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ABSTRACT
In the primate genome, a typical Alu element
corresponds to a dimeric structure composed of two
different but related monomeric sequences arranged
in tandem. However, the analysis of primate sequences
found in GenBank reveals the presence of free left and
free right Alu elements. Here, we report the statistical
study of those monomeric elements. We found that
only a small fraction of them results from a deletion of
a dimeric Alu sequence. The majority derives from the
amplification of monomeric progenitor sequences and
constitutes two families of monomeric elements: a
family of free left Alu monomers that is composed of
two subfamilies and a small family of free right Alu
monomers. Both families predated the dimeric Alu
elements, and a phylogenetic analysis strongly
suggests that the first progenitor of the dimeric Alu
family arose through the fusion of a free left monomer
with a free right monomer.

INTRODUCTION

The Alu family is the dominant family of dispersed, repeated
elements in the genomes of all primates studied to date. More
than 500,000 members of that family are distributed through the
human genome (1-4).
A typical Alu element corresponds to a head-to-tail tandem

dimer approximately 300 bp long, the right monomer containing
an additional 31 bp segment relative to the left monomer (2).
It has been proposed that both monomers arose from the 7SL
RNA through a deletion of the central 7SL-specific sequence (5).
Alu elements are thought to have been spread throughout the
primate genomes via a process, called retroposition (6), involving
an RNA intermediate. The transcription is controlled by the RNA
polymerase Ill promoter located in the left half of the element
(7,8). This RNA is used as a template by the reverse transcriptase
to generate a cDNA that is subsequently integrated at a new locus
in the genome. The integration produces short direct repeats that
flank the element.

Since the Alu dimeric elements seem to be specific to the
primate genomes, they have amplified in the past 65 million years
(9). The various studies previously done on the Alu DNA

sequences have shown that this family can be subdivided into
different subfamilies of related elements, each subfamily being
characterized by a specific set of mutations called diagnostic
positions (10-15). The study of the diagnostic positions and the
divergence observed between the members of the different
subfamilies suggest that they have appeared at different
evolutionary times through mutations of a member sequence
belonging to a previously existing subfamily. The amplification
of a given subfamily seems to be limited in time. Supporting this
hypothesis, the few human Alu sequences that are known to be
polymorphic insertions in the human genome belong to the
youngest subfamily found only in that genome (16-18).

If the large number of Alu elements present in the primate
genomes attests to their efficiency to amplify, more recent studies
have shown that only a small fraction of the Alu elements is able
to duplicate (10-15). Those elements have been called source
genes, and the elements unable to transpose have been referred
to as pseudogenes (12). Those definitions assume a function for
the Alu elements that has not yet been defined. Therefore, in
the present study we will use a definition that refers only to the
mobility of the Alu elements. However, this definition does not
exclude a possible function for the Alu sequences but seems more
appropriate given the present controversy about the functionality
of the Alu sequences (12,15,19). The Alu sequences able to
duplicate will be called progenitor elements (9), and the elements
unable to transpose will be called sterile elements.
The most numerous Alu elements are dimeric, but the presence

of a family composed exclusively of free left Alu monomers
(FLAM) has also been reported (14,20,21). This family has been
shown to predate the appearance of the first Alu dimeric element
and could be representative of an ancestral Alu monomeric family
(14,20,21). The increasing number of Alu sequences in the
databases allowed us to undertake the DNA sequence analysis
of both free left and free right Alu monomeric (FRAM) elements.

In the present study we characterized two new families of
repetitive elements in the primate genomes that preceded the
emergence of the dimeric Alu elements. The first family is
composed of free left Alu monomers (FLAMs); it has been
subdivided into two subfamilies. The second family is formed
by only one group of free right Alu monomers (FRAMs).
Sequence comparisons suggest that both families share a common
ancestor issued from a 7SL RNA gene and that just after the
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emergence of the primate lineage, a member of the FLAM family
merged with a member of the FRAM family to form the first
Alu dimeric element.

MATERIALS AND METHODS

The sequences were extracted from GenBank (Release 67) (22)
by applying the program FIRE (Fast Identification of Repetitive
Elements; Quentin, unpublished). This program allows a fairly
exhaustive indentification of the Alu elements, even if those
elements are partial and/or divergent from the consensus
sequences. The histogram of the length of the extracted Alu
elements (not shown) presents a major peak corresponding to
the length of the dimeric elements, but also presented are two
minor peaks attesting to the existence of free left and free right
monomers in our sample of sequences. The sequences
corresponding to the free left and the free right monomers were
selected and aligned against the Alu consensus sequence given
in (14) to obtain a multiple alignment. When different copies of
the same gene and/or duplicated genes were present, only one
occurrence of the Alu elements was conserved for the statistical
analysis. A new approach has been used to select the bases
involved in the characterization of the subfamilies. Since each
subfamily of sequences is defined by a set of diagnostic bases,
each diagnostic base of one subfamily will be correlated with
all the other diagnostic bases of the same subfamily. Therefore,
this implies that only the bases correlated to other bases can
convey some information for subfamilies definition.
To measure possible links between bases at different positions

in the multiple alignment of sequences, we used the Kullback
information distance (KID) (23). For two random variables x
and y, this distance measures the statistical dependence between
x and y. It tells us how the uncertainty we have on x is decreased
by knowing y. Since knowing y cannot make x more uncertain,
the distance is positive or null. KID is a symmetric function of
x and y, and it is expressed in terms of probabilities and joint
probabilities. If P(x1) is the probability of observing the base x
at position i, if P(yj) is the probability to observe the base y at
position j with j . i, and if P(xi,yj) is the joint probability of the
base x to appear at position i and the base y to appear at position
j, then the Kullback information distance between x and y can
be written as:

:y~)=(x.y.) P(xj,yj) + xiloKID(xi,:yj) = PNX,Y;) 1092p ()pi + P(kj,yj) l092p ip)

+ P(xi,yj) log2p(o)jP(j) + P(Ri log2p( ) Ip

where the event xi is the observation of a base different from x
or of a deletion at the position i, and the event y is the
observation of a base different from y or of a deletion at the
position j.

This distance is equal to zero if the two bases are independent
and greater than zero if the two bases are dependent. The upper
limit is defined by log2(n), where n is the number of possible
states taken by the variables under study. Here, we consider if
a base is present or absent at a given position. Thus, in a
sequence, the variable can only have two different states, and
n is equal to 2. Therefore, the upper limit equals log2(2) = 1.
With this approach, the deletions found several times at the same
positions in the sequences increase the score obtained with the

Kullback information distance. However, when those deletions
are found at the 5' and 3' ends of the sequences, they are not
informatives for the definition of the subfamilies. They simply
correspond to partial sequences and have been discarded from
our samples.
The Kullback information distance observed between the pairs

of bases in the real sequences have been compared with the scores
obtained on 10 different sets of resampling sequences. From this
comparison we deduced a threshold that has been used to select
the pairs of bases having unusual correlations. The resampling
files have been obtained with the 'permute' option of the program
SEQBOOT of the PHYLIP package (24). This method permutes
the bases of each column of the multiple alignment (25,26). The
resampling conserves the base composition of the columns but
disrupts all possible links that may exist between the positions.
Only the pairs of bases having a KID greater than the threshold
have been retained for further analysis, except the pairs of bases
involved in a CpG dinucleotide. Indeed, the CpG dinucleotide
tendency to mutate to TpG or CpA through deamination of the
methylated cytosine (27) induces a correlation between the bases
C and A on one hand and T and G on the other hand.
Nevertheless, due to the rapid rate of mutation of the CpG
dinucleotide, in general, those correlations have no significance
for the subfamily definition and induce a background noise
(12,14).
The remaining pairs of bases showing a score greater than the

threshold have been used to define the subfamilies. Each position
of the sequences presenting a correlated base has been encoded
by a binary variable, which takes the value 1 if the base is
observed in the sequence and 0 otherwise. If at the same position,
two bases were implicated in a correlation, this position is
encoded by two binary variables. The comparison of the
sequences has been achieved by two complementary methods:
a clustering method (28) and a correspondence analysis [see (29)
and (30) for mathematical details, and (14), (30), and (32) for
applications of this method to evolutionary analyses]. Both
methods are based on the x2 metric, and the partition obtained
with the cluster analysis can be shown on the graph produced
by the correspondence analysis.

RESULTS AND DISCUSSION
Selection of the variables
The selection of the free left and free right monomeric Alu
elements from GenBank allows the constitution of a sample of
66 free left monomers and a sample of 39 free right monomers.
We computed the Kullback information distances between pairs
of bases on those two samples. As described in the method, the
values obtained with 10 resampling sets of sequences are used
to define a cutoff for each sample. A greater dispersion of the
KID values is observed with the resampling sequences of the right
monomers than with those on the left. Thus, two different
thresholds have been obtained for each set (0.20 for the left
monomers and 0.30 for the right monomers), corresponding
however to a similar overlap between the scores of the real and
the resampling sequences.

Fifty-two pairs of bases present a KID greater than 0.20 in
the left monomer sample, and 39 pairs of bases have a value
greater than 0.30 in the right monomer sample. Thus, despite
the fact that the left monomers are shorter than the right
monomers, they contain more correlated bases. Those pairs of
correlated bases involved 23 positions in the left monomers and
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13 positions in the right monomers. They represent only a small
fraction of the total number of positions in the sequences: 19%
for the left monomers and 9% for the right monomers. This result
shows the importance of using a method that extracts the
informative variables from the background noise. Among the
selected positions, only 13 (11 %) in the left monomers and 6
(4%) in the right monomers are not implicated in a CpG
dinucleotide. Twenty-two and 10 bases in the left and right
monomers, respectively, are involved in the correlations between
those positions. Indeed, at the same position, two different bases
can be correlated with other bases at other positions.

Multivariate analysis
To obtain a good description of the different groups of sequences,

we discarded from the initial samples of sequences the elements
presenting a deletion in at least one of the selected positions. Our
final sets are composed of 59 free left monomers and 36 free
right monomers. We applied a cluster analysis and a

correspondence analysis to those new samples of sequences where
the selected correlated bases have been encoded by a binary
variable as described in the method. The results are summarized
in Figure IA and lB. Those figures represent the projection of
the sequences and the variables (the selected bases) on the first
and second axes of the correspondence analysis. The partition
displayed has been obtained independently with the clustering
method. On the free left monomers (Figure IA), the first axis
of the correspondence analysis opposes the group Al and Bl
defined by the cluster analysis, and the second axis opposes those
groups to the third group (Cl). Each group of the partition is
associated with a specific set of variables (throughout the text,
the numbering refers to the 7SL RNA sequence in order to ease

the comparisons between the figures): the Al group with G27,
T35, A36, C37, and C39; the Bl group with T70, C276, G283,
and A288; and the remaining variables with the last group, except
the variable G69 that is shared by the Bl and Cl groups. The
Al group corresponds to the Ml subfamily described in Quentin
(20) and to the FLA monomers described by Jurka and
Zuckerkandl (21), and the Cl group corresponds to the M2
subfamily reported by Quentin (14,20).
The same analysis applied on the free right monomers

(Figure 1B) discriminates two groups of sequences (Ar and Br)
on the first axis.This discrimination is based on four positions.
The variables A58, A68, G77, and A97 are associated with the
group Br and the variables G58, G68, T77, and T97 with the
group Ar. The second axis opposes the sequences having a T
in position 77 with sequences having a G at the same position.
However, as pointed out by Jurka and Milosavljevic (15), a split
relying upon only one position has no statistical support.

In summary, the results obtained with both methods are in a

good agreement and revealed on our samples the presence of three
groups of free left monomers and two groups of free right
monomers. Those partitions are based on four or more diagnostic
positions.

Origin of the free left and free right Alu monomers

Several hypotheses can be proposed for the origin of the free
left and right monomers. (i) They may result from the deletion
of one half of a dimeric element. For example, the free left
monomer can be the by-product of a recombination between the
two poly(dA)-rich regions of a dimeric element. This deletion
removes precisely the right monomer. (ii) The monomeric
elements may also result from a partial duplication of a dimeric

element. In this case, the free right monomers correspond to an

early ending of the retrotranscription, and the free left monomers
result from the retrotranscription of a dimeric element transcript
that is initiated in the middle poly(dA)-rich region instead being
initiated in the terminal poly(dA)-rich. (iii) Finally, the free
monomers may be the product of the amplification of free left

A

o

0
0

0

C)

0

0

0

2.0

1.0

0.0

-1.0

-2A
-2.0 -1.0 0.0 1.0 2.0

coordinates on the first axis

B
2.0

Q._,4

Po 1.0
a
0

C)

+j 0.0
0

54

0 -

po
so
0

C.)

-2.0 '

-2.0 - 1.0 0.0 1.0 2.0

coordinates on the first axis

Figure 1. Results of the cluster analysis and of the correspondence analysis on

the free left Alu monomers (A) and the free right Alu monomers (B). The plans
are the projection of the sequences and the variables on the first two axes of the
correspondence analysis. The coordinates of each sequence are indicated by a

symbol that refers to the result of the cluster analysis: a square represents the
elements of the Al and Ar groups, a star the elements of the Bi and Br groups,
a triangle for the elements of the Cl group. Lines are drawn around the groups
of sequences found by the cluster analysis. The variables used in the analysis
are represented by a closed circle with the description of the base involved and
the position. The numbering refers to the 7SL RNA sequence in order to make
the comparisons between the figures easier.

A 288 G 27
* C 276 T 35

JG 283 A 36

69

T39 W7C 276 A 283

A 27 TT85



490 Nucleic Acids Research, Vol. 20, No. 3

and free right monomeric progenitors. These hypotheses are not
exhaustive but are sufficient to illustrate the fact that the free
monomers can have two different origins: a dimeric or a
monomeric origin. To decide between the two possibilities for
the origin of the monomeric sequences, we compared each
sequence of the different groups with the free left and free right
monomers of the progenitor sequences of each subfamily of the
dimeric Alu elements previously described. These comparisons
have been done on the diagnostic bases given in (15).
Each element of the Bl group and the Br group can be assigned

to one of the different subfamilies of dimeric Alu sequences, with
the exception of the oldest subfamily (J). Therefore, those two
groups of sequences do not form subfamilies of monomeric
elements. In our analysis, they formed single groups because we
had only a few occurrences corresponding to each dimeric
subfamily. Thus, the members of the Bl and Br groups are most
likely the result of a deletion or a partial duplication of dimeric
elements. If we used only the diagnostic bases, as before, the
elements of the Cl, Al, and Ar groups are classified with the
J subfamily. However, if we take into account the base changes
observed between the 7SL RNA sequence and the consensus
sequence of the J subfamily, the elements of the Cl group remain

close to the J subfamily when the elements of the Al and Ar
groups are clearly located between those two sequences (i.e.,
they have some bases diagnostic of the J subfamily but also other
bases diagnostic of the 7SL RNA sequence). Thus, contrary to
the Bl and Br groups, the Al, Cl, and Ar groups are homogeneous
and can be characterized by a consensus sequence (Figure 2).
There are only two differences between the consensus sequence
of the Cl group and the consensus sequence of the left arm of
the J subfamily (in positions 62 and 288). This result suggests
that the Cl group represents partial dimeric sequences of the J
subfamily. However, the following observation raises another
explanation. The 9 members of the Bl group are distributed over
all the subfamilies of dimeric Alu elements of the S subfamilies
(Sa, Sb, and Sc), so they are less than 31 Myr (million years)
old (33). The relative age of the J subfamily has been estimated
at 55 Myr. Then, if we suppose that the elements of the different
subfamilies have the same probability of producing free left
monomers, and if we suppose that the 9 Bl elements correspond
to partial Sa elements, then we expect 16 (55 x 9/31) free left
monomers corresponding to the J subfamily (this is an over-
estimate since some elements of the Bl group are less than 31
Myr old; they belong to younger subfamilies than the Sa
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Figure 2. Sequence alignment of the consensus sequences of the Al, Cl, and Ar groups of monomeric elements (mono Al, mono Cl, and mono Ar), with the sequences
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subfamily). 41 such elements have been observed. Thus, this
result suggests that either the elements of the J subfamily have
a very high probability of becoming free left monomers
(compared to the other subfamilies) or that the majority of the
elements of the Cl group have arisen from a monomeric
progenitor sequence. Another feature supports the second
interpretation: 27 elements of the Cl group are flanked by well
defined short direct repeats (Figure 3). Such repeats are
landmarks for the integration of the elements. We can also notice
that the dA-rich regions of the Cl elements differ from the
consensus sequence (AAAAATACAAAAATTA) found at the
end of the left arm of the dimeric Alu elements (Figure 3). Thus,
if few members of the Cl group correspond to partial dimeric
Alu elements of the J subfamily, it appears most likely that the
other members of this group constitute a subfamily of free left
Alu monomers. One element of this group, BC200, presents
peculiar features. It has conserved most of its CpG doublets, and
it has been found to be expressed in the cytoplasm of primate
(cynomolgus monkey) brain and cell lines (34,35). Recently, it
has been proposed that it may be an example of a progenitor
sequence (15). In the present analysis this sequence has been
classified in the Cl group, and no other sequence shares the same
base changes observed in the BC200 sequence. Thus, in our
study, this sequence does not define a specific subfamily of left
monomers. Since we analyzed only a small sample of free left
monomers, and mostly from human sequences, this result cannot
be a strong argument against the proposed hypothesis.

Phylogenetic relationship between the progenitor sequences
The consensus sequences of the Al, Cl, and Ar groups, the
consensus sequences of the two oldest subfamilies of dimeric alu
elements [S and J (13)], and the sequences of the human 7SL
RNA genes (36) have been used to reconstruct a phylogenetic
tree with the maximum likelihood method [DNAML program
of the PHYLIP package (24)]. On the topology obtained
(Figure 4), the localization of the consensus sequences of the Al,
Cl, and Ar groups between the 7SL RNA sequences and the
consensus sequence of the first dimeric Alu elements (J), implies
that the sequences of those groups have appeared from
monomeric progenitors. Thus, the Al and Cl groups form two

Figure 4. Unrooted tree obtained with the maximum likelihood method (24).
The consensus sequences of the Al, Cl, and Ar groups (mono Al, mono Cl, and
mono Ar), the consensus sequence of the two oldest subfamilies of dimeric alu
elements [dim Ji and dim SI for the left arms and dim Jr and dim Sr for the right
arms (15)], and the sequences of the human 7SL RNA genes [H 7SL-A and H
7SL-B (36)], have been used to reconstruct a phylogenetic tree with the maximum
likelihood method [DNAML program of the PHYLIP package (24)]. The length
of the branches is proportional to the number of nucleotide substitutions. All
branches are significantly positive with a probability p < 0.01, except the branch
that precedes the divergence between the consensus sequences of the group Cl
(mono Cl) and the other left monomers. This branch is significantly positive with
a lower confidence (p <0.05).

different subfamilies of a family of free left Alu monomers
(FLAMs), and the Ar group constitutes a family of free right
Alu monomers (FRAMs). Then, in the primate genomes, the
free Alu monomers have two distinct origins. They result either
from a dimeric Alu element (the members of the Bl and Br groups
and few members of the Cl group) or from the amplification of
a monomeric progenitor sequence (the members of the Al and
Ar groups and the majority of the elements of the Cl group).
The tree also shows that the consensus sequences of the Al

and Ar groups have a common ancestor sequence that derived
from the 7SL RNA genes (Figure 4). This ancestor differs by
one position (A84) from the consensus sequence of the Al group
and by two positions (G279 and G283) from the consensus
sequence of the Ar group (Figure 2). Among the elements of
the Ar group, two sequences (HUMINFN3 and HUMGPP3AO4)
do not have the deletion of eleven base pairs found in the other
right monomers (Figure 2). This deletion corresponds to the
positions 245 and 255 in the 7SL RNA sequence. This feature
suggests that those sequences have preceded the elements of the
Ar group. In addition, neither sequence has the three base changes
(A84, G279 and G283) that have occurred after the divergence
between the left and the right monomers. Thus, it is tempting
to speculate that HUMINFN3 and HUMGPP3AO4 sequences
might belong to an ancestral family of elements that has diverged
to form the families of left and right monomers. Indeed, both
monomers can result from a deletion of this ancestral sequence:
a deletion of 42 base pairs for the left monomer and a deletion
of 11 base pairs for the right monomer. However, to confirm
this hypothesis, more examples of this family are nedeed.

It has been shown that the J subfamily of dimeric Alu elements
is nonhomogeneous and can be subdivided into smaller
subfamilies (15). Therefore, the progenitor sequence of this
family is probably different from its consensus sequence.
However, the topology obtained shows that the Alu dimeric
elements have appeared from the families of free Alu monomers
and confirms the 'fusion model' proposed by Daniels and
Deininger (37). The first progenitor of the dimeric Alu element
is probably the result of a fusion of a free left Alu monomer
(FLAM), coming from the Cl subfamily, with a free right Alu
monomer (FRAM), coming from the Ar family. A similar model
has been proposed for the formation of the Galago Type II family.
This family may result from the insertion of an element belonging
to the Type III family in the central dA-rich region of a dimeric
Alu element. This model and the fact that the 5' end dA-rich
sequences are a preferential site for the Alu integration (38,39),
suggest that either a FRAM inserted in the dA-rich end of a
FLAM or a FLAM inserted in the dA-rich sequence that links
two FRAMs arranged in tandem fashion. As it has been proposed
for the Galago Alu Type 11 (37,40), the fusion of a FLAM and
a FRAM may have occurred several times, but the available data
support the hypothesis of only one fusion event.
The monomeric families described here represent a small

fraction of the Alu elements in the human genome (a rough
estimation from GenBank gives, respectively, 0.7%, 3.2%, and
1.2% for the Al, Cl, and Ar subfamilies). The results obtained
suggest that those families started to amplify before the formation
of the first dimeric Alu progenitor sequence but that they did
not develop new progenitors after this event. However, as the
average pairwise similarities among the members of the Al, Cl,
and Ar groups (74%, 75 % and 71 %) are only slightly different
from the one observed with the elements of the J subfamily [73%
(14,15)], we can assume that the progenitor sequences of the
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monomeric families may have been still active when the first
progenitor of the first dimeric Alu elements began to spread in
the primate genome.The turnover (replacement of the monomeric
families by the dimeric family) that we observed can be the result
of a competition for the same retroposition machinery. One
possibility is the acquisition by the dimeric Alu elements of a
more efficient RNA polymerase III promoter [see Daniels and
Deininger (40) for such an example in the Galago genome]. In
connection with this hypothesis, the success of the Cl subfamily
(four times more members than the Al and Ar groups) and of
the dimeric Alu elements can be related to the base changes
observed between the Al and Cl consensus sequence. They are
all clustered in the 5' part of the sequences (Figure 2), but the
same region do not suffer any other mutation in the subsequent
dimeric progenitor sequences (21). However, it has been also
proposed that fluctuations in the population size may contribute
to the turnover of the family of repetitive sequences (14,20).
Indeed, in a large population several new progenitor sequences
can arise by mutations, but the rate of fixation of the new inserted
elements is slow. On the other hand, after an abrupt reduction
in the size of the population, only few progenitor sequences will
be present; but the rate of fixation is increased. Thus, competition
between progenitor sequences and fluctuation in the population
size can drive the evolution of the families of small repetitive
sequences.

CONCLUSION
We have reported the analysis of free left and free right Alu
monomers found in GenBank. The results obtained suggest that
only a small fraction of those elements corresponds to partial
dimeric Alu sequences. The other ones are the result of the
amplification of monomeric progenitor sequences. The available
sequences have been subdivided into two subfamilies of free left
Alu monomers and one family of free right Alu monomers. Both
families share a common ancestor sequence derived from the 7SL
RNA genes, and they started to amplify before the formation
of the first dimeric Alu progenitor sequence but do not develop
new progenitors after this event. We have shown also that the
first dimeric progenitor is the result of the fusion of a free left
Alu monomer with a free right Alu monomer. This progenitor
and the progenitors of the monomeric sequences may have been
active at the same time, but at the end the dimeric progenitor
superseded the monomeric ones. This replacement of the old
monomeric families by the new dimeric family can be the result
of a competition between the different progenitor sequences for
the same retroposition machinery and/or the consequence of size
fluctuations in the primate population.
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