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Polymorphic human specific AZu insertions as markers 
for human identification 

Alu sequences represent the largest family of short interspersed repetitive ele- 
ments (SINEs) in humans with 500 000 copies per genome. Recently, one Alu 
subfamily was found to be human specific (HS). We originally described the 
use of polymorphic HS Alu insertions as a tool in population studies and 
recently as tools in DNA fingerprinting and forensic analysis. In this report, we 
will use this simple polymerase chain reaction (PCR) base technique for the 
detection of HS Alu insertion polymorphisms. We will test the resolving power 
of this DNA profiling approach in both population genetics and paternity 
assessment. At the population level, we will describe the genotypic distribu- 
tion of five polymorphic Alu insertions among 3 populations from the Ame- 
rican continent, one of African origin, the other two Amerindians. Insight into 
their relationships will be provided. At the family level, we will examine one 
European American family of seven individuals and the same pedigree will 
also be characterized by way of the two systems currently and widely used to 
ascertain paternity: PCR-sequence specific oligonucleotide probe hybridiza- 
tion (PCR-SSO) and PCR-restriction fragment length polymorphism (PCR- 
RFLP) of human leucocyte antigen (HLA) class I1 molecules, and a standard 
RFLP protocol used in forensic casework and paternity studies. The impor- 
tance and strengths of the method as well as its perspectives for future use in 
filiation studies will be evaluated. 

1 Introduction 

Human genetic diversity is the result of the differential 
accumulation of mutations throughout evolution in indi- 
viduals or populations. The identification of those dis- 
tinctive characteristics in the DNA represents the basis 
for human identification and population genetics. Some 
of the early attempts to classify individuals and popula- 
tions based upon variation at the molecular level were 
the studies of blood types in humans. Restriction frag- 
ment length polymorphisms or RFLPs [l], hypervariable 
minisatellite regions [2] and human leucocyte antigen 
(HLA) typing [3], constitute the three most widely used 
DNA based identification strategies today. There are sev- 
eral major levels of identification that DNA typing ap- 
proaches could be applied to. Some of the best known 
applications include individual differentiation, paternity 
assessment and population or geographical relationships 
which in turn may include the study of population struc- 
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ture, migration and evolution. Not all of the above men- 
tioned techniques, however, can be used to answer the 
same type of questions and the degree of variability ob- 
served by the different procedures will limit their 
optimum range of usage. For example, ABO typing 
would not be the method of choice to discriminate 
between individuals because many people share the 
same phenotypelgenotype. On the other hand, although 
VNTRs, may offer the optimal resolution for forensic 
casework or paternity testing, extensive hypervariability 
at such loci limits the magnitude of interpopulational 
variation. 

The Alu family of repetitive elements was originally 
defined as a fraction of renatured repetitive DNA that 
was distinctively cleaved with the restriction enzyme 
AluI [4]. The family is present in an excess of 500 000 
copies per haploid genome [5] and constitutes approxi- 
mately 5% of the total mass of the genome [6]. The basic 
structure of an Alu element (Fig. 1) shows a dimeric 
organization [7] in which the right monomer is 31 
nucleotides longer than the left one. The left half of the 
element contains the typical RNA polymerase I11 split 
promoter (boxes A and B) [8]. They show a short A rich 
linker between the two dimers and up to 100 bp poly- 
morphic 3' oligo-dA rich tail characteristic of all SINEs 
[9]. The Alu repeat is flanked by direct repeats derived by 
duplication of target sequences at the site of integration. 
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Figure 1. Schematic representation of the structure of a generic A h  
repeat. Represented are the two monomers, the 31 bp insertion in the 
left monomer, the internal and 3’ adenine rich track, the flanking 
direct repeats (arrows) and the split internal promoter (boxes A and 
B) of the polymerase 111. Light and heavy lines represent the two 
halfs of the dimeric structure. 

A h  elements are derived from the 7SL RNA gene and 
they share about 90% sequence homology with 150 bp 
in the middle that is not found in the Alu familiy [lo]. 
These elements mobilize by retroposition through an 
RNA polymerase 111 intermediate [l l]  and their chromo- 
somal distribution show certain preferences for R bands 
or AT rich areas 1121. Alu elements first appeared in pri- 
mate genomes about 65 million years ago [13] and have 
since undergone amplification from a few master genes 
[14] to their repetitive status today at a rate of approxi- 
mately 8 X 10.’ Alu elements per year [15] with about 
5 X lo-’ nucleotide substitutions per year [15]. Alu ele- 
ments are considered members of the same family if 
they have 20-30940 or less divergence from the con- 
sensus, while they are grouped in the same subfamily if 
they have only 4% or less divergence between them [71. 
One of those subfamilies was found to be human spe- 
cific (HS) 1161, and actively retrotransposing into new 
genomic locations 1171. 

Recently, we described the use of polymorphic Alu inser- 
tions in human DNA fingerprinting [18]. In this report, 
we demonstrate the use of a simple PCR base technique 
for the detection of HS Alu insertion polymorphisms. We 
will test the usefulness of this fingerprinting approach in 
two of the three major levels of identification described 
above: population genetics and paternity assessment. At 
the population level, we will describe the genotypic dis- 
tribution of five polymorphic Alu insertions (loci) in 3 
populations from the American continent. Some infor- 
mation about their relationships and migrational pat- 
terns will be presented. At the family level, we will 
examine one European American family of seven indivi- 
duals and the same pedigree will also be characterized 
by way of the two of the most widely used systems to 
ascertain paternity: PCR-SSO (sequence specific oligo- 
nucleotide probe hybridization) and PCR-RFLP of HLA 
class I1 molecules, and a standard RFLP protocol used 
in forensic casework and paternity studies. The impor- 
tance and strengths of the method as well as its perspec- 
tives for future use in filiation studies will be evaluated. 

2 Materials and methods 

2.1 Source of DNA 

DNA from peripheral blood mononuclear cells was iso- 
lated as previously described [19]. The geographic locali- 
zation of the populations studied is shown in Fig. 2. 
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Figure 2. Map of the American continent showing the geographical 
distribution of the 3 populations surveyed, their A h  insertion frequen- 
cies and levels of heterozygosities. The groups studied were: Doc0 (an 
African population from northwestern Colombia), Chimila (an Amer- 
indian population from northeastern Colombia) and Zuni (an Amerin- 
dian population from southwestern United States). 

They are: Doc0 from northwest Colombia, Chimila from 
northeast Colombia and Zuni from southeast USA. A 
European American family was used for the comparative 
paternity testing analysis. 

2.2 RFLPs polymorphism procedure 

DNA samples were analyzed using the FBI standard 
RFLP protocol [20, 211. The sizing standard was a 30 
band, 0.6 to 23 kbp, h DNA ladder. The gels were run for 
16 h at 30 V in 1 X TAE (Tris-acetate-EDTA) buffer. The 
gels were then Southern blotted onto positively charged 
nylon membranes, using 0.4 M NaOH as transfer solu- 
tion and probed with the following probes: YNH24 
(locus D2S44), TBQ7 (locus D10S28); MSl (locus 
DlS7), PH30 (locus D4S139) and pLHl (locus D5SllO). 

2.3 HLA Polymorphism procedure 

DNA samples were amplified by PCR for DRB generic, 
DQAl and DQBl loci in 100 pL reaction mixtures con- 
taining 50 pmoles of each primer, 50 mM KCl, 10 mM 
Tris-HCI, pH 8.3, 200 ( 1 ~  of each deoxynucleotide, 2.5 
units of Taq polymerase and 1.5-2 mM MgC12. The 
primers and conditions used in this study as well as dot 
blots, prehybridization and hybridization procedures 
were as previously described [22, 231. The DRB, DQAl 
and DQBl alleles were determined using the locus- 
specific PCR amplified products by PCR-SSO as de- 
scribed before [22, 231. 
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2.4 HS AZu PCR polymorphism procedure 

2.4.1 Oligonucleotide primers 

Five different Alu specific sets of primers were used: 
ACE, TPA25, PV92, APO and FXIIIB. Each pair is 
directed to the 3' and 5' single copy flanking sequences 
of one of the five different AZu insertions. Primer loca- 
tion and sequences have been described elsewhere [24]. 
In each case, the HS Alu elements reported here have in 
fact been shown to be unique to the human lineage and 
absent from orthologous positions within the great apes 
and other primate genomes [25]. 

2.4.2 PCR and electrophoresis conditions 

PCR amplification was carried out in a final volume of 
100 yL as previously described [25] and 10 yL of PCR 
products were electrophoresed in 3 O/o TAE agarose gels 
with 0.5 pg of Hae I11 digested (PX 174 DNA as molec- 
ular weight marker. DNA fragments were visualized after 
staining in ethidium bromide. 

2.4.3 Data analysis 

Allelic frequencies were calculated using the gene 
counting method and tested for Hardy-Weinberg equi- 
librium using the chi-square test for goodness of fit. 
Unbiased estimates of average heterozygosity and the 
associated standard error were calculated as previously 
described [26]. 

3 Results 

The principle of the assay is summarized in Fig. 3. DNA 
banding patterns were scored according to the following 
criteria. Homozygous individuals for the insertion 
exhibit one band approximately 400 bp (TPA25. APO 
and 
A 

B 

PV92), 490 bp ?ACE) or 700 bp (FXIIIB) long. In 

490 bp 

f !I P 
490 bp Fragment 490 8 190 bp Fragment 

Figure 3. Principle of the PCR based Alu polymorphism assay and 
resulting bands according to genotype. Part "A" at the top illustrates 
an Alu insertion and the size of the amplification product of an inser- 
tion allele (490 bp). Part " B  represents the amplification and size of a 
lack of insertion allele (190 bp). Bottom panel represents the sizes of 
the PCR products for the three possible genotypes. Light lines rep- 
resent Alu sequences while heavy lines illustrate flanking genomic 
DNA. 

190 bp Fragment 

other words, the Alu insertion is present at the locus in 
both homologous chromosomes. Homozygous individ- 
uals for the lack of insertion allele are represented by 
one band approximately 110 bp (TPA25, APO and PV92), 
190 bp (ACE) or 500 bp (FXIIIB) long. In these individ- 
uals the element is not present in either of the two 
homologous chromosomes. Heterozygous individuals 
exhibit both bands, one of each of the two fragment 
lengths. Five HS Alu polymorphic loci were analyzed for 
both the population and paternity studies. 

3.1 Population analysis 

A total of 81 individuals from 3 different populations 
were tested. The allele frequencies and the average heter- 
ozygosity for each population are shown in Fig. 2. Except 
for APO which was fixed for the presence of the Alu 
inslrtion in the Chimila and Zuni, all other loci were 
polymorphic in all 3 populations studied. The allelic fre- 
quencies of the Alu insertion for all loci and populations 
studied are shown in Figure 2. The heterozygosity for 
each polymorphic locus in each population ranged from 
0.08 for PV 92 and FXIIIB in the Chimila to 0.5 for ACE 
and FXIIIB in the Doc0 group (Fig. 2). The average 
heterozygosity for all three groups and all loci studied 
ranged from 0.21 in the Chimila to 0.48 in the Doc0 
(Fig. 2). 

3.2 Pedigree analysis 

To establish the probability of paternity for the family 
represented in the pedigree, DNA fingerprints of the 
mother, children and father were compared (Fig. 4). The 
paternity index is defined as the ratio of the chance of 
paternity for a possible biological parent to the chance of 
paternity for a randomly selected individual of the appro- 
priate population. The probability of paternity is the 
expression of the paternity index as a percentage [27]. 
For the RFLP analysis, paternal and maternal bands 
were compared with the profiles of the children. All of 
the nonmaternal bands in the child's DNA fingerprint 
had to be present in the father for paternity to be 
assigned. The lower portion of Fig. 4 represents an auto- 
radiography with the banding profiles of the individuals 
in the pedigree using the RFLPIVNTR probe D5S110. 
Five DNA RFLP/VNTR probes were used to establish 
paternity. In this family, paternity was confirmed for each 
child at a probability of paternity greater than 99.99% 
using methods suggested by the American Association 
of Blood Banks [27]. 

The HLA Polymorphism study of this family only com- 
prised DRB generic and DQAl allele typing. The segre- 
gation of haplotypes are shown in Fig. 5. The father 
(WA11) carried haplotypes a and b, while the mother 
(WA16) carried haplotypes c and d. The expected 
linkage disequilibrium was detected in all 4 haplotypes. 
DRBl*03 and DRBl*ll are in linkage disequilibrium in 
almost 100% of the cases with DQA1*0501. Similarly, in 
most cases in the general population DRB1*04 segre- 
gates together with DQA1*03 while DRBl*OI is in 
linkage disequilibrium with DQA1*0101. Probability of 
paternity was calculated as described above and the 
values obtained were 82.25% (DRBl*Ol, DQA1*0101) 
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Figure 5. Diagram showing the pedigree of the family studied demon- 
strating the segregation of HLA DRB and DQAl haplotypes. 

and 85% (DRB1*04, DQAl*03) depending on the haplo- 
type frequency in the general population. 

The HS A h  PCR polymorphism analysis was based on 
the allelic distribution of the five loci studied (TPA25, 
ACE, APO, PV92 and FXIIIB). The banding profiles for 
the ACE locus for the seven individuals in this family 
after agarose gel electrophoresis are shown in Fig. 6 .  The 
different banding patterns that result from this diallelic 
locus are represented. Figure 7 summarizes the geno- 
types for the five polymorphic loci. The likelihood of 
paternity or maternity with respect to the five offspring 
in the pedigree was calculated as previously described. 
For the parents of this pedigree, the probability of pater- 
nity and maternity was 89% and 96%, respectively. 

4 Discussion 

A h  retroposition constitutes an ongoing valuable source 
of human specific stable genetic variability. A h  elements, 
rather than useless sequences as they originally were 

Figure 4. Pedigree showing the RFLPI 
VNTR banding profile from family 
members. Roman and Arabic numerals 
in the pedigree indicate generations 
and individuals, respectively. Numbers 
under the autoradiograph show the sam- 
ples loaded on the gel. Wells 1 and 10 
contain molecular weightlsize markers 
(see Section 2). Well 2 demonstrates the 
RFLPIVNTR banding pattern for the 
human cell line K562 as a standard. 
Wells 3 to 9 represent the DNA profiles 
of the family members. Notice that each 
banding pattern is directly below the 
corresponding square or circle symbol 
for each family member in the pedigree. 
Each individual exhibits two bands one 
inherited from the father and the other 
from the mother. The different band 
locations reflect different migration 
rates which, in turn, is the result of dif- 
ferent number of tandem repeats. Indivi- 
duals WAll and WA16 represent the 
father and mother in this pedigree. 
Wells 5 and 7 exhibit the banding pat- 
tern of the two heterozygous parents 
with two bands as opposed to single 
bands found in homozygotes. The 
offspring in wells 3, 4, 6, 8, and 9 are 
also heterozygotes since they inherited 
different size fragments from the 
mother and the other from the father. 
Notice that mother and father possess 

8 9 10 unique bands (bands are not shared). 

T 

Figure 6. Agarose gel electrophoresis of the Alu PCR amplification 
products for the ACE locus from members of the family analyzed. On 
the gel: lanes (1) and (9) marker, Hue111 digested QX174; (2) indivi- 
dual 111; (3) individual 112; (4) individual 11; (5 )  individual 113; (6) 
individual 12; (7) individual 114; (8) individual 115. The insertion band 
is seen at the level of arrow “A” (490 bp) and the lack of insertion 
band at the level of arrow “B” (190 bp). The fastest (labeled “D”) and 
the second fastest (labeled “C”) moving bands are primer and primer- 
dimer, respectively. The scores are as follow: homozygous for the lack 
of insertion, 115; homozygous for the insertions, I13 and heterozygous, 
11, I2 111, 112, 114. 
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Figure 7. Pedigree of the family studied showing the scores obtained 
after HS Alu PCR amplification analysis for each of the five loci ana- 
lyzed. HF: Homozygous for the insertion (a HS Alu is inserted in the 
same locus in both members of the chromosome pair): H: Hetero- 
zygous; HL: Homozygous for the lack of insertion (none of the mem- 
bers of the chromosome pair have an insertion in that locus). 

thought to be, represent a dynamic source of genetic 
variation in most cases either inconsequential or delete- 
rious with dramatic corresponding medical conse- 
quences to the individuals. This variation is starting to 
be also appreciated as raw material for several important 
evolutionary processes [28]. A search for the presence of 
A h  elements within over 100 000 sequences showed 17 
A h  insertions within exons of 15 different cDNAs [29]. 
Meningiomas 1301, hemophilia B in hemizygous males 
1311 and neurofibromatosis type 1 [17], among others, are 
all diseases associated with the presence of one or sev- 
eral Alu elements implicated in different molecular rear- 
rangements that include, recombination, intron sliding, 
alternate splicing and duplication. Although there may 
be some insertional preferences at A + T rich regions 
[32], A h  insertions are distributed fairly randomly. Fur- 
thermore, polymorphic Alu insertions (recent retroposi- 
tion events) are thought to be present with a frequency 
of about 500 elements per genome [25]. Therefore, the 
possibility of having two elements inserted indepen- 
dently exactly in the same genomic location is essen- 
tially zero. Since retroposition of one element represents 
the insertion of an approximately 300 nucleotide frag- 
ment of DNA into a particular site and there are no 
known specific mechanisms for their complete removal, 
the probability of getting just that insertion entirely 
deleted from the location is very small [33]. Specific poly- 
morphic Alu insertions are therefore related by descent 
not just state as many other genetic markers. This makes 
Alu elements excellent markers for both population and 
paternity studies. Many Alu insertions, in fact, represent 
ancient events or molecular fossils which remain for the 
most part intact after millions of years. The oldest Alu 
insertions are about 65 million years old, while the 
oldest HS Alu insertions are approximately 2.8 million 
years old. This type of genetic marker allows for more 
precise phylogenetic reconstructions and it may prove to 
be a valuable tool in the field of molecular archaeology. 
In a recent report [34], we assessed the validity of the 
Alu insertion polymorphism data to study population 
relationships by calculating G,, values (measure of the 

relative magnitude of genetic differentiation among 
groups) in 664 individuals from 16 populations. Signi- 
ficant differences among populations were found. In the 
present study, we describe the allele frequencies of five 
polymorphic Alu insertion loci in three populations from 
the American continent, two Amerindian and one of 
African origin. As expected, the American Indian popula- 
tions, one from north American (Zuni) and the other 
from south America (Chimila), exhibit allelic frequen- 
cies more similar to each other than to the south Amer- 
ican population of African descent (Doco). The Chimila 
and Doc0 groups are in close geographic proximity in 
northern Colombia. In fact Zuni and Chimila’s allelic 
frequencies are distinctively different in only one (PV92) 
of the five loci examined (Fig. 2). On the other hand, the 
Doc0 possess unique allelic frequencies from the two 
Amerindian groups in four of the five loci. 

In terms of heterozygosity, the Doc0 exhibit a range of 
0.44 to 0.5 and an average of 0.48 for the five loci. Con- 
sidering that these are biallelic loci and hence have a 
maximum heterozygosity of 0.5, this value is remarkably 
high. In contrast the north and south American Indian 
populations have average heterozygosities of 0.26 and 
0.21, respectively. These values are consistent with the 
history of these three populations. Although currently 
genetically isolated from other groups, the Doc0 is 
expected to have experienced admixture from Cau- 
casian and neighboring Amerindian populations since 
their introduction into a mining area of northwestern 
Colombia four centuries ago most likely from western 
Africa. The Zuni, the Chimilas and their ancestors that 
migrated to the new world, on the other hand, probably 
were subjected to bottleneck effects as they settled in 
their current locations. Subsequently, these Amerindian 
populations have been procreating to a great extent in 
isolation and to some degree under inbreeding condi- 
tions. 

Noteworthy is that the frequencies of A h  insertions in 
the Doc0 .population (TPA, 0.67; ACE, 0.47; APO, 0.63; 
PV 92, 0.40; FXIIIB, 0.47) are distinctly different from 
the frequencies in Nigerians (TPA, 0.41; ACE, 0.27; 
APO, 0.5; PV 92,0.09; FXIIIB, data to appear elsewhere) 
1341, a west African population related to the original 
African slaves brought to America. The Nigerians were 
found to be the closest to a hypothetical ancestral 
human population with an Alu insertion frequencies set 
at zero (the ancestral state) for four of the five poly- 
morphic insertions reported here [34]. Since the frequen- 
cies of these Alu insertions in Doc0 are intermediate 
between the Nigerian, on one hand, and the Amerindian 
(Chimila: TPA, 0.64; ACE, 0.70; APO, 1.00; PV 92, 0.96; 
FXIIIB, 0.96 / Zuni: TPA, 0.61; ACE, 0.77; APO, 1.00; 
PV 92,0.74; FXIIIB, 0.94) and European American (TPA, 
0.56; ACE, 0.51; APO, 0.94; PV 92, 0.18; FXIIIB, data to 
appear elsewhere) [34] populations on the other, this 
data is consistent with historical records and gene flow 
from American Indian and/or Caucasian populations 
into the Doc0 population subsequent to their introduc- 
tion in present day Colombia. 

In the filiation study, we compare the discriminative 
power of HS Alu insertion polymorphisms with respect 
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to HLA analysis and RFLPsIVNTR profiling. With only 
five loci, the Alu insertion system yielded a percentage 
probability of paternity and maternity of 89% and 96%, 
respectively [35]. It is calculated that there are between 
500 and 2000 HS Alu repeats [36]. Considering that 
many of these loci may be polymorphic A h  insertions, 
the potential of this technology in medical diagnostics 
and epidemiology, forensic sciences, molecular archaeo- 
logy and human identification in general is remarkable. 
The PCR based test for HS Alu polyrnorphisrns repre- 
sents a simple, fast, non-isotopic and easily reproducible 
system for DNA profiling analysis. At both the levels of 
population studies and paternity testing, this approach 
has the potential to not only efficiently complement 
results obtained with other systems but also by itself, 
due to its uniquely beneficial characteristics, be a highly 
accurate tool in human identification. 
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