes
which is thought to have occurred within the last
4-6 myr.27 This discrepancy between the two esti-
mates can be explained by considering sequencing
errors as a potential factor in¯uencing our current
calculations. In the determination of the non-CpG
mutations for the estimation of the Alu subfamily
age, sequencing errors would be included in the
count as mutations, making the estimated age
higher than the actual age for the subfamily. If we
assume that the sequencing errors are distributed
evenly across the entire Alu sequence, then the
number of sequencing errors would be higher in
the non-CpG-based estimates than the CpG-based
estimates, since there are more non-CpG (242-246)
than CpG (only 44-48) nucleotides in the subfamily
consensus sequences. Our observation that the
levels of sequence divergence from the subfamily
consensus sequences do not effectively correlate
with polymorphism levels in the human genome
also argues that it will not be bene®cial to use
sequence divergence from the subfamily consensus
sequences as a method for the identi®cation of
additional polymorphic members of these Alu sub-
families.

We can also compare the calculated ages of each
Alu subfamily based upon CpG mutation density
as a whole to the estimated percentages of Alu
insertion polymorphisms and copy number to
evaluate the contribution that these elements make
to human genomic diversity. Here, we report esti-
mated ages of 1.44 myr for the Ya5 subfamily and
1.71 myr for the Yb8 subfamily. The percentage of
Alu insertion polymorphisms in each of the subfa-
milies was 25 % for the Ya5 subfamily and 20 % for
the Yb8 subfamily. The copy numbers of the two
subfamilies of Alu elements were also different
with 2640 Ya5 Alu elements and 1852 Yb8
elements. When considered together these data
indicate that the Ya5 Alu subfamily with both a
higher copy number and more insertion poly-
morphisms has been more successful at ampli®ca-
tion within the human genome. In fact, if we
assume that the ages of the two subfamilies are
about the same the Ya5 subfamily has been about
40 % more ef®cient at ampli®cation in terms of
both copy number and the generation of new Alu
insertion polymorphisms within the human gen-
ome. Although the sample size is presently small,
this is also in good agreement with the number of
previously reported Ya5 (six) and Yb8 (three) Alu
repeats associated with different human diseases
(reviewed in ref. 22). In addition, these data also
provide compelling support for the simultaneous
expansion of multiple Alu subfamilies within the
human genome. The reasons for the differential
ampli®cation of the two Alu subfamilies remain
unknown. However, they likely reside in the abil-
ity of each subfamily to produce RNA for retropo-
sition or at some other point in the process of
retroposition itself such as the reverse transcription
step. Further experiments will be required to deter-
mine the precise molecular mechanism(s) leading
to the differential expansion of these two Alu sub-
families within the human genome.

Using the non-CpG-based average ages of the
Ya5 and Yb8 Alu subfamilies along with a linear
ampli®cation rate we can also estimate the number
of members from each Alu subfamily that should
be present within the orthologous loci of the non-
human primate genomes. Using this approach the
oldest Alu repeats from each subfamily would be
approximately twice the average age. In other
words, the Ya5 subfamily would have begun to
expand 10.64 myr ago with the Yb8 subfamily hav-
ing expanded about 10.6 myr ago. If we assume
that humans and African apes diverged from each



Table 1. Alu Ya5 accession numbers, locations, human diversity, oligonucleotide primers and PCR parameters
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other only 4 myr ago, then we can calculate that
6.64/10.64 (62 %) and 6.6/10.6 (62 %) of the Ya5
and Yb8 Alu elements should also be found at
orthologous positions within the genomes of non-
human primates. If we shift the divergence of
humans and African apes to 6 million years ago
then the estimates change to 4.64/10.64 (44 %) and
4.6/10.6 (43 %). However, less than 0.42 % of the
elements were also located in orthologous pos-
itions in the genome of the common chimpanzee.
The observed distribution of Ya5 and Yb8 Alu
repeats located within the common chimpanzee
genome would require a human and non-human
primate divergence of greater than 10 myr ago.
This is clearly a much older divergence time than
is commonly accepted.

Three potential explanations may account for
this. One is the selective removal of Alu elements
from orthologous positions in non-human primate
genomes effectively resulting in an ascertainment
bias against elements in the non-human primate
genomes because our elements were obtained by
scanning a database of human genomic sequences.
However, we consider this to be highly unlikely,
because there are no known mechanisms to speci®-
cally remove Alu elements from primate genomes
and even when an element is partially deleted
from the genome it leaves behind a signature of
itself.33 A second and more likely explanation is
that the ampli®cation rate for these subfamilies has
increased recently in the human lineage. Alterna-
tively, the higher average ages for each of the Alu
subfamilies than those previously reported may
re¯ect a higher sequencing error rate in the gen-
ome database, resulting in an in¯ated age estimate
for the Alu subfamilies. The estimated ages of the
subfamilies are also in¯ated by the faster accumu-
lation of non-CpG based mutations (as a result of
the larger number of potential target sites) as com-
pared to CpG nucleotides. Therefore, the use of the
CpG-based mutation density for Alu subfamily age
estimates will be much more accurate than the use
of non-CpG mutation density-based estimates
using the current draft sequence of the human gen-
ome. The magnitude of the putative sequencing
errors can be estimated by comparing the pre-
viously reported non-CpG mutation density
for these Alu subfamilies of approximately 0.4 %
for the Ya5 and Yb8 Alu elements to the levels
reported here of approximately 0.8 % for the
same subfamilies. Therefore, the maximum
possible error rate would be estimated as
0.8 % ÿ 0.4 % � 0.4 %. In our data analysis, there
are a few Alu elements with much higher mutation
densities than previously seen. We are not sure
whether these represent a small number of auth-
entic, highly divergent subfamily members
(approximately 10 % divergence), or the concen-
tration of sequence errors in a few elements. Thus,
other than the possibility of a few areas where
errors may be concentrated, there is a relatively
low sequencing error rate across the entire data-
base, demonstrating the reliability of the draft
human genomic sequence. Large scale re-sequen-
cing of the Alu elements characterized in this
paper would resolve this issue and allow for an
accurate estimate of sequencing error rates within
the draft human genomic sequence; it would also
provide a re®ned estimation of the average age of
the Alu Ya5 and Yb8 subfamilies as well.

SINE retroposition is the primary mode of
mobilization of Alu elements, where mutations in
the source gene(s) create their sequence evolution.
However, previously we reported that gene
conversion and genetic instability might have also
signi®cantly impacted the Alu sequence
architecture.18 Our analysis of the Yb8 mosaic
elements also suggests that gene conversion may
have in¯uenced the evolution of the Yb8 Alu sub-
family. Among the alternative explanations for the
occurrence of mosaic elements, multiple parallel
mutations seems unlikely; unless there was selec-
tion for these speci®c mutations, such as the post-
transcriptional selection previously proposed.8

However, a selection process that would only
select for these speci®c mutations would be
improbable. Recombination may have generated
some of these mosaic elements, but multiple
recombination events would be required, making it
unlikely. Therefore, we believe gene conversion to
be the most likely explanation for the existence of
the mosaic Alu elements.

Our analysis of the human genomic diversity
associated with the Ya5 and Yb8 Alu elements
reported here resulted in the recovery of 106 new
Alu insertion polymorphisms. The percentages of
Alu insertion polymorphisms recovered from each
subfamily were 25 % and 20 % for the Ya5 and Yb8
subfamilies, respectively. The percentages of Alu
insertion polymorphisms in these two subfamilies
are in good agreement with previously published
insertion polymorphism estimates for these Alu
subfamilies.21 We can also estimate the total num-
ber of Alu insertion polymorphisms within the
draft sequence of the human genome using our
copy number estimates and the percentage of Alu
insertion polymorphisms associated with each
family. Using this approach we should recover
2640 � 0.25 or about 660 Ya5 Alu insertion poly-
morphisms and 1852 � 0.20 or about 370 Yb8 Alu
insertion polymorphisms through the exhaustive
analysis of the draft sequence of the human gen-
ome. Therefore, the exhaustive analysis of the
entire Ya5 and Yb8 Alu subfamilies from the draft
sequence of the human genome should generate a
little more than 1000 Alu insertion polymorphisms
from these subfamilies.

Additional Alu insertion polymorphisms that are
present in diverse human genomes may also be
recovered using PCR based display approaches
such as those previously reported for Alu and
LINE elements.17,34 Each of the Alu insertion poly-
morphisms in the genome is a temporal genomic
fossil that is identical by descent with a known
ancestral state.35,36 Previously, the analysis of Alu
insertion polymorphisms has proved useful for the



Table 2. Alu Yb8 accession numbers, locations, human diversity, oligonucleotide primers and PCR parameters 2
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T ble 3. Alu Ya5 subfamily associated human genomic diversity

African American Greenland natives/Asianc European Egyptian

Genotypes Genotypes Genotypes Genotypes

E ments �/� �/ÿ ÿ/ÿ fAlu Heta �/� �/ÿ ÿ/ÿ fAlu Heta �/� �/ÿ ÿ/ÿ fAlu Heta �/� �/ÿ ÿ/ÿ fAlu Heta
Avg.
Hetb

A Intermediate frequency
Y 5NBC5 2 5 5 0.38 0.49 3 2 8 0.31 0.44 1 6 11 0.22 0.36 2 8 4 0.43 0.51 0.45
Y 5NBC22 3 15 1 0.55 0.51 4 14 0 0.61 0.49 1 16 1 0.50 0.51 19 1 0 0.98 0.05 0.39
Y 5NBC27 0 5 14 0.13 0.24 0 8 11 0.21 0.34 2 7 9 0.31 0.44 2 7 10 0.29 0.42 0.36
Y 5NBC35 9 10 1 0.70 0.43 5 12 2 0.58 0.50 8 12 0 0.70 0.43 7 13 0 0.68 0.45 0.45
Y 5NBC37 2 2 13 0.18 0.30 1 4 12 0.18 0.30 3 2 15 0.20 0.33 4 3 10 0.32 0.45 0.34
Y 5NBC45 7 7 2 0.66 0.47 19 0 0 1.00 0.00 17 0 0 1.00 0.00 8 3 0 0.86 0.25 0.18
Y 5NBC51 4 10 3 0.53 0.51 5 6 8 0.42 0.50 6 7 7 0.48 0.51 3 8 9 0.35 0.47 0.50
Y 5NBC57 10 1 2 0.81 0.32 4 8 3 0.53 0.52 13 2 1 0.88 0.23 9 1 1 0.86 0.25 0.33
Y 5NBC61 10 6 3 0.68 0.44 5 2 10 0.35 0.47 9 7 1 0.74 0.40 8 4 5 0.59 0.50 0.45
Y 5NBC96 17 2 0 0.95 0.10 9 5 3 0.68 0.45 18 1 0 0.97 0.05 16 3 0 0.92 0.15 0.19
Y 5NBC102 3 2 13 0.22 0.36 0 0 6 0.00 0.00 3 4 12 0.26 0.40 2 0 13 0.13 0.24 0.25
Y 5NBC109 7 11 1 0.66 0.46 7 11 2 0.63 0.48 5 13 1 0.61 0.49 7 8 4 0.58 0.50 0.48
Y 5NBC120 7 11 0 0.69 0.44 15 4 0 0.90 0.19 8 12 0 0.70 0.43 14 5 0 0.87 0.24 0.32
Y 5NBC123 5 7 7 0.45 0.51 6 5 4 0.57 0.51 14 5 1 0.83 0.30 11 5 1 0.79 0.34 0.41
Y 5NBC131 0 5 6 0.23 0.37 0 9 8 0.27 0.40 0 11 6 0.32 0.45 0 15 2 0.44 0.51 0.43
Y 5NBC132 4 0 5 0.44 0.52 9 0 0 1.00 0.00 13 0 0 1.00 0.00 11 0 1 0.92 0.159 0.17
Y 5NBC148 7 6 6 0.53 0.51 2 6 12 0.25 0.39 0 0 20 0.00 0.00 0 0 17 0.00 0.00 0.22
Y 5NBC150 17 0 0 1.00 0.00 4 0 14 0.22 0.36 19 0 1 0.95 0.10 17 0 1 0.94 0.11 0.14
Y 5NBC154 0 12 5 0.35 0.47 0 7 9 0.22 0.35 0 12 8 0.30 0.43 3 4 13 0.25 0.39 0.41
Y 5NBC160 2 7 9 0.31 0.44 0 0 19 0.00 0.00 0 0 19 0.00 0.00 0 4 12 0.13 0.23 0.17
Y 5NBC174 0 5 3 0.31 0.46 0 3 8 0.14 0.25 0 12 8 0.30 0.43 2 5 9 0.28 0.42 0.39
Y 5NBC182 2 9 9 0.33 0.45 9 8 0 0.77 0.37 5 6 7 0.44 0.51 1 10 3 0.43 0.51 0.46
Y 5NBC201 6 6 5 0.53 0.51 4 7 6 0.44 0.51 16 3 0 0.92 0.15 8 7 2 0.68 0.45 0.41
Y 5NBC210 0 4 15 0.11 0.19 0 1 15 0.03 0.06 0 4 16 0.10 0.19 0 4 12 0.13 0.23 0.17
Y 5NBC216 5 7 5 0.50 0.52 6 8 5 0.53 0.51 7 12 0 0.68 0.44 0 0 10 0.00 0.00 0.37
Y 5NBC219 0 10 9 0.26 0.40 1 12 7 0.35 0.47 0 11 9 0.28 0.41 0 0 6 0.00 0.00 0.32
Y 5NBC221 5 7 4 0.53 0.51 9 5 3 0.68 0.45 16 0 1 0.94 0.11 13 2 0 0.93 0.13 0.30
Y 5NBC311c 12 1 6 0.66 0.46 11 4 2 0.77 0.37 15 1 4 0.78 0.36 11 2 4 0.71 0.43 0.41
Y 5NBC313c 9 3 5 0.62 0.49 4 6 6 0.44 0.51 2 8 3 0.46 0.52 5 6 3 0.57 0.50 0.50
Y 5NBC324c 0 8 1 0.44 0.52 0 15 1 0.47 0.51 0 14 4 0.39 0.49 0 15 1 0.47 0.51 0.51
Y 5NBC325c 0 10 10 0.25 0.39 0 9 9 0.25 0.39 0 11 9 0.28 0.41 0 6 6 0.25 0.39 0.39
Y 5NBC327c 2 9 9 0.33 0.45 13 6 1 0.80 0.33 19 0 0 1.00 0.00 7 6 1 0.71 0.42 0.30
Y 5NBC333c 5 5 9 0.40 0.49 4 7 8 0.49 0.49 3 8 8 0.37 0.48 5 3 5 0.50 0.52 0.50
Y 5NBC347c 17 2 1 0.90 0.19 4 7 8 0.40 0.49 7 8 2 0.65 0.47 11 1 5 0.68 0.45 0.40
Y 5NBC351c 3 12 3 0.55 0.51 7 9 3 0.61 0.49 13 3 3 0.76 0.37 11 1 5 0.68 0.45 0.46
Y 5NBC354c 0 2 16 0.06 0.11 2 6 10 0.28 0.41 10 4 5 0.63 0.48 2 4 9 0.27 0.41 0.35
Y 5NBC361c 0 9 10 0.24 0.37 2 11 5 0.42 0.50 0 5 12 0.15 0.26 3 3 7 0.35 0.47 0.40
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Table 4. Alu Yb8 subfamily associated human genomic diversity

African American Greenland natives/Asianc European Egyptian

Genotypes Genotypes Genotypes Genotypes

Elements �/� �/ÿ ÿ/ÿ fAlu Heta �/� �/ÿ ÿ/ÿ fAlu Heta �/� �/ÿ ÿ/ÿ fA Heta �/� �/ÿ ÿ/ÿ fAlu Heta
Avg.
Hetb

A. Intermediate frequency
Yb8NBC3 10 2 0 0.92 0.16 12 4 0 0.88 0.23 4 6 0 0.7 0.44 9 0 0 1.00 0.00 0.207
Yb8NBC7 5 8 0 0.69 0.51 4 14 0 0.61 0.49 1 16 1 0.5 0.51 19 1 0 0.98 0.05 0.39
Yb8NBC8 8 1 0 0.94 0.11 10 4 0 0.86 0.25 11 1 2 0.8 0.30 12 2 3 0.77 0.37 0.26
Yb8NBC9 3 5 10 0.31 0.44 2 3 13 0.19 0.32 5 1 9 0.3 0.48 0 7 8 0.23 0.37 0.402
Yb8NBC10 9 9 0 0.75 0.39 9 11 0 0.73 0.41 12 7 0 0.8 0.31 11 5 0 0.84 0.27 0.344
Yb8NBC18 1 0 15 0.06 0.12 2 9 9 0.33 0.45 0 6 14 0.1 0.26 1 6 11 0.22 0.05 0.22
Yb8NBC30 8 6 0 0.79 0.35 7 11 0 0.69 0.44 5 8 0 0.6 0.44 14 2 0 0.94 0.12 0.338
Yb8NBC36 5 14 1 0.60 0.49 8 0 0 1.00 0.00 10 9 0 0.7 0.37 8 8 0 0.75 0.39 0.312
Yb8NBC48 0 4 6 0.20 0.34 0 1 2 0.17 0.33 0 3 4 0.2 0.36 0 2 3 0.20 0.36 0.347
Yb8NBC49 1 9 10 0.28 0.41 7 8 5 0.55 0.51 5 9 6 0.4 0.51 1 8 9 0.28 0.41 0.46
Yb8NBC65 7 6 5 0.56 0.51 3 10 7 0.40 0.49 7 4 9 0.4 0.51 2 5 9 0.28 0.42 0.481
Yb8NBC67 8 5 5 0.58 0.50 9 6 4 0.63 0.48 13 2 0 0.9 0.13 4 7 4 0.50 0.52 0.406
Yb8NBC71 0 3 13 0.09 0.18 3 3 10 0.28 0.42 0 5 12 0.1 0.26 2 2 9 0.23 0.37 0.304
Yb8NBC77 2 2 16 0.15 0.26 2 0 16 0.11 0.20 0 1 17 0.0 0.06 0 0 16 0.00 0.00 0.13
Yb8NBC80 1 4 15 0.15 0.26 2 5 12 0.24 0.37 3 1 15 0.1 0.31 2 5 8 0.30 0.43 0.344
Yb8NBC93 1 3 10 0.18 0.30 7 5 2 0.18 0.30 7 2 5 0.5 0.51 12 4 1 0.82 0.30 0.35
Yb8NBC96 0 7 9 0.22 0.35 0 14 3 0.41 0.50 0 3 15 0.0 0.16 0 5 7 0.21 0.34 0.338
Yb8NBC106 4 6 7 0.41 0.50 2 8 10 0.30 0.43 0 2 18 0.0 0.10 3 5 11 0.29 0.42 0.362
Yb8NBC108 2 11 7 0.38 0.48 2 10 7 0.37 0.48 0 3 11 0.1 0.20 3 4 10 0.29 0.43 0.396
Yb8NBC109 0 11 8 0.29 0.42 1 11 8 0.33 0.45 4 1 6 0.4 0.51 7 0 11 0.39 0.49 0.467
Yb8NBC120 5 8 5 0.50 0.51 5 6 8 0.42 0.50 8 7 3 0.6 0.48 4 2 6 0.42 0.51 0.499
Yb8NBC125 0 0 20 0.00 0.00 0 3 16 0.08 0.15 0 3 17 0.0 0.14 0 5 14 0.13 0.24 0.132
Yb8NBC146 18 0 2 0.90 0.19 12 1 1 0.89 0.20 16 0 2 0.8 0.20 10 1 6 0.62 0.49 0.268
Yb8NBC148 11 0 2 0.85 0.27 11 1 6 0.64 0.48 6 2 10 0.3 0.49 13 3 4 0.75 0.41 0.411
Yb8NBC157 19 0 1 0.95 0.10 6 5 1 0.71 0.43 3 9 6 0.4 0.50 16 2 2 0.85 0.26 0.322
Yb8NBC160 0 12 8 0.25 0.39 0 13 7 0.33 0.45 0 10 10 0.2 0.39 1 6 13 0.20 0.33 0.387
Yb8NBC189 10 10 0 0.75 0.39 18 2 0 0.95 0.10 9 7 2 0.6 0.44 18 2 0 0.95 0.10 0.254
Yb8NBC201 5 9 0 0.59 0.50 3 8 7 0.39 0.49 9 5 6 0.5 0.50 2 9 8 0.34 0.46 0.488
Yb8NBC208 5 6 5 0.50 0.52 18 2 1 0.91 0.18 10 8 2 0.7 0.43 15 4 1 0.85 0.26 0.346
Yb8NBC225c 10 9 1 0.73 0.41 12 2 4 0.72 0.41 11 6 3 0.7 0.43 8 2 5 0.60 0.50 0.4375
Yb8NBC227c 10 8 2 0.70 0.43 5 6 5 0.50 0.52 18 2 0 0.9 0.10 15 4 1 0.85 0.26 0.326
Yb8NBC230c 1 2 11 0.14 0.25 0 0 19 0.00 0.00 0 2 15 0.0 0.11 1 4 3 0.38 0.50 0.217
Yb8NBC237c 13 4 1 0.83 0.29 12 5 2 0.76 0.37 15 2 0 0.9 0.11 10 8 1 0.74 0.40 0.293
Yb8NBC241c 0 0 16 0.00 0.00 2 0 14 0.13 0.23 2 3 10 0.2 0.37 1 6 8 0.27 0.41 0.25
Yb8NBC268c 0 13 5 0.36 0.48 0 7 12 0.18 0.31 1 9 8 0.3 0.44 0 5 12 0.15 0.26 0.37
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study of human population genetics.35 ± 43 The
newly identi®ed Alu insertion polymorphisms
from the Ya5 and Yb8 Alu subfamilies should
prove useful for the study of human population
genetics.

Materials and Methods

Cell lines and DNA samples

The cell lines used to isolate primate DNA samples
were as follows: human (Homo sapiens), HeLa (ATCC
CCL2); and chimpanzee (Pan troglodytes), Wes (ATCC
CRL1609). Cell lines were maintained as directed by the
source and DNA isolations were performed using
Wizard genomic DNA puri®cation (Promega). Human
DNA samples from the European, African American,
Asian, Egyptian, and Greenland Native population
groups were isolated from peripheral blood
lymphocytes44 available from previous studies.18

Computational analyses

Initial screening of the GenBank non-redundant and
high throughput genomic sequence (HTGS) databases
was performed using the Basic Local Alignment Search
Tool (BLAST)45 available from the National Center
for Biotechnology Information (http://www.ncbi.
nlm.nih.gov/). Copy number estimates were determined
using Megablast and the draft human genome sequence
database.46 The database was searched for exact
complements to the oligonucleotide 50-CCATCCC-
GGCTAAAAC-30 and 50-TGCGCCACTGCAGTCCG-
CAGTCCG-30 that are exact matches to a portion of the
Alu Ya5 and Yb8 subfamily consensus sequences
(respectively) that contain unique diagnostic mutations.21

Sequences that were exact complements to the oligonu-
cleotides were then subjected to more detailed annota-
tion. A region composed of 500-1000 bases of ¯anking
DNA sequence directly adjacent to the sequences ident-
i®ed from the databases that matched the initial
GenBank BLAST query were subjected to annotation
using the RepeatMasker2 program from the University
of Washington Genome Center server (http://ftp.
genome.washington.edu/c/s.dll/RepeatMasker) or Cen-
sor from the Genetic Information Research Institute
(http://www.girinst.org/Censor_Server-Data_Entry_
Forms.html).47 These programs annotate the repeat
sequence content of individual sequences from humans
and rodents. A complete list of the Alu elements ident-
i®ed from the GenBank search is available from MAB.
The copy numbers for each subfamily of Alu elements
were determined by screening the draft sequence of the
entire human genome with the oligonucleotides shown
above.23 For the Yb8 subfamily analysis, the database
was searched for matches to the consensus Yb8 sequence
without the seven-nucleotide duplication (287 bases).
The sequences were then subjected to more detailed
analysis using MegAlign (DNAStar version 3.1.7 for
Windows 3.2) selecting only for Yb8 intermediate
elements containing between one and seven of the Yb8
diagnostic sites.

Primer design and PCR amplification

PCR primers were designed from ¯anking unique
DNA sequences adjacent to individual Ya5 and Yb8 Alu
elements using the Primer3 software (Whitehead Insti-
tute for Biomedical Research, Cambridge, MA, USA)
(http://www.genome.wi.mit.edu/cgi-bin/primer/pri-
mer3_www.cgi). The resultant PCR primers were
screened against the GenBank non-redundant database
for the presence of repetitive elements using the BLAST
program, and primers that resided within known repeti-
tive elements were discarded and new primers were
designed. PCR ampli®cation was carried out in 25 ml
reactions using 50-100 ng of target DNA, 40 pM of each
oligonucleotide primer, 200 mM dNTPs in 50 mM KCl,
1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.4) and Taq1

DNA polymerase (1.25 units) as recommended by the
supplier (Life Technologies). Each sample was subjected
to the following ampli®cation cycle: an initial denatura-
tion of 150 seconds at 94 �C, one minute of denaturation
at 94 �C, one minute at the annealing temperature, one
minute of extension at 72 �C, repeated for 32 cycles, fol-
lowed by a ®nal extension at 72 �C for ten minutes. For
analysis, 20 ml of each sample was fractionated on a 2 %
agarose gel with 0.25 mg/ml ethidium bromide. PCR
products were directly visualized using UV ¯uorescence.
The sequences of the oligonucleotide primers, annealing
temperatures, PCR product sizes and chromosomal
locations for all Ya5 and Yb8 elements can be found on
our website (http://129.81.225.52). Phylogenetic analysis
of all the ascertained Alu elements was determined by
PCR ampli®cation of human and non-human primate
DNA samples. The human genomic diversity associated
with each Alu element was determined by the ampli®ca-
tion of 20 individuals from each of four populations
(African-American, Greenland Native or Asian, Euro-
pean and Egyptian) (160 total chromosomes). The chro-
mosomal location of Alu repeats identi®ed from clones
that had not been previously mapped was determined
by PCR ampli®cation of National Institute of General
Medical Sciences (NIGMS) human/rodent somatic cell
hybrid mapping panel 2 (Coriell Institute for Medical
Research, Camden, NJ).

Acknowledgments

A.M.R. was supported by a Brown Foundation fellow-
ship from the Tulane Cancer Center. This research was
supported by National Institutes of Health RO1
GM45668 (P.L.D.) and RO1 GM59290 (L.B.J. and
M.A.B.), Department of the Army DAMD17-98-1-8119
(P.L.D. and M.A.B.), and Louisiana Board of Regents
Millennium Trust Health Excellence Fund HEF (2000-
05)-05 and HEF (2000-05)-01 (M.A.B. and P.L.D.).

References

1. Smit, A. F. (1999). Interspersed repeats and other
mementos of transposable elements in mammalian
genomes. Curr. Opin. Genet. Dev. 9, 657-663.

2. Deininger, P. L. & Batzer, M. A. (1993). Evolution of
retroposons. In Evolutionary Biology (Heckht, M. K.,
et al., eds), pp. 157-196, Plenum Publishing, New
York.

3. Maklalowski, W., Mitchell, G. & Labuda, D. (1994).
Alu sequences in the coding regions of mRNA: a
source of protein variablility. Trends Genet. 10, 188-
193.

4. Makalowski, W., Zhang, J. & Boguski, M. (1996).
Comparative analysis of 1,196 orthologous mouse



Alu Insertion Polymorphisms and Sequence Diversity 39
and human full-length mRNA and protein
sequences. Genome Res. 6, 846-857.

5. Weiner, A., Deininger, P. L. & Efstratiadis, A. (1986).
The reverse ¯ow of genetic information: pseudo-
genes and transposable elements derived from non-
viral cellular RNA. Annu. Rev. Biochem. 55, 631-661.

6. Boeke, J. (1997). LINEs and Alus - the polyA connec-
tion. Nature Genet. 16, 37-43.

7. Jurka, J. (1997). Sequence patterns indicate an
enzymatic involvement in integration of mammalian
retroposons. Proc. Natl Acad. Sci. USA, 94, 1872-1877.

8. Sinnett, D., Richer, C., Deragon, J. M. & Labuda, D.
(1992). Alu RNA transcripts in human embryonal
carcinoma cells. Model of post-transcriptional selec-
tion of master sequences. J. Mol. Biol. 226, 689-706.

9. Batzer, M. A., Kilroy, G. E., Richard, P. E., Shaikh,
T. H., Desselle, T. D. et al. (1990). Structure and
variability of recently inserted Alu family members.
Nucl. Acids Res. 18, 6793-6798.

10. Deininger, P. L., Batzer, M. A., Hutchison, C. &
Edgell, M. (1992). Master genes in mammalian
repetitive DNA ampli®cation. Trends Genet. 8, 307-
312.

11. Deininger, P. L. & Daniels, G. (1986). The recent
evolution of mammalian repetitive DNA elements.
Trends Genet. 2, 76-80.

12. Lee¯ang, E. P., Liu, W-M., Hashimoto, C.,
Choudary, P. V. & Schmid, C. W. (1992). Phyloge-
netic evidence for multiple Alu source genes. J. Mol.
Evol. 35, 7-16.

13. Lee¯ang, E. P., Liu, W-M., Chesnokov, I. N. &
Schmid, C. W. (1993). Phylogenetic isolation of a
human Alu ¯ounder gene: drift to new subfamily
identity. J. Mol. Evol. 37, 559-565.

14. Schmid, C. & Maraia, R. (1992). Transcriptional and
transpositional selection of active SINE sequences.
Curr. Opin. Genet. Dev. 2, 874-882.

15. Shen, M., Batzer, M. A. & Deininger, P. L. (1991).
Evolution of the Master Alu Gene(s). J. Mol. Evol. 33,
311-320.

16. Batzer, M. A., Deininger, P. L., Hellmann-Blumberg,
U., Jurka, J., Labuda, D. et al. (1996). Standardized
nomenclature for Alu repeats. J. Mol. Evol. 42, 3-6.

17. Roy, A. M., Carroll, M. L., Kass, D. H., Nguyen,
S. V., Salem, A-H. et al. (1999). Recently integrated
human Alu repeats: ®nding needles in the haystack.
Genetica, 107, 1-13.

18. Roy, A. M., Carroll, M. L., Nguyen, S. V., Salem,
A-H., Oldridge, M. et al. (2000). Potential gene con-
version and source gene(s) for recently integrated
Alu elements. Genome Res. 10, 1485-1495.

19. Slagel, V., Flemington, E., Traina-Dorge, V.,
Bradshaw, H., Jr. & Deininger, P. L. (1987). Cluster-
ing and subfamily relationships of the Alu family in
the human genome. Mol. Biol. Evol. 4, 19-29.

20. Willard, C., Nguyen, H. T. & Schmid, C. W. (1987).
Existence of at least three distinct Alu subfamilies.
J. Mol. Evol. 26, 180-186.

21. Batzer, M. A., Rubin, C. M., Hellmann-Blumberg,
U., Alegria-Hartman, M., Lee¯ang, E. P. et al. (1995).
Dispersion and insertion polymorphism in two
small subfamilies of recently ampli®ed Alu repeats.
J. Mol. Biol. 247, 418-427.

22. Deininger, P. L. & Batzer, M. A. (1999). Alu Repeats
and human disease. Mol. Genet. Metab. 67, 183-193.

23. Lander, E. S., Linton, L. M., Birren, B. & Nusbaum,
R. et al. (2001). Initial sequencing and analysis of the
human genome. Nature, 409, 860-921.
24. Arcot, S. S., Shaikh, T. H., Kim, J., Bennett, L.,
Alegria-Hartman, M. et al. (1995). Sequence diversity
and chromosomal distribution of ``young'' Alu
repeats. Gene, 163, 273-278.

25. Labuda, D. & Striker, G. (1989). Sequence conserva-
tion in Alu evolution. Nucl. Acids Res. 17, 2477-2491.

26. Bird, A. P. (1980). DNA methylation and the
frequency of CpG in animal DNA. Nucl. Acids Res.
8, 1499-1504.

27. Miyamoto, M. M., Slightom, J. L. & Goodman, M.
(1987). Pylogenetic relations of humans and African
apes from DNA sequences in the pseudo-Z-globin
region. Science, 238, 369-373.

28. Arcot, S. S., Wang, Z., Weber, J. L., Deininger, P. L.
& Batzer, M. A. (1995). Alu repeats: a source for the
genesis of primate microsatellites. Genomics, 29, 136-
144.

29. Maeda, N., Wu, C.-I., Bliska, J. & Reneke, J. (1988).
Molecular evolution of intergenic DNA in higher
primates: pattern of DNA changes, molecular clock,
and evolution of repetitive sequences. Mol. Bio. Evol.
5, 1-20.

30. Kass, D. H., Batzer, M. A. & Deininger, P. L. (1995).
Gene conversion as a secondary mechanism of short
interspersed element (SINE) evolution. Mol. Cell.
Biol. 15, 19-25.

31. Batzer, M. A., Gudi, V., Mena, J. C., Foltz, D. W.,
Herrera, R. J. & Deininger, P. L. (1991). Ampli®ca-
tion dynamics of human-speci®c (HS) Alu family
members. Nucl. Acids Res. 19, 3619-3623.

32. Hutchinson, G. B., Andrew, S. E., McDonald, H.,
Goldberg, Y. P., Grahm, R. et al. (1993). An Alu
element retroposition in two families with Hunting-
ton disease de®nes a new active Alu subfamily.
Nucl. Acids Res. 21, 3379-3383.

33. Edwards, M. C. & Gibbs, R. A. (1992). A human
dimorphism resulting from loss of an Alu. Genomics,
3, 590-597.

34. Sheen, F.-M., Sherry, S. T., Risch, G. M., Robichaux,
M., Nasidze, I. et al. (2000). Reading between the
LINEs: human genomic variation induced by LINE-
1 retrotransposition. Genome Res. 10, 1496-1508.

35. Batzer, M. A., Stoneking, M., Alegria-Hartman, M.,
Bazan, H., Kass, D. H. et al. (1994). African origin of
human-speci®c polymorphic Alu insertions. Proc.
Natl. Acad. Sci. USA, 91, 12288-12292.

36. Stoneking, M., Fontius, J. J., Clifford, S. L., Soodyall,
H., Arcot, S. S. et al. (1997). Alu insertion
polymorphisms and human evolution: evidence for
a larger population size in Africa. Genome Res. 7,
1061-1071.

37. Comas, D., Calafell, F., Benchemsi, N., Helal, A. &
Lefranc, G. et al. (2000). Alu insertion polymorph-
isms in NW Africa and the Iberian Peninsula:
evidence for a strong genetic boundary through the
Gibraltar Straits. Hum. Genet. 107, 312-319.

38. Hammer, M. F. (1994). A recent insertion of an Alu
element on the Y chromosome is a useful marker for
human population studies. Mol. Biol. Evol. 11, 749-
761.

39. Jorde, L. B., Watkins, W. S., Bamshad, M. J., Dixon,
M. E., Ricker, C. E. et al. (2000). The distribution of
human genetic diversity: a comparison of mitochon-
drial, autosomal, and Y-chromosome data. Am. J.
Hum. Genet. 66, 979-988.

40. Majumder, P. P., Roy, B., Banerjee, S., Chakraborty,
M., Dey, B. et al. (1999). Human-speci®c insertion/
deletion polymorphisms in Indian populations and



40 Alu Insertion Polymorphisms and Sequence Diversity
their possible evolutionary implications. Eur. J. Hum.
Genet. 7, 435-446.

41. Perna, N. T., Batzer, M. A., Deininger, P. L. &
Stoneking, M. (1992). Alu insertion polymorphism: a
new type of marker for human population studies.
Hum. Biol. 64, 641-648.

42. Tishkoff, S. A., Ruano, G., Kidd, J. R. & Kidd, K. K.
(1996). Distribution and frequency of a polymorphic
Alu insertion at the plasminogen activator locus in
humans. Hum. Genet. 97, 759-764.

43. Watkins, W. S., Ricker, C. E., Bamshad, M. J.,
Carroll, M. L., Nguyen, S. V. et al. (2001). Patterns of
ancestral human diversity: an analysis of Alu-inser-
tion and restriction-site polymorphisms. Am. J. Hum.
Genet. 68, 738-752.
44. Ausabel, F. M., Brent, R., Kingston, R. E., Moore,
D. D., Seidman, J. G. et al. (1987). In Current Protocols
in Molecular Biology, New York.

45. Altschul, S., Madden, T., Schaffer, A., Zhang, Z.,
Miller, W. & Lipman, D. (1997). Gapped BLAST and
PSI-BLAST: a new generation of protein database
search programs. Nucl. Acids Res. 25, 3389-3402.

46. Zhang, Z., Schwartz, S., Wagner, L. & Miller, W.
(2000). A greedy algorithm for aligning DNA
sequences. J. Comput. Biol. 7, 203-214.

47. Jurka, J. P., Klonowski Dagman, V. & Pelton, P.
(1996). CENSOR - a program for identi®cation and
elimination of repetitive elements from DNA
sequences. Comput. Chem. 20, 119-121.
Edited by J. Karn
(Received 9 March 2001; received in revised form 7 July 2001; accepted 11 July 2001)


	Subfamily copy number and sequence diversity
	Results
	Introduction
	Figure 01
	Alu Y to Yb8 sequence evolution
	Human genomic diversity
	Phylogenetic origin
	Discussion
	Table 1
	Table 2
	Table 3
	Table 4
	Materials and Methods
	Cell lines and DNA samples
	Computational analyses
	Primer design and PCR amplification
	References
	Figures
	Tables

