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Abstract. To test the hypothesis that Alu and L1 elements
are genetic characters that are essentially homoplasy-free, we
sequenced a total of five human L1 elements and eleven recent-
ly integrated Alu elements from 160 chromosomes (80 individ-
uals representing four diverse human populations). Analysis of
worldwide samples at L1 loci revealed 292 segregating sites and
a nucleotide diversity of 0.0050. For Ya5 Alu loci, there were

129 segregating sites and nucleotide diversity was estimated at
0.0045. The Alu and L1 sequence diversity varied element to
element. No completely or partially deleted Alu or L1 alleles
were identified during the analysis. These data suggest that
mobile element insertions are identical by descent characters
for the study of human population genetics. 

Copyright © 2005 S. Karger AG, Basel

Over the last 60 million years of evolution, the human
genome has been bombarded by a variety of repetitive elements
(Smit, 1999). Among these, LINE-1 (L1), a type of long inter-
spersed element (LINE), and Alu, a type of short interspersed
element (SINE), are most common. Combined, they account
for an estimated 26% of the human genome (Lander et al.,
2001; Venter et al., 2001). Each of these mobile elements is
thought to have populated the human genome in successive
waves of retrotransposition (Kazazian, 2001; Batzer and Dei-
ninger, 2002).

LINE elements have amplified over the last 100 million
years of mammalian evolution and comprise approximately
15% of the human genome (F100,000 insertions; Prak and
Kazazian, 2000). The majority of L1 elements within the

human genome are 5) truncated copies of a few active L1 ele-
ments that are capable of retrotransposition. Some young L1
elements have inserted into the human genome so recently that
chromosomes are polymorphic for the presence or absence of
the element at a particular chromosomal location (Sheen et al.,
2000). The Alu family of repetitive DNA elements derives its
name from a single recognition site for the restriction enzyme
AluI located near the middle of the element. The human
genome contains about one million copies of these elements,
F11% of the total genome. While unable to retropose autono-
mously, Alu elements are thought to borrow the factors that are
required for their amplification from LINE elements (Sinnett
et al., 1992; Boeke, 1997; Kajikawa and Okada, 2002; Dewan-
nieux et al., 2003), which encode a protein with endonuclease
and reverse transcriptase activity (Feng et al., 1996; Jurka,
1997). Similar to L1 elements, many recently integrated Alu
insertions are polymorphic with respect to presence/absence in
the human genome (reviewed in Batzer and Deininger, 2002).

Alu and L1 insertion polymorphisms offer two important
advantages over other nuclear based polymorphisms for sys-
tematic and population genetic studies. First, the presence of an
element in an individual is thought to represent identity by
descent (IBD), since the probability that two different young
mobile elements would integrate independently in the same
chromosomal location is negligible (Batzer and Deininger,
2002). Polymorphic mobile element insertions should thus
more accurately reflect population relationships than many
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Table 1. Locus names, original accession
numbers, chromosomal locations and additional
information for the L1HS loci sequenced for this
study

Locus  Accession no. Chr. loc. Fragment 

size

Insert 

length 

No. of clones 

sequenced 

Total nucleotides 

sequenced 

L1HS45 AC004865.1 1 326 183 438 80154 

L1HS241 AP003112.1 8 366 200 415 83000 

L1HS377 AC078856.11 3 575 415 410 170150 

L1HS444 AC027315.3 5 463 138 538 74244 

L1HS407 AC108076.2 4 412 172 394 67768 

Total     2195 475316 

other genetic markers (i.e., sequence data, restriction fragment
length polymorphisms [RFLP], and microsatellites) in which
the sharing of the same allele by two individuals may reflect
identity by state only (i.e., homoplasy; Batzer et al., 1994).
Once an Alu or L1 element inserts into a chromosomal locus it
may generate new copies, but there is no evidence that it is ever
completely excised or lost from that locus. Therefore, each
mobile element insertion is thought to be stable through evolu-
tionary time (Shedlock and Okada, 2000). Each new integra-
tion is a record of a unique retrotransposition event that
occurred only once in primate evolution. A second advantage
of these genetic markers is that the ancestral state of an inser-
tion polymorphism is known to be the absence of the element at
a particular genomic location (Batzer and Deininger, 1991; Per-
na et al., 1992; Batzer et al., 1994). Precise knowledge of the
ancestral state of a genomic polymorphism allows us to draw
trees of population relationships without making unnecessary
assumptions (Perna et al., 1992; Batzer et al., 1994, 1996;
Stoneking et al., 1997; Watkins et al., 2001, 2003; Batzer and
Deininger, 2002).

Most L1 and Alu insertions are “fixed”, meaning that all
individuals are homozygous for the insertion at a particular
locus. However, a number of human-specific insertions are
dimorphic – an insertion may be present or absent on each of
the paired chromosomes of different individuals. Mobile ele-
ments at these loci are thought to have inserted within the last
million years of modern human evolution (reviewed in Batzer
and Deininger, 2002). These dimorphisms show differences in
allele and genotype frequencies between extant populations
and are tools that have proven useful for reconstructing human
prehistory (Perna et al., 1992; Batzer et al., 1994; Hammer,
1994; Stoneking et al., 1997; Comas et al., 2000; Jorde et al.,
2000; Nasidze et al., 2001; Watkins et al., 2001, 2003; Battilana
et al., 2002; Romualdi et al., 2002).

Insertion homoplasy can occur across distantly related taxa
as a function of evolutionary time and variable retroposition
rates among species (Roy-Engel et al., 2002; Vincent et al.,
2003). This limitation can inhibit the application of SINEs and
LINEs to deeper evolutionary questions (Hillis, 1999; Cantrell
et al., 2001). Several examples of SINE insertions that have
occurred at or near the same genomic region have recently been
reported (Cantrell et al., 2001; Roy-Engel et al., 2002a; Salem et
al., 2003a) although no instances of LINE insertion homoplasy
have ever been identified (Salem et al., 2003b; Vincent et al.,
2003). However, the application of SINE and LINE elements to

the study of human population genetics is thought to be essen-
tially homoplasy-free as a result of the short evolutionary time
frame and the relatively low current rate of Alu and LINE retro-
position in the human genome (Batzer and Deininger, 2002;
Roy-Engel et al., 2002a). This is particularly true with respect
to Alu-insertion polymorphisms, as the probability of two inde-
pendent Alu insertions occurring in the same genomic region in
the human population, given the current rate of Alu retrotrans-
position and the relatively short evolutionary time frame that is
involved, is essentially zero (Batzer et al., 1994; Roy-Engel et
al., 2002a). However, even though it is a generally accepted
idea that Alu and L1 elements are identical by descent, no large
sequence data sets have examined this question. The mobile
element based sequence data also presents an opportunity to
further examine human evolutionary history. Herein, we report
a large scale sequence analysis of several Alu and LINE inser-
tion loci.

Materials and methods

DNA sources and PCR amplification
Diverse human DNA samples were available from previous studies (Roy

et al., 1999; Carroll et al., 2001; Roy-Engel et al., 2001; Salem et al., 2003a,
b). We performed PCR amplification of all loci from 20 individuals from
each of four geographically distinct populations (African American, Asian,
European, and Egyptian for the Ya5 Alu loci; and African American, Asian,
European, and South American for the L1HS loci), for a total of 160 chromo-
somes. We amplified five loci from the L1HS subfamily (L1HS45, L1HS241,
L1HS377, L1HS407, and L1HS444; Table 1) and eleven loci from the Ya5
and Ya5a2 subfamilies (Ya5a2AD5, Ya5a2AD6, Ya5a2AD7, Ya5a2AD8,
Ya5a2AD9, Ya5a2AD11, Ya5a2AD12, Ya5NBC220, Ya5NBC235a,
Ya5NBC241, and Ya5NBC243; Table 2), hereafter collectively referred to as
the Ya5 subfamily.

Alu Ya5 and L1HS subfamily PCR amplifications were carried out in
25-Ìl reactions containing 20–100 ng of template DNA, 40 pM of each oligo-
nucleotide primer (Myers et al., 2002; Roy-Engel et al., 2002), 200 ÌM
dNTPs, in 50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.4) and Taq
DNA polymerase (1.25 Units). Each sample was subjected to the following
amplification for 32 cycles: an initial denaturation of 150 s at 94 °C, 1 min
denaturation at 94 ° C, 1 min at the annealing temperature (specific for each
locus), and extension at 72 °C for 1 min. Following the cycles a final exten-
sion was performed at 72 °C for 10 min. For analysis, 20 Ìl of each sample
was fractionated on a 2% agarose gel with 0.05 Ìg/ml ethidium bromide.
PCR products were directly visualized using UV fluorescence.

Sequence analyses
DNA sequencing was performed on gel purified PCR products that had

been cloned using the TOPO TA cloning vector (Invitrogen) using chain ter-
mination sequencing (Sanger et al., 1977) on an Applied Biosystems 3100
automated DNA sequencer. Five to ten clones from each individual were
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Table 2. Locus name, original accession
numbers, chromosomal locations and additional
information for the Alu Ya5 loci sequenced for
this study

Locus Accession no. Chr. loc Fragment 

size

Insert 

length 

No. of clones 

sequenced 

Total 

nucleotides 

sequenced 

Human 

Diversity 

Ya5a2AD5 AC026839 18 460 282 58 16356 FP 

Ya5a2AD6 AL355580.13 13 620 282 56 15792 FP 

Ya5a2AD7 AL138681.17 13 419 282 41 11562 IF 

Ya5a2AD8 AL162713.19 13 449 282 62 17484 IF 

Ya5a2AD9 AC079456.27 12 450 282 39 10998 IF 

Ya5a2AD11 AC090071.1 5 434 282 56 15792 FP 

Ya5a2AD12 AC004057.1 4 451 282 58 16356 FP 

Ya5NBC220 AC007611.5  16 467 282 65 18330 IF 

Ya5NBC235a AL357094 14 418 282 76 21432 HF 

Ya5NBC241 AC018924.6 15 392 282 43 12126 IF 

Ya5NBC243 AL442166.1 21 405 282 26 7332 IF 

Total      164970

sequenced. Sequence alignments for all of the Ya5 and L1HS subfamily loci
were performed using MegAlign software (DNAStar version 3.1.7 for Win-
dows 3.2). Multiple sequence alignments that contain all of the members of
the Ya5 and L1HS subfamilies can be found on our website (http://batzer-
lab.lsu.edu) under publications. The poly-A tails of each element are highly
variable in length and might have introduced bias in diversity estimates. This
concern was addressed by eliminating that portion of each element prior to
statistical analyses. Sequences for all Ya5 and L1HS sequences are available
from GenBank using accession numbers AF504933–AF505511 and
AY435515-AY436314, respectively.

Statistical analyses
Basic sequence statistics including nucleotide diversity (), number of

segregating sites (S),  S,  , and Tajima’s D (Tajima, 1996) were calculated
using Arlequin v 2.0 (Schneider et al., 1997; http://anthropologie.unige.ch/
arlequin). Additional statistics to test loci for the effects of natural selection
were calculated using DnaSP v3.51 (Rozas and Rozas, 1999).

Results

Identity by descent
Both L1HS elements and Ya5 Alu family members are rela-

tively young with estimated average ages of 1.99 million years
(Myers et al., 2002) and 0.62 million years (Roy et al., 2000;
Roy-Engel et al., 2002b), respectively. Comprehensive analyses
of both groups of mobile elements have been reported previous-
ly (Roy et al., 2000; Myers et al., 2002; Roy-Engel et al., 2002b).
All five L1HS loci examined in our study were fixed present
(every individual tested had the L1HS element in both chromo-
somes). The eleven Ya5 subfamily loci examined were broken
into three groups: four were fixed present, six were interme-
diate frequency insertion polymorphisms in human popula-
tions and one was a high frequency insertion polymorphism
(Table 2). For the Alu Ya5 subfamily loci examined, we ana-
lyzed 580 clones resulting in 164,970 sequenced nucleotides.
For the L1HS loci we sequenced and analyzed 2,195 clones,
and a total of 475,316 nucleotides.

In each case, if all of the insertions being examined were
fixed present and identical by descent, we would expect to see
the same elements in every clone from each individual exam-
ined. Conversely, if they were not IBD, we would expect to
recover some clones that contain sequences other than the

expected mobile element. We examined F0.5 Mb sequences
containing L1HS loci and did not find a single clone that con-
tained non-L1HS and flanking sequence. Similarly, when we
analyzed sequences containing Ya5 loci we did not find any
non-Ya5 Alu sequences. We also did not recover any deletions,
partial or complete, of any of the examined L1HS or Alu loci.

Human variability: L1HS
Our survey of a worldwide sample of 80 individuals (160

human haploid equivalents) revealed 292 sequence polymor-
phisms among all of the L1HS elements analyzed. Overall
nucleotide diversity was 0.0050 for the world sample. Nearly
equal variability was observed among the studied populations:
African Americans (S = 88 and  = 0.0054), Asians (S = 89 and
 = 0.0050), European (S = 83 and  = 0.0046), and South
Americans (S = 84 and  = 0.0044) as shown in Table 3. Both
quantities S and  can be used to estimate the parameter  . The
two estimates of   are  S = S/™n–1 (1/i), where n is the number of
samples, and  ¶, where ¶ represents the average pairwise
sequence difference, equivalent to  when divided by the total
number of sites experimentally examined. By comparing  S and
 ¶ estimates, we can test whether the analyzed segments have
been evolving neutrally (Tajima, 1989). For the worldwide data
set using all L1HS loci, the test statistic D had a negative value
(Table 3), and the difference from zero was significant. We also
performed two other tests of neutrality: Fu and Li’s D* and F*
tests (Fu and Li, 1993). Both tests produced negative values
which were significantly different from zero. FST for all loci,
divided into four continental populations, was 0.0401 indicat-
ing that only 4.01% of the variance is due to differences among
these populations. Pairwise FST’s of the continental samples
analyzed are also reported in Table 3.

The average heterozygosity per polymorphic site HS was cal-
culated for all polymorphisms and separately for the shared and
specific sites (Table 3). Understandably, HS for all polymorphic
sites was lowest in the worldwide sample, where continent-spe-
cific polymorphisms counted little because of their low global
frequency. All continental groups, including African Ameri-
cans, are essentially homogenous for the number of shared
segregating sites and for overall nucleotide diversity. Thus we
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Table 3. Summary statistics for all L1HS loci
 World Africa Europe Asia Americas

n = 160 n = 40 n = 40 n = 40 n = 40 

S Total 292 88 83 89 84

 Shared  23 25 23 25

 Specific  65 58 66 59

Hs = /S(%) Total 1.89 6.72 6.12 6.24 5.77

 Shared   25.70 20.32 24.16 19.39

 Specific  9.10 8.76 8.42 8.21

 ± SD 0.005±0.003 0.005±0.003 0.005±0.003 0.005±0.003 0.004±0.002

 ± SD 5.529±2.957 5.912±3.202 5.081±2.797 5.556±3.029 4.846±2.682

s ± SD 51.688±11.798 20.689±6.295 19.513± 5.958 20.924±6.363 19.748±6.025

D (Tajima) –2.894 –2.605 –2.692 –2.68 –2.748

–0.109 –0.129 –0.067 –0.128 –0.101

P = 0.001 P = 0.001 P = 0.001 P = 0.001 P = 0.001

Fu and Li's D –11.022 –5.503 –5.651 –5.627 –5.602 

P = 0.02 P = 0.02 P = 0.02 P = 0.02 P = 0.02

Fu and Li's F –8.578 –5.327 –5.49 –5.449 –5.467 

P = 0.02 P = 0.02 P = 0.02 P = 0.02 P = 0.02

Population pairwise FST’s. Distance method: Pairwise difference 

 Africa Asia Europe 

Asia 0.04527a   

Europe 0.01255a 0.05741a     

America 0.02183a 0.09366a 0.0037   

a
P value 0.5.

AMOVA      

 % of variation among populations 4.01  

 % of variation within populations 95.99  

were unable to distinguish between the African American pop-
ulation and the remaining populations.

With regard to individual L1HS loci, we were also unable to
distinguish between African Americans and other groups using
the number of segregating sites and/or nucleotide diversity on a
consistent basis (data presented in Supplemental Tables 1–5 at
our website http://batzerlab.lsu.edu). For example, in the case
of locus L1HS241, we found the total number of segregating
sites and the nucleotide diversity to be higher in the African
Americans than in any of the other groups (Supplemental
Table 2). Yet, at another locus L1HS444, we saw more segre-
gating polymorphic sites and higher nucleotide diversity in
Europeans, Asians and South Americans than in African Amer-
icans (Supplemental Table 5). Tajima’s D and Fu and Li’s D*
and F* values were negative and significantly different from
zero in all cases. High numbers of segregating sites were due to
continent-specific polymorphisms. Differences among individ-
uals within populations rather than among populations ac-
counted for the major portion of FST variance.

When we examined the number and frequency of haplo-
types (variants containing at least one mutation when com-
pared to all other sequences at that locus) in different groups,
we found that, in general, there is one main haplotype shared by
all groups and the frequency of this haplotype ranged from 0.5
to 0.825 depending on the locus examined (Table 4). The one

exception to this rule is found at locus L1HS377. At this locus,
four haplotypes occur at frequencies of 10% or greater in spe-
cific populations. One haplotype was specific to the African
American population. A second haplotype was present in both
African American and Asian populations at greater than 0.175.
A third was found at frequencies of 0.1 and 0.05 in South
American and European populations, respectively but not in
Asians or African Americans. Finally, one haplotype was found
at high frequencies in all four populations 60.175. At each
locus, the majority of haplotypes were population specific and
present at low frequencies (^0.05) in their respective popula-
tions.

Human variability: Alu Ya5
Our survey of a worldwide sample of 43 individuals or 86 hu-

man haploid equivalents (n = 86) revealed 129 polymorphisms
when all eleven AluYa5 loci are analyzed (Table 5). Nucleotide
diversity for the world sample was similar to that found for the
L1HS loci, 0.0045. Similar variability was observed among the
studied groups. Egyptians showed the lowest nucleotide diversi-
ty and number of segregating sites when the loci are combined:
African Americans (S = 44 and  = 0.0042), Asians (S = 32 and 
p = 0.0046), Europeans (S = 50 and  = 0.0060), and Egyptians
(S = 25 and  = 0.0036) as shown in Supplemental Table 9,
www.karger.com/doi/10.1159/000080803. Tajima’s D was neg-
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ative and significantly different from zero in the worldwide
analysis, African Americans, and European groups but the dif-
ference value was not significant in Asians and Egyptians. The
Fu and Li’s D* and F* tests, also had significant negative values
in same groups. The FST for the worldwide analysis is 0.0273
indicating that only 2.73% of the variance is due to differences
among these populations. Pairwise FST’s of the continental
samples analyzed are reported in Supplemental Table 10, www.
karger.com/doi/10.1159/000080803.

The average per polymorphic site heterozygosity HS was cal-
culated for all polymorphisms and separately for the shared and
specific sites (Table 5). Like the L1HS loci, HS for all polymor-
phic sites was lowest in the world sample. Estimates of nucleo-
tide diversity in African Americans and Egyptians were slightly
lower than the other two groups. HS in African Americans was
lower than any of the other groups.

Sequence variability at individual loci was also similar to
the patterns observed at L1HS loci (Supplemental Tables 6–16
at our website http://batzerlab.lsu.edu). For example, the num-
ber of segregating sites and the nucleotide diversity at locus
Ya5NBC235a were both higher in African Americans than oth-
er groups. This was due to a larger number of continent-specific
segregating sites. The number of segregating polymorphic sites
was variable in the different studied groups. We found a nega-
tive Tajima D, Fu and Li’s D* and F* value for each group and
these values were significantly different from zero. Finally, the
differences among individuals within populations rather than
among populations were responsible for the major portion of
FST variance.

With regard to the number and frequency of haplotypes
present in each group, we again found results that mirrored the
results found at L1HS loci (Table 6). Most of the haplotypes
identified were population specific, but one main haplotype
was usually shared by all groups and the frequency of this
haplotype ranged from 0.2 to 1 depending on the locus. The
exceptions to this rule were: Ya5NBC241, in which all four
African American individuals containing an insertion exhib-
ited unique haplotypes; Ya5NBC243, in which one haplotype
was shared by three populations but was found in only one indi-
vidual from the European sample; Ya5a2AD12, in which the
most frequent haplotype in three populations was not found in
the Asian sample; Ya5a2AD8, at which no single haplotype was
found at high frequency; and Ya5a2AD6 where we found three
haplotypes shared by all continents at relatively high frequen-
cies.

Discussion

Identity by descent
Our data support the assertion that mobile element inser-

tion polymorphisms are essentially homoplasy free characters
that can be used to study human population genetics. In addi-
tion, there is no evidence for any process that specifically
removes mobile elements from the genome; even when a rare
deletion occurrs, it leaves behind a molecular signature (Ed-
wards and Gibbs, 1992). By contrast, other types of genetic
polymorphisms, such as microsatellites (Nakamura et al.,

Table 4. Haplotype frequencies for the L1HS loci

Haplotype Africa Asia Europe Americas

L1HS45     

1 0.475 0.6 0.625 0.75

2 0.025 0.025 0 0

3 0.05 0 0 0

4 0.025 0.025 0 0

5 0.05 0 0 0

6-21 0.025 0 0 0

22 0 0.025 0.025 0

23-35 0 0.025 0 0

36-49 0 0 0.025 0

50-59 0 0 0 0.025

L1HS241  

1 0.525 0.725 0.75 0.725

2 0 0.025 0 0.05

3-19 0.025 0 0 0

20-29 0 0.025 0 0

30-39 0 0 0.025 0

40-48 0 0 0 0.025

L1HS377  

1 0.2 0.175 0.225 0.275

2 0.175 0.025 0.05 0.025

3 0.175 0.225 0.075 0.025

4 0.025 0 0.025 0

5 0.025 0.025 0 0

6-21 0.025 0 0 0

22-43 0 0.025 0 0

44-66 0 0 0.025 0

67 0 0 0.05 0.1

68 0 0 0 0.05

69-89 0 0 0 0.025

L1HS407     

1 0.65 0.7 0.575 0.525

2 0.025 0 0 0.025

3-15 0.025 0 0 0

16 0 0.025 0.025 0.025

17-27 0 0.025 0 0

28-43 0 0 0.025 0 

44 0 0 0 0.05

45-59 0 0 0 0.025

L1HS444     

1 0.825 0.75 0.65 0.725

2–7 0.025 0 0 0

8 0.025 0.025 0 0.025

9 0 0.025 0.025 0

10–17 0 0.025 0 0

18 0 0 0.05 0

19–28 0 0 0.025 0

29 0 0 0.025 0.025

30–38 0 0 0 0.025

1987), restriction fragment length polymorphisms (RFLPs)
(Botstein et al., 1980) and single nucleotide polymorphisms
(SNPs) (Chakravarti, 1998; Pennisi, 1998; Brookes 1999), are
often merely identical by state; that is, they have arisen as a
result of an independent parallel mutation(s).

The presence of specific mobile element insertions in a spe-
cies can be used as a distinct character for phylogenetic analy-
sis. If two species share a common retroelement insertion at a
given location and a third species does not, the first two species
are likely to be more closely related. If several such insertions
are observed, this provides strong evidence of species related-
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Table 5. Summary statistics for all Alu
Ya5 loci

 World Africa Europe Asia Egypt

n = 43 n = 14 n = 11 n = 9 n = 9

S Total 129 44 50 32 25

 Shared 4 10 7 8

Specific   40 40 25 17

Hs = /S(%)Total 6.52 16.21 23.16 24.67 24.57

Shared 178.30 115.78 112.76 76.79

 Specific   17.83 28.95 31.57 36.14

 ± SD 0.005±0.002 0.004±0.0023 0.006±0.004 0.004±0.003 0.003±0.00

 ± SD 8.410±4.416 7.132±3.996 11.578±6.490 7.893±4.682 6.143±3.723

s ± SD 28.917±8.657 13.836±5.432 16.967±7.175 10.413±4.815 8.485±3.986

D (Tajima) –2.63265 –2.1154 –1.70965 –1.42192 –1.36951

  –0.1428 –0.04481 –0.07908 –0.06686 –0.03071

P = 0.001 P = 0.005 P = 0.032 P = 0.071 P = 0.078

Fu and Li's D –5.753 –2.771 –2.118 –1.669 –1.829

P = 0.02 P = 0.02 P = 0.05 P = 0.1 P = 0.1

Fu and Li's F –5.502 –2.976 –2.302 –1.805 –2

P = 0.02 P = 0.02 P = 0.05 P = 0.1 P = 0.1

Population pairwise FSTs. Distance method: Pairwise difference 

 Africa Asia Egypt

Asia 0.09621a   

Egypt –0.00749 0.05335     

Europe 0.03111a –0.00275 –0.02929

a
P value 0.5 

      % of variation among population 2.73 

      % of variation within population 97.27 

ness. This type of analysis has been used extensively to study
speciation questions in various organisms (Lawrence et al.,
1989; Nikaido et al., 2001b), including defining the whale as a
close relative of the artiodactyls (Nikaido et al., 1999), deter-
mining the phylogenetic relationships among Pacific salmonids
(Murata et al., 1993) and confirming the primate phylogeny
(Ryan and Dugaiczyk, 1989; Shen et al., 1991; Hamdi et al.,
1999; Salem et al., 2003c). As previously stated, the primary
advantage of retroelement insertions for such studies is the high
likelihood that two genomes sharing a mobile element insertion
at the same locus achieved that state through non-homopla-
sious means. There are rare examples of retroelements inserting
independently in the same or nearly the same positions and, as
one proceeds backwards along evolutionary lineages, the likeli-
hood of observing such events increases (Arcot et al., 1998;
Kass et al., 2000; Cantrell et al., 2001; Roy-Engel et al., 2002;
Vincent et al., 2003). However, for most mobile elements, the
rate of insertion is low enough and the number of potential
insertion sites high enough that these events are relatively rare.
We previously analyzed several hundred recently integrated
human Alu and LINE element insertions throughout primate
phylogeny and have found only a low level of parallel insertion
in the New (Roy-Engel et al., 2002a; Salem et al., 2003a) and
Old world monkeys (Salem et al., 2003a) and no parallel inser-
tions involving LINE elements (Salem et al., 2003b; Vincent et
al., 2003). Studies of many loci have made it clear that it is also
very unlikely for a mobile element to be deleted from a
genome.

Being identical by descent also makes retroelement inser-
tions useful for the study of human population diversity and
origins. Different numbers of such markers have been shown to
provide robust measurements of the relations of various world
populations to one another (Batzer et al., 1994; Stoneking et al.,
1997; Watkins et al., 2001, 2003). It is possible that some of the
frequency variation of specific Alu insertion alleles between
populations is related to a relatively recent insert that occurred
in one human population group and has only modestly spread
to others. However, given the migration and demographics of
most of the human populations, it is more likely that the allele
frequency of different Alu inserts has changed through random
population drift in the relatively small founding populations.

Human genetic diversity
The analysis of human Alu-insertion polymorphisms has

been used previously to address questions about human origins
and demography (Perna et al., 1992; Batzer et al., 1994, 1996;
Hammer, 1994; Sherry et al., 1997; Stoneking et al., 1997;
Novick et al., 1998; Comas et al., 2000; Jorde et al., 2000; Bam-
shad et al., 2001; Nasidze et al., 2001; Watkins et al., 2003). In
several instances, many types of genetic variation (such as
mitochondrial DNA sequences or RFLPs) have been examined
in overlapping, diverse human populations and have provided
largely congruent results with respect to the history of the
human population (Jorde et al., 2000; Bamshad et al., 2001;
Watkins et al., 2001).

In addition to our study of identity by descent, we analyzed
our data to characterize human nucleotide diversity in a sample
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Table 6. Haplotype frequencies for the Alu Ya5 loci

Haplotype Africa Asia Egypt Europe 

Ya5a2AD5     

1 0.312 0.667 0.5 0.562 

2-9 0.0625 0 0 0 

10-12 0.188 0 0 0 

13-18 0 0.0556 0 0 

19-22 0 0 0.125 0 

23-29 0 0 0 0.0625 

Ya5a2AD6     

1 0.214 0.25 0.25 0.2 

2 0.214 0.0625 0.0625 0.2 

3 0.0714 0 0.25 0.2 

4-10 0.0714 0 0 0 

11-21 0 0.0625 0 0 

22-28 0 0 0.0625 0 

29-32 0 0 0 0.1 

Ya5a2AD7     

1 0.333 0.533 0.286 0.312 

2-3 0.333 0 0 0 

4-10 0 0.0667 0 0 

11-15 0 0 0.143 0 

16-26 0 0 0 0.0625 

Ya5a2AD8
    

1 0.118 0.0769 0 0.0588 

2-15 0.0588 0 0 0 

3 0.0588 0 0 0.0588

4-15 0 0.0769 0 0 

16-28 0 0 0.0667 0 

29 0 0 0.133 0 

30-44 0 0 0 0.0588 

Ya5a2AD9     

1 0.5 0.333 0.533 0.636 

2-3 0.25 0 0 0 

4-9 0 0.111 0 0 

10-16 0 0 0.0667 0 

17-20 0 0 0 0.0909 

Ya5a2AD11     

1 0.357 0.25 0.25 0.222 

2-8 0.0714 0 0 0 

9 0.143 0.125 0.0625 0 

10 0 0.25 0 0.111 

11-13 0 0.125 0 0 

14-24 0 0 0.0625 0 

25-36 0 0 0 0.0556 

 Haplotype Africa Asia Egypt Europe 

 Ya5a2AD12   

 1 0.214 0 0.214 0.0714

 2 0.0714 0 0.0714 0

 3-12 0.0714 0 0 0

 13-28 0 0.0625 0 0

 29-38 0 0 0.0714 0

 39-51 0 0 0 0.0714

 Ya5NBC22

0

 1 0.714 0.875 0.706 0.722

 2-5 0.0714 0 0 0

 5-7 0 0.0625 0 0

 8-12 0 0 0.0588 0

 13-17 0 0 0 0.0556

 Ya5NBC23

5a

 1 0.25 0.45 0.294 0.211

 2 0.05 0.1 0.118 0.211

 3-14 0.05 0 0 0

 15 0.05 0.05 0.118 0

 16 0.05 0 0 0.0526

 17 0 0.1 0 0

 18-23 0 0.05 0 0

 24-30 0 0 0.0588 0

 31 0 0 0.0588 0.0526

 32-40 0 0 0 0.0526

 Ya5NBC24

1

 1 0 0.417 0.308 0.0714

 2 0.25 0 0.0769 0

 3 0.25 0 0.0769 0

 4-5 0.25 0 0 0

 6-12 0 0.0833 0 0

 13-19 0 0 0.0769 0

 20-32 0 0 0 0.0714

 Ya5NBC24

3

 1 1 0.429 1 0.143

 2-8 0 0.0714 0 0

9 0 0.0714 0 0.143

10-14 0 0 0 0.143

representing four continents by examining a set of five L1HS
and eleven Ya5 loci. Most loci originated from different chro-
mosomes, which substantially reduced the potential bias pro-
duced when looking only at a single locus. By using human sam-
ples from different continents, we also eliminated the ascertain-
ment bias typical for analysis of polymorphisms within a single
human population. The overall level of nucleotide diversity
was slightly lower than that recorded for the genomic region of
the phosphate PPP2R3L gene in the human pseudoautosomal
region (Schiebel et al., 2000) and higher than that estimated for
four-fold degenerate coding sites, two-fold degenerate sites and
in 5) and 3) untranslated regions (Chakravarti, 1999). Also,
these values were higher than those reported for a variety of

nuclear non-Y chromosome DNA segments (Harding et al.,
1997; Zietkiewicz et al., 1997; Clark et al., 1998; Cargill et al.,
1999; Hacia et al., 1999; Harris and Hey, 1999; Jaruzelska et
al., 1999; Fullerton et al., 2000; Wu et al., 2001). The low
nucleotide diversity values generally observed in humans sup-
port the conclusion that humans are genetically less diverse
than many other species (Li and Sadler, 1991).

Greater diversity among Sub-Saharan Africans was used as
argument for the recent “out-of-Africa” model of the origins of
modern humans (Cavalli-Sforza et al., 1994). Indeed, the
source population can be expected to preserve greater genetic
diversity than its daughter populations. Typically, two mutual-
ly non-exclusive scenarios are considered. The first one as-



70 Cytogenet Genome Res 108:63–72 (2005)

sumes greater long-term effective population size in Africa that
promoted a build up of extra diversity compared to other conti-
nents with populations of smaller size. The second scenario
invokes the “out of Africa” bottlenecks that caused reduction of
the previously accumulated diversity.

As predicted by the out-of-Africa model, we expected to
observe consistently higher sequence diversity among African
Americans when compared to the other sampled populations.
However, this was not evident in our data set. The African
American sample exhibited the highest nucleotide diversity at
only two of the five L1HS loci and at only three of the eleven
Alu Ya5 loci. It should also be noted that none of the other
populations exhibited consistently higher diversity values. In-
stead the distribution of higher nucleotide diversity values
appeared random throughout the various populations. We
believe that this difference reflects the admixed nature of our
Louisiana derived African American samples (Parra et al.,
1998).

The mobile element based sequence diversity reported here
should not be interpreted as refuting the “African Origin”
hypothesis or a more general “recent-single-origin” hypothesis.
Rather, the presence of one or two worldwide haplotypes at
most loci continues to suggest a single origin for human popula-
tions. The present data merely fail to indicate which of the tes-
ter populations might be the original source. It should also be
noted that this data set of nucleotide diversity is different from
many data sets previously utilized in one major way. Many
data sets examining sequence data used sequences from loci
that existed well before the divergence between chimpanzees
and humans and, for that matter, primates. This allows for
diversity to accumulate in the source populations prior to dis-
persal from the source population. In the case of the Alu ele-
ments and L1 elements examined here, the loci examined were
not present prior to the speciation event separating humans
and chimpanzees. Instead the elements were inserted into the
genome de novo and spread from an initial low frequency to a
higher frequency via genetic drift. Therefore, these loci may not
have had an opportunity to build up sufficient genetic diversity
in the ancestral human population prior to giving rise to
daughter populations. The sequence diversity within all of the
populations (source and daughter) at those loci should therefore
be affected only by processes that are population specific, with
some showing greater diversity at some loci but not at others.

The results of Tajima’s D and Fu and Li’s D* and F* tests
show departure from neutrality. While it is possible that the loci
are indeed under unknown selective pressures, the departures
seen are more probably due to factors other than selective
effects, such as an expansion from a very small population to a
much larger one (a population bottleneck) or heterogeneity of
mutation rates (Aris-Brosou and Excoffier, 1996; Tajima,
1996). The failure of the D* and F* tests to detect an excess of
high frequency variants is probably due to the insensitivity that
these tests have to such variants (Fu and Li, 1993). Tajima’s D
statistic, which compares the number of segregating sites in
samples with the mean pairwise difference (Tajima, 1989), is
insensitive to the presence of very high frequency variants
because they contribute little to mean pairwise differences. Fu
and Li’s statistics, which compare the number of singletons
with the number of nucleotide differences between sequences
(Fu and Li, 1993), are insensitive to the presence of high fre-
quency variants because they are scored simply as non-single-
tons. Thus, all three of these statistics are probably unaffected
by extreme frequency spectra and represent tests with relatively
low resolving power for data such as these. In addition, the
hypotheses of population growth and natural selection are not
mutually exclusive. It is possible for both to occur at the same
time in the same populations and to attribute the observed pat-
terns to one, the other, or both. Alternatively, gene conversion
between mobile elements might also introduce sequence varia-
tion from other mobile elements.

In conclusion, we have presented a large data set whose pri-
mary purpose was to test the hypothesis that Alu and L1 inser-
tions are essentially homoplasy free and suitable for use in stud-
ies of human population genetics and phylogenetics. Our exam-
ination of F0.67 Mb of sequence supports this hypothesis. We
observed no instances in which a parallel mobile element inser-
tion had occurred in distinct human populations. In addition,
there is no known mechanism for the specific removal of SINEs
or LINEs from the genome and we have found no evidence for
the removal of these elements from the genome. Thus, we can
say that these elements are extremely well-suited to examina-
tion of human population genetics and primate phylogenetic
relationships.
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