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The recently inserted subfamilies of Alu retroposons (Ya5/8 and Yb8) are
composed of approximately 2000 elements. We have screened a human
chromosome 19-speci®c cosmid library for the presence of Ya5/8 and
Yb8 Alu family members. This analysis resulted in the identi®cation of
12 Ya5/8 Alu family members and 15 Yb8 Alu family members from
human chromosome 19. The total number of Ya5/8 and Yb8 Alu family
members located on human chromosome 19 does not differ from that
expected based upon random integration of Alu repeats within the
human genome. The distribution of both subfamilies of Alu elements
along human chromosome 19 also appears to be random. DNA sequence
analysis of the individual Alu elements revealed a low level of random
mutations within both subfamilies of Alu elements consistent with their
recent evolutionary origin. Oligonucleotide primers complementary to
the ¯anking unique sequences adjacent to each Alu element were used in
polymerase chain reaction assays to determine the phylogenetic distri-
bution and human genomic variation associated with each Alu family
member. All of the chromosome 19-speci®c Ya5/8 and Yb8 Alu family
members were restricted to the human genome and absent from ortholo-
gous positions within the genomes of several non-human primates. Three
of the Yb8 Alu family members were polymorphic for insertion pre-
sence/absence within the genomes of a diverse array of human popu-
lations. The polymorphic Alu elements will be useful tools for the study
of human population genetics.
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Introduction

The Alu family of short interspersed elements
(SINEs) is a large family of mobile genetic elements
that have expanded to a copy number of 500,000
within the last 65 million years of primate evol-
ution (for reviews see Deininger, 1989; Okada,
1991; Schmid & Maraia, 1992; Deininger & Batzer,

1993, 1995). The expansion of the Alu family to
such a high copy number has occurred as a result
of the ampli®cation of only a few active ``master''
or ``source'' genes producing a hierarchical sub-
family structure for these elements. The elements
may be divided into subfamilies or clades of
related Alu elements that share common diagnostic
mutations. Here, we will use the standardized
nomenclature to refer to the various Alu subfami-
lies (Batzer et al., 1996b). Two of the most recently
formed subfamilies of Alu elements have been
termed Ya5 and Ya8. Ya8 Alu family members con-
tain all ®ve of the Ya5 diagnostic substitutions as
well as three additional mutations such that we
refer to this lineage of Alu sequences collectively as
the Ya5/8 subfamily. Independently, and in an
overlapping time frame, a second derivative of the
Y subfamily designated as Yb8 that is character-
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ized by eight different mutations has also ampli-
®ed within the human genome.

The ampli®cation of Ya5/8 and Yb8 Alu family
members to a copy number of approximately 2000
members is an ongoing process that has started in
very recent evolutionary history (Batzer et al.,
1995). Most of the members of the Ya5/8 and Yb8
subfamilies have ampli®ed so recently in primate
evolution that they are absent from the genomes of
non-human primates although a few Ya5/8 Alu
repeats are found within chimpanzee and gorilla
genomes (see Deininger & Batzer, 1993, 1995 for
reviews). Some of the Ya5/8 and Yb8 Alu family
members have integrated so recently within the
human genome that they are polymorphic for pre-
sence/absence within different human genomes
(Batzer et al., 1994, 1996a; Stoneking et al., 1997).
There are also examples of de novo Alu insertion
events that give rise to neuro®bromatosis and
hemophilia (Wallace et al., 1991; Vidaud et al.,
1993).

The insertion of Alu repeats within the human
genome may occur as the result of random pro-
cess, or may be biased based upon local sequence
context or gene density. Human chromosome 19
is known to have a high G�C content and is
also extremely gene-dense (Ashworth et al., 1995).
Early ¯uorescence in situ hybridization (FISH)
based studies using metaphase chromosomes
suggested that the gross distribution of inter-
spersed repeated DNA sequences throughout the
genome was not completely random with some
local areas of concentration of different classes of
repeats (Korenberg & Rykowski, 1988). In
addition, Korenberg & Rykowski (1988) also
demonstrated that long interspersed elements
(LINEs) preferentially integrate in A�T-rich
regions (G bands) of the genome whereas Alu
SINEs integrate in G�C-rich regions (R bands).
Sainz et al. (1992) have also reported a non-ran-
dom distribution of Alu and L1 elements along
human chromosome 21. Recently, a common inte-
gration site motif for Alu repeats has been ident-
i®ed by Jurka (1997) suggesting the existence of
an endonucleolytic activity for the integration of
SINEs and LINEs. An endonuclease was simul-
taneously identi®ed as part of one of the open
reading frames from LINE elements by Boeke
and co-workers (Feng et al., 1996). The existence
of an endonucleolytic activity for the integration
of SINEs and LINEs and a common integration
site sequence both have potential implications for
the dispersal of Alu interspersed repeats through-
out the human genome. The recently inserted
``young'' Alu elements are a rich source of geno-
mic fossil landmarks for the study of the disper-
sal of Alu repeats, phylogenetics and human
population genetics. Here, we report the identi®-
cation of recently inserted Alu repeats along an
entire human autosome and discuss the impli-
cations of these observations with respect to the
dispersal of these elements throughout the gen-
ome.

Results

Library screening and physical location

A total of 116 Ya5/8 and 75 Yb8 probe-positive
clones were identi®ed from approximately 10,000
arrayed chromosome 19-speci®c cosmid clones.
Due to the redundancy of the cosmid library that
was screened, the total number of probe positive
clones is higher than the actual number of young
Alu repeats. Since several of the probe-positive
clones represent overlapping cosmids containing
the same Alu element, the clones were organized
into clusters using a graphical analytical tool
(Browser) that interfaces with the cosmid map of
chromosome 19. This process reduced the number
of potential cosmid contigs containing unique Alu
elements by a factor of four (189 to 49). Of the 49
cosmid contigs, 22 contigs contained Ya5/8 Alu
family members and 27 contigs contained Yb8 Alu
repeats. It is possible that the ®rst round of screen-
ing may have identi®ed several false positive
clones due to the high density of the clones on the
®lter. For the second round of screening, a single
positive cosmid clone from each one of the 49 con-
tigs was subcloned into a plasmid vector and
rescreened for the presence of the speci®c Ya5/8 or
Yb8 Alu element. The subcloning resulted in the
identi®cation of 12 independent Ya5/8 and 14
independent Yb8 Alu family members; a total of 26
chromosome 19-speci®c Alu repeats. The positive
clones from the ®rst round of screening that were
discarded after the second round were also tested
by Southern blot analysis for the presence of Ya5/
8 or Yb8 Alu elements.

Integration of the probe-positive cosmid clones
into the chromosome 19 physical map (Ashworth
et al., 1995) resulted in the determination of the
physical location of the individual Alu repeats
along human chromosome 19. The individual Alu
elements from both subfamilies are dispersed along
both arms of the chromosome as shown in Figure 1.
Physical locations, cosmid clone numbers, subfam-
ily designations and GenBank accession numbers
for each Alu element are shown in Table 1. It is also
interesting to note that the Alu elements from both
subfamilies reside within G and R bands along
human chromosome 19. Two previously reported
Alu repeats from the Ya5/8 and Yb8 subfamilies
(PV30B and LDLR) were not isolated during the
library screening (see Discussion).

DNA sequence analysis

DNA sequencing of each Alu repeat was per-
formed using internal Alu subfamily-speci®c pri-
mers described by Batzer & Deininger (1991) and
Batzer et al. (1995). In the case Yb8 clones Sb19.2
and Sb19.7, the primer used to obtain the
sequence of the 50 ¯anking region did not per-
form well, possibly due to random mutations in
the sequencing primer annealing sites. Since these
Alu elements were positively identi®ed using a
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subfamily-speci®c hybridization oligonucleotide,
a new sequencing primer was designed that
is complementary to the probe region. The
new sequencing primer is approximately 240
bases from the 50 end of the Alu element and
its sequence is 50-CTCTGTCGCCCAGGCCG-
GACTGCGG-30. Flanking unique nucleotide
sequences were used to design oligonucleotide

primers for the Alu insertion polymerase chain
reaction (PCR) assay. PCR products from each
locus were TA cloned for ®nished sequencing of
each Alu repeat.

The nucleotide sequences from the chromosome
19 Ya5/8 Alu family members are shown in
Figure 2. Each of the Ya5/8 Alu family members
were ¯anked by perfect direct repeats that ranged
in size from nine (HS19.10) to 17 nucleotides
(HS19.4, HS19.8 and HS19.11) with an average
length of 13.2 nucleotides. The length and base
composition of the direct repeats is similar to
that previously reported for recently integrated
Alu elements (Arcot et al., 1995a, 1996; Batzer
et al., 1990, 1995) and is considered a hallmark of
recent retroposition events. Each of the Ya5/8
Alu repeats also contained an oligo(dA)-rich tail
that varied from 12 (HS19.4) to 30 (HS19.2)
nucleotides in length. Excluding insertions and
deletions a total of 30 out of 3363 nucleotides
were different from the Ya5/8 subfamily consen-
sus sequence. If we divide the mutations into
those that occurred at CpG dinucleotides (12)
and those at non-CpG positions (18), the level of
non-CpG substitutions can be used as an indi-
cation of the age of these Ya5/8 Alu family

Table 1. Characteristics of chromosome 19-speci®c
young Alu repeats

Name Subfamilya
Cosmid

clone IDb Locationc
Genbank

ID

HS19.1 Ya5 F16706 p13.2/13.3 AF015147
HS19.2 Ya5 F15251 p13.1/13.2 AF015148
HS19.3 Ya5 F18633 p13.1 AF015149
HS19.4 Ya5 F19106 p13.1 AF015150
HS19.5 Ya5 F24757 p12 AF015151
HS19.6 Ya5 F16949 q12 AF015152
HS19.7 Ya5 F23468 q13.1 AF015153
HS19.8 Ya5 F22132 q13.1 AF015154
HS19.9 Ya8 F15702 q13.1 X54177
HS19.10 Ya5 F21419 q13.1/13.2 AF015155
HS19.11 Ya5 F19081 q13.4 AF015156
HS19.12 Ya5 F16107 q13.4 AF015157
PV30B Ya8 ± ± U02532
Sb19.1 Yb8 F15546 p13.3 AF015158
Sb19.2 Yb8 F25413 p13.1 AF015159
Sb19.3 Yb8 F23467 p12 AF015160
Sb19.4 Yb8 F18993 q12 AF015161
Sb19.5 Yb8 F21682 q13.1 AF015162
Sb19.6 Yb8 F20428 q13.2 AF015163
SB19.7 Yb8 F24330 q13.2/13.3 AF015164
Sb19.8 Yb8 F23145 q13.2/13.3 AF015165
Sb19.9 Yb8 F17058 q13.3 AF015166
Sb19.10 Yb8 F18874 q13.3/13.4 AF015167
Sb19.11 Yb8 F20766 q13.4 AF015168
Sb19.12 Yb8 F22777 q13.4 AF015169
Sb19.13 Yb8 F24232 q13.4 AF015170
Sb19.14 Yb8 F22371 q13.4 AF015171
LDLR Yb8 ± p13.2 L35531

a Subfamily nomenclature described by Batzer et al. (1996b).
b Additional information about the cosmid clones can be

obtained through the internet (http://www-bio.llnl.gov/gen-
ome/html/chrom_map.html).

c Locations are based upon the physical (Ashworth et al.,
1995) and FISH maps (Brandriff et al., 1994; Gordon et al., 1995)
of chromosome 19.

Figure 1. Idiogram of human chromosome 19 show-
ing the approximate location of the Alu elements. The
physical location of each Alu element was determined
using the metric physical map of the chromosome as a
framework to locate the cosmid contigs containing Ya5/
8 and Yb8 Alu elements using subfamily-speci®c oligo-
nucleotide as probes for hybridization to arrayed high-
density cosmid clones. The physical location of individ-
ual cosmid contigs was previously determined by meta-
phase FISH analysis using speci®c cosmid clones from
the contigs as probes for hybridization. The exact physi-
cal location of individual Alu elements can be obtained
using the cosmid clone ID as a marker on the LLNL
chromosome 19 website via the internet (see Table 1).
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members as previously described (Arcot et al.,
1996). The CpG positions are eliminated from
consideration because they mutate at a rate that
is nine to ten times faster than non-CpG positions
(Batzer et al., 1990; Labuda & Striker, 1989) as a
result of the deamination of 5-methylcytosine
(Bird, 1980). Using a neutral rate of evolution of
0.15%/million years (Miyamoto et al., 1987) and
the level of non-CpG base substitutions of 18/
3363 (0.53%) the average age of these Ya5/8 Alu
repeats is estimated to be 3.56 million years old.
This age estimate compares favorably with pre-
vious reports on the average age of 1.5 and 2.8
million years old since the previous estimates
contained more polymorphic and presumably
evolutionarily younger Alu repeats (Arcot et al.,
1995a and Batzer et al., 1990, respectively).

Nucleotide sequences from the chromosome 19
Yb8 Alu family members are shown in Figure 3.
Inspection of the nucleotide sequences shows that
each of the Yb8 Alu family members was ¯anked
by direct repeats that ranged in size from ®ve
(Sb19.9) to 20 nucleotides (Sb19.7) with an aver-
age direct repeat length of 11.9 nucleotides. In
the case of Sb19.8, the direct repeat at the 50 end
has ten additional bases that appear to have
inserted either after reverse transcription or sub-
sequent to the integration of the Alu repeat. Each
one of the Yb8 Alu repeats also contained an oli-
go(dA)-rich tail that varied from 33 (Sb19.1) to
two (Sb19.6) nucleotides in length. Three of the
Yb8 Alu family members (Sb19.2, Sb19.4 and
Sb19.7) were truncated at the 50 end of the Alu
element but ¯anked by perfect direct repeat
sequences, suggesting that the truncation
occurred as the result of incomplete reverse tran-
scription of the elements or an error during inte-
gration. Excluding insertions, deletions and
truncations a total of 30 out of 3745 nucleotides
were different from the Yb8 subfamily consensus
sequence. Using the number of mutations at non-
CpG dinucleotides (11/3745, 0.29%) and a neutral
rate of evolution of 0.15%/million years
(Miyamoto et al., 1987), the average age of these
Yb8 Alu repeats is estimated to be 1.93 million
years old. This estimate is in agreement with pre-
viously reported age estimates of 2.7 and 4.1
million years old since some of the chromosome
19 Alu elements in this report are younger poly-
morphic elements (Batzer et al., 1995 and
Hutchinson et al., 1993, respectively). Both the
copy numbers and average ages of the Ya5/8
and Yb8 Alu subfamilies are similar suggesting
that these two subfamilies of Alu repeats dis-
persed throughout the human genome at a simi-
lar rate in an overlapping evolutionary time
frame.

It is interesting to note that the tails of HS19.2
and HS19.3 contain a (TAA)3 and (TA)30 simple
sequence repeat, respectively. In addition, Sb19.3
and Sb19.14 contain six base insertions within their
middle A-rich regions. The oligo(dA)-rich tails and
middle A-rich regions of Alu elements have pre-

viously been shown to be the nuclei for the genesis
of simple sequence repeats (Arcot et al., 1995b;
Economou et al., 1990). Although we have only
reported two examples, it is also worth noting that
the presence of two Yb8 Alu elements with six
base insertions within the middle A-rich region
(Sb19.3 and Sb19.14, Figure 3) may be the ®rst
indication of a new human lineage of the Yb sub-
family. This subfamily would be designated as Yb9
based upon the nine subfamily-speci®c mutations
within these Alu elements.

Phylogenetic and genomic diversity analyses

In order to perform PCR-based analyses of the
phylogentic and human genomic diversity associ-
ated with each of the chromosome 19-speci®c
Alu family members we predicted oligonucleotide
primers complementary to the unique DNA
sequences adjacent to each Alu element (Table 2).
With the exception of Alu elements HS19.4,
Sb19.2, Sb19.8 and Sb19.11, oligonucleotide pri-
mers complementary to the rest of the Alu
elements were successful in amplifying speci®c
Alu insertion loci using genomic DNA as tem-
plate for the PCR. Computer-based searches
using the basic local alignment search tool
(BLAST) algorithm showed that the HS19.4,
Sb19.2, Sb19.8 and Sb19.11 Alu repeats had
inserted within older pre-existing Alu elements.
Therefore, PCR of these loci only generated
speci®c amplicons using DNA from the original
cosmid clones as templates. Ampli®cation of
these loci using genomic DNA templates pro-
duced smeared PCR products consistent with
non-speci®c priming from multiple Alu repeats
dispersed throughout the genome. The details of
phylogenetic analysis on the remainder of the
Alu elements using a PCR-based assay and a
panel of primate genomic DNA samples showed
that with the exception of HS19.8, all Alu
elements were restricted in distribution to the
human genome and absent from the genomes of
non-human primates. HS19.8 appeared to be pre-
sent in chimpanzee but was absent in gorilla and
orangutan, and other primates that diverged even
earlier.

The initial levels of genetic diversity of the
chromosome 19 Alu elements were assessed by
PCR analysis using a pop-tube approach (Ruano
et al., 1994) with three different pooled DNA
samples from ten Caucasians, ten African-Ameri-
cans and ten Hispanic-Americans. These popu-
lations sample the diversity present in Europe,
Africa and the New World. Alu elements Sb19.3,
Sb19.10 and Sb19.12 were classi®ed as poly-
morphic using this approach. The distribution of
the polymorphic Alu elements was subsequently
determined using a larger number of individuals
from several diverse populations (Table 3). All
three polymorphic Alu elements were found in
all ten populations analyzed suggesting that they
integrated within the human genome prior to the
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radiation of modern humans. The allele frequen-
cies of the polymorphic elements ranged from
0.958 for Sb19.3 in U.S. Caucasians to 0.059 for
Sb19.10 in Turkish Cypriots (Table 3). Each of the
polymorphic Alu elements should prove useful as
markers for the study of human population gen-
etics.

Characterization of the Alu HS19.8 region

An orthologous locus that contains a young Alu
element in chimpanzee and human genomes may
be an active Ya5/8 source gene (Lee¯ang et al.,
1992) or the product of a gene conversion of a pre-
existing older Alu element to a young Alu repeat
in the human genome. No gene conversion events
have ever been previously reported for Ya5/8 Alu
elements, however a low level of gene conversion
has been observed in Yb8 Alu elements (Batzer
et al., 1995; Kass et al., 1995). In order to determine
the molecular nature of this locus, orthologous
PCR products from human, chimpanzee, gorilla
and orangutan genomes were cloned and
sequenced. The alignment of the nucleotide
sequences from the orthologs indicates that two
Alu elements belonging to different subfamilies
have independently inserted within a 50 bp region
on chromosome 19 (Figure 4). The human Alu
element belongs to the Ya5 subfamily while the
chimpanzee Alu repeat belongs to the older Y sub-
family. The insertion of the chimpanzee Y Alu
element appears to have occurred independently
of the Ya5 Alu insertion since each Alu repeat has

unique pre-integration sequences and ¯anking
direct repeats. In addition, the human locus has
the intact pre-insertion sequence for the Y Alu
element insert in chimpanzee, and vice versa. An
inspection of the pre-integration sequences, which
are 43 bases apart, does not indicate any similarity
between the two sites. Therefore we conclude that
the insertion of the two Alu repeats within this
region are independent events. A schematic dia-
gram of the evolution of this locus is shown in
Figure 5 with the original locus devoid of an Alu
element in orangutan and gorilla genomes along
with the independent insertions of a Ya5 Alu
repeat in humans and Y Alu family member in
chimpanzees.

Discussion

Since the ®rst identi®cation of subfamilies of Alu
elements that are active in retroposition, a number
of recently integrated ``young'' Alu elements have
been identi®ed (Arcot et al., 1995a, 1996). Most of
these elements were identi®ed from randomly
sheared genomic DNA libraries that enriched for
speci®c subfamily members (Batzer & Deininger,
1991; Batzer et al., 1990). The availability of physi-
cal maps for entire human chromosomes allows
one to study the dispersal of these elements from
the perspective of a single chromosome and to
address aspects of the biology of retroposition,
such as bias towards a certain sequence context or
regions of the chromosome for integration. The
physical map of human chromosome 19 developed

Table 2. Oligonucleotides for PCR ampli®cation, annealing temperatures and polymorphism status of chromosome
19-speci®c young Alu repeats

Name 50 Primer (50-30) 30 Primer (50-30)
Annealing

temp. Polymorphism status

HS19.1 TTGTATCGAAGAGGAAGCAGGC GCTTTACCATGATGCTGCACGGTG 57 Monomorphic
HS19.2 ACTAGAGCCCAGGAATTAGCGAC GAATACTAGGATCTGCTTGCCTCA 65 Monomorphic
HS19.3 TTTAGCCAAGCATGGTGGCAGATG GCTGATTTGGGAGAATGAACGACTG 67 Monomorphic
HS19.4a AAAAATTAGCCAGACGTGGTGG ACCATCAGGCTTTTCTAAGAGC 60 ND
HS19.5 AACTAAGGGCAGAGATAGCATCTAC GTGCTAGGATTATAGGTGTGAAC 60 Monomorphic
HS19.6 CCACAATACTTATGAAGGACACC TATTTTTCTCAGCTCGCACTACC 67 Monomorphic
HS19.7 TGTATTTCATTCACAGGGGAG TTAACCCCAGCATTAACTTCC 63 Monomorphic
HS19.8 GAAATCTTAATGCCCAGTGCC TGTGAGTCACCATGCTCAGCTCAAC 65 Monomorphic
HS19.10 GCCTGGCCCCATTTTCACACTGC CTTTGTGATCCACCTGCCTTGGT 65 Monomorphic
HS19.11 ACGTAAGTGTTTTCCTCTTTG GATCTCCAGCAGTTATTAATC 55 Monomorphic
HS19.12 AGCATCCCTGTCAACAGTGG ACCACACCCAGCCCAGCCTCTTTTT 65 Monomorphic
Sb19.1 AACCTTCTTGGATGACAAAGCC GCTATGATTGTGTTATTGCACTCC 60 Monomorphic
Sb19.2a AATTAGCCAGGTGTGGTGGTGCAT CAGGACACAAGCAGCGACCATT 65 ND
Sb19.3 TCTAGGCCCAGATTTATGGTAACTG AAGCACAATTGGTTATTTTCTGAC 60 Polymorphic
Sb19.4 TCTCCAGGCTTGCACCTGGACG TTCTCCAGGGCACTCATGTCTTCC 60 Monomorphic
Sb19.5 AATCACTTGAAGCCAGGCAACA ACTAGTGGATCTTTCCATATGCC 60 Monomorphic
Sb19.6 GGGAGGGACAGGGAAAGATGTG GAACTTATTCCTCCTCCTATCTAGCTG 65 Monomorphic
SB19.7 TCACCTTCCCATAACCTCTTCC ACTGCACCTGGCCAAGATGCAT 65 Monomorphic
Sb19.8a ACAGAGGGAGACTGTCTCCAG CCTGGGCTCAAGCTATGATCC 65 ND
Sb19.9 CTGGGCAATATAGCGAGGCTC GTCTTCCCAGCCATTCTCTGG 65 Monomorphic
Sb19.10 GCCAAGAAATAAAATAGCCCTCC TGGGATTACAGGCATAAGCCAACAT 65 Polymorphic
Sb19.11a CAGGTTCAGTATTCAGCTTGAGG CTGCATGTTACAGTCCCTGG 60 ND
Sb19.12 TTAACATCCCTGCAACCCATC GATTATAGTCACCCTGTTGTGC 65 Polymorphic
Sb19.13 ATGAAATTGTTTGATCCATAAATGC GTCTTAAGAATTGCCAGCATAC 65 Monomorphic
Sb19.14 ACTCCTGAAGTCAGCAAGACCACG CTAGGTAAGGCTACTGTGTCTCC 65 Monomorphic

a These primers produce the correct amplicon using cosmid DNA as a template for the PCR, but not when total genomic DNA is
used as a template.
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at LLNL has a foundation primarily consisting of
cosmid clones that are organized into multiple con-
tigs (Ashworth et al., 1995). These clones were
arrayed onto nylon ®lters and screened using sub-
family-speci®c oligonucleotide probes under strin-
gent hybridization conditions.

Two Alu elements, PV30B and LDLR, which are
known to be present on chromosome 19 (Batzer
et al., 1995) were not detected in this study. There
are several potential reasons for not detecting some
chromosome 19-speci®c Alu elements within the
library. First, some genomic regions may be resist-
ant to cloning or underrepresented in this particu-
lar library. The centromere and telomeric regions
of chromosome 19 were underrepresented in this
cosmid library since the restriction enzyme used to
construct the library infrequently restricts DNA
from tandem repeat sequences that are predomi-
nant in these regions of the chromosome (De Jong
et al., 1989). Secondly, random mutations within
the region complementary to the hybridization
probe may also result in the lack of identi®cation
of an Alu element. For instance, the low density
lipoprotein receptor (LDLR) Alu element was not
detected in this study because of the mutation in
the probe hybridization site and the stringent
hybridization conditions employed for the isolation
of these Alu elements.

The Ya5/8 and Yb8 Alu subfamilies are com-
posed of approximately 2000 members (Batzer et al.,
1995). Human chromosome 19 is very G�C-rich
and also extremely gene-dense (Ashworth et al.,
1995). These two characteristics would suggest that
Alu elements, which preferentially insert in these
regions, should be present in a higher number on
chromosome 19 as compared to the rest of the gen-
ome. In order to determine if there is any bias in
the number of Ya5/8 and Yb8 Alu repeats located
on human chromosome 19, we compared the total
number of recently integrated Alu elements to that
expected based upon the size of human chromo-
some 19. Since human chromosome 19 is approxi-

mately 2% of the human genome by mass
(Ashworth et al., 1995), we expect a total of 40 (2%
of 1000 � two different subfamilies) recently inte-
grated Alu family members (20 Ya5/8 and 20 Yb8)
to be located along human chromosome 19. The
number of observed Ya5/8 (13 total; 12 � PV30B)
and Yb8 (15 total; 14 � LDLR) Alu family members
does not signi®cantly differ from that expected
based upon the random integration of these Alu
family members into the chromosome as judged
by a chi-square test for goodness of ®t. Therefore,
irrespective of the gene density and the G�C con-
tent of the chromosome, we conclude that there
has not been a preferential accumulation of young
Alu elements on human chromosome 19 as com-
pared to the entire genome.

In order to determine if the number of Ya5/8
and Yb8 Alu family members on each arm of
chromosome 19 was signi®cantly different from
that expected, we divided the total number of
elements observed from each subfamily into two
classes determined by the length of each arm.
Excluding the centromere and the telomeres, the p
arm of chromosome 19 is approximately 20 Mb in
length while the q arm is 30 Mb of the total 50 Mb.
Therefore we would expect 20/50 or 40% of the
recently inserted Alu repeats to be located on the p
arm of the chromosome and 30/50 or 60% of the
elements to be located on the q arm. A total of 27
(26 reported here � LDLR) recently integrated Alu
elements were identi®ed and mapped, therefore
the p arm should contain 10.8 Alu elements (5.4
Ya5/8 and 5.4 Yb8) while the q arm should contain
16.2 Alu elements (8.1 Ya5/8 and 8.1 Yb8). An
examination of Figure 1 shows that ®ve Ya5/8 and
four Yb8 Alu family members were located on the
p arm of the chromosome and seven Ya5/8 and 11
Yb8 Alu elements were located on the q arm of the
chromosome. The number of Alu elements from
the p arm (nine) and q arm (18) of chromosome 19
does not signi®cantly differ from that expected on
each arm of the chromosome as judged by a chi-

Figure 5. Schematic diagram of
the evolution of Alu element
HS19.8 and the adjacent DNA
sequences. The pre-insertion locus
corresponding to Alu element
HS19.8 with the sequences that
form the ¯anking direct repeats
upon the insertion of the Alu
element are represented as cross-
hatched and shaded rectangular
boxes in orangutan and gorilla. The
independent insertion of a Y Alu
element in the chimpanzee genome
and a Ya5 Alu element in human
genome are shown as the open
rectangular boxes along with the 30
oligo(dA)-rich tail. The bent arrows
indicate the location of the oligonu-
cleotide primer sequences that are
identical in all the primates shown
in the Figure.

852 Chromosome 19 Alu Repeats



square goodness of ®t test. Therefore, we conclude
that there is no preferential integration of recently
integrated Ya5/8 or Yb8 Alu family members on
either arm of human chromosome 19.

Previously, we have reported on the random dis-
persal of Ya5/8 Alu elements throughout the
human genome (Arcot et al., 1995a, 1996). The ran-
dom dispersal of recently integrated Alu repeats
throughout the human genome, and along human
chromosome 19 reported here provide support for
the random dispersal of the young Alu elements
throughout the human genome. However,
Korenberg & Rykowski (1988) have previously
reported an R-band speci®c preferential distri-
bution for Alu repeats, and Sainz et al. (1992)
report a non-random distribution of Alu and LINE
elements from human chromosome 21. The pre-
vious study by Korenberg & Rykowski (1988) was
conducted using a generic Alu repeat probe and
¯uorescence in situ hybridization to look at the
composite distribution of Alu sequences within the
human genome. Older Alu repeats may have had
a very small bias in their distribution that results
in the appearance of R-band-speci®c distribution
using FISH with a consensus Alu probe for detec-
tion. The dispersal of Alu sequences may have
favored R-bands early in primate evolution when
the J and Sx Alu subfamilies ampli®ed and the rate
of Alu ampli®cation was 100 times higher than the
current rate (Shen et al., 1991). Subsequently, as the
genome became infected with an increasing num-
ber of Alu elements, the bias toward insertion in R-
bands may have changed or been lost resulting in
a random pattern of integration for young Ya5/8
and Yb8 Alu repeats. The study by Sainz et al.
(1992) was based on an analysis of NotI restriction
fragments, and may re¯ect the non-random distri-
bution of NotI sites along human chromosome 21
rather than just the distribution of interspersed
repeats. Alternatively, the endonucleolytic activity
associated with LINE elements (Feng et al., 1996)
may have undergone mutations that altered its
nucleotide recognition sequence slightly changing
the integration site preference for young Alu and
LINE elements over time. However, the direct
repeats of Alu elements of various ages all appear
to have a common recognition sequence and do
not support the idea of a change in the endonu-
cleolytic activity throughout primate evolution
(Jurka, 1997).

Given the distribution of the Alu elements along
the two arms of chromosome 19, there do not
appear to be any hotspots for the integration of
young Alu elements along the chromosome. The
sole exception is the HS19.8 region, where an older
Y Alu element has independently inserted in the
same genomic region in the chimpanzee genome.
This chimpanzee Y Alu insertion appears to have
occurred in recent evolutionary history since it is
absent in gorillas and orangutans. Considering the
size of the human genome (3 � 109 bp), the num-
ber of Ya5/8 (1000) and Y (75,000) Alu repeats,
and their respective ampli®cation rates (200/

million years and 5000/million years), the prob-
ability of two independent Alu insertions occurring
in the same genomic region is extremely low. Sev-
eral recent Y subfamily Alu insertions in chimpan-
zees, gorillas and humans have been identi®ed
(Ryan & Dugaizyk, 1989; Traubuchet et al., 1987;
Muratani et al., 1991) demonstrating that this line-
age of Alu repeats has mobilized in recent primate
evolution along with Ya5/8 and Yb8 Alu family
members.

Previous studies have demonstrated that
approximately 25% of all recently inserted Alu
elements are polymorphic within different human
population groups (Arcot et al., 1995a). Therefore
the identi®cation of only three polymorphic Alu
elements out of 28 that are located on chromosome
19 appears to be lower than the seven expected.
However, the chromosome 19-speci®c cosmid
library was prepared from ¯ow-sorted chromo-
somes 19 contained in a human-rodent somatic cell
hybrid cell line. This cell line was generated using
cells from a single individual and contains only a
single chromosome 19 and this conditions the
probability for detecting young Alu repeats to a
haploid genetic background. In addition, four of
the recently integrated Alu elements had older Alu
elements in their ¯anking sequences and could not
be tested for polymorphism. Nonetheless, the three
polymorphic Alu elements that were identi®ed
should prove to be useful markers to study human
genomic diversity.

In summary, we have performed an analysis of
the recent Alu insertions belonging to two of the
youngest subfamilies, on a single human auto-
some. The results of this study indicate that the
number of elements identi®ed on chromosome 19
compares favorably with the original estimates of
the total number of Alu elements from these two
subfamilies that are present in the genome. There
does not appear to be a bias for insertion of young
Alu elements on human chromosome 19 as a
whole or into a particular arm of the chromosome.
Earlier studies showed that Alu insertions have a
biased distribution (Sainz et al., 1992) and integrate
preferentially into G�C rich regions, which are
generally associated with R-bands (Korenberg &
Rykowski, 1988). Our results show that young Alu
repeats integrate in both G and R chromosomal
bands, supporting a model of random dispersal of
young Alu elements throughout the genome. These
data also indicate that chromosomal G�C content
may not be the major factor in¯uencing the disper-
sal and integration of these elements.

Materials and Methods

Cell lines and DNA samples

The cell lines used to isolate human DNA samples
were as follows: human (Homo sapiens), HeLa (ATCC
CCL2); chimpanzee (Pan troglodytes), Wes (ATCC
CRL1609); gorilla (Gorilla gorilla), Ggo-1 (primary gorilla
®broblasts) provided by Dr Stephen J. O'Brien, National
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Cancer Institute, Frederick, MD, USA; African Green
Monkey (Cercopithecus aethiops), CV1 (ATCC CCL70);
and owl monkey (Aotus trivirgatus), OMK (637-69 ATCC
CRL1556). Cell lines were maintained as directed by the
source and DNA isolations were performed by standard
methods as described (Ausabel et al., 1987). Additional
DNA samples from ®ve individual chimpanzees, one
gorilla, three orangutans (Pongo pygmaeus), one macaque
(Macaca fascicularis) and one tamarin (Saguinus oedipus)
were obtained from BIOS Laboratories, New Haven, CT,
USA. Human DNA samples from the various population
groups were isolated from peripheral blood lymphocytes
(Ausabel et al., 1987) and were available from previous
studies (Batzer et al., 1996a).

Library construction, screening and subcloning

The chromosome 19-speci®c cosmid library was gener-
ated from ¯ow-sorted human chromosomes isolated
from a Chinese hamster-human hybrid cell line
(UV5HL9-5B) that contains a single human chromosome
19. Construction of the chromosome-speci®c library in a
cosmid vector and its characterization has been
described elsewhere (De Jong et al., 1989). Approximately
10,000 clones from this library (which represents a seven-
fold coverage of the chromosome) were arrayed in dupli-
cate onto nylon membranes (Hybond-N, Amersham,
Arlington Heights, IL, USA) as described (Olsen et al.,
1993). These clones were screened using oligonucleotide
probes speci®c to the Ya5/8 and Yb8 subfamilies of Alu
repeats (Batzer & Deininger, 1991; Batzer et al., 1995)
using hybridization and wash conditions described by
Batzer et al. (1995).

Subcloning of the cosmid clones containing the Alu
elements to identify the smallest fragment containing the
speci®c Alu repeat was performed using the following
strategy. Plasmid pBluescript KS� (Stratagene, La Jolla,
CA, USA) was linearized with BamHI and dephosphory-
lated. The cosmid clone was digested with a combination
of restriction enzymes BamHI, BglII and BclI. All three
enzymes produce cohesive ends compatible for cloning
into the BamHI site of the vector. The mixture of frag-
ments generated in this fashion was puri®ed and ligated
to the linearized vector, transformed into competent
DH5a and plated onto 132 mm 2 � YT agar plates. Col-
ony lifts were performed using standard protocols
(Maniatis et al., 1989) and were screened using radio-
labeled oligonucleotide probes speci®c for Ya5 and Yb8
Alu elements. After a second round of plating and
screening, the positive clones were processed to generate
templates for sequence analysis.

DNA sequencing

Plasmid templates for sequencing were prepared by
Qiagen mini-alkaline lysis according to the manufac-
turer's instructions (Qiagen, Chatsworth, CA, USA).
Double-stranded plasmid templates corresponding to the
cosmid subclones containing the Alu elements were
sequenced using internal Alu-speci®c primers as
described (Batzer & Deininger, 1991; Batzer et al., 1995)
and ¯uorescently labeled dye terminators using AB Taq
cycle sequencing kits (Applied Biosystems Division, Fos-
ter City, CA, USA). Sequencing of the PCR products cor-
responding to the Alu elements and their ¯anking
regions cloned into pCR II TA-cloning vector (Invitrogen,
San Diego, CA, USA) was accomplished using ¯uores-
cently labeled M13 forward and reverse primers and AB

Taq cycle sequencing kits. Sequencing reactions were
fractionated on a 6% (w/v) polyacrylamide gel, followed
by data collection and analysis on an Applied Biosys-
tems 373A DNA sequencer. The GenBank accession
numbers for the sequences in this report are shown in
Table 1 and also include AF077056-AF077058 for the
orangutan, gorilla and chimpanzee HS19.8 orthologous
regions (respectively).

Primer design and PCR amplification

Sequences ¯anking individual Alu elements were
screened against the GenBank non-redundant database
for the presence of repetitive elements using the basic
local alignment sequence tool (BLAST). PCR primers
were designed either manually or using the software
PRIMER (Whitehead Institute for Biomedical Research,
Cambridge, MA, USA). PCR ampli®cation was carried
out in 50 ml reactions as previously described by Arcot
et al. (1996). The sequences of the primers and their
annealing temperatures are shown in Table 2.
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