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A family of middle repetitive elements from the African malaria vector Anopheles gambiae is described.
Approximately 100 copies of the element, designated TlAg, are dispersed in the genome. Full-length elements
are 4.6 kilobase pairs in length, but truncation of the 5' end is common. Nucleotide sequences of one full-length,
two 5'-truncated, and two' 5' ends of TlAg elements were determined and aligned to define a consensus
sequence. Sequence analysis revealed two long, overlapping open reading frames followed by a polyadenylation
signal, AATAAA, and a tail consisting of tandem repetitions of the motif TGAAA. No direct or inverted long
terminal repeats (LTRs) were detected. The first open reading frame, 442 amino acids in length, includes a

domain resembling that of nucleic acid-binding proteins. The second open reading frame, 975 amino acids long,
resembles the reverse transcriptases of a category of retrotransposable elements without LTRs, variously
termed class II retrotransposons, class HI elements, or non-LTR retrotransposons. Similarity at the sequence

and structural levels places TIAg in this category.

A significant fraction of many eucaryotic genomes is
mobile, and much of this fraction moves either passively or
actively by reverse transcription of RNA to DNA (13, 41,
43). Such sequences, known as retroposons, include proc-
essed pseudogenes, retroviruses, and retrotransposable ele-
ments. Processed pseudogenes are integrated cDNA copies
of processed mRNAs marked by the lack of introns, the
presence of poly(A) tails, and variable-length target site
duplications. They are accidental by-products of a reverse
transcriptase whose source is unknown. Retroviruses en-
code their own reverse transcriptase under the control of
long terminal repeats (LTRs). Poly(A) tails added posttran-
scriptionally are removed during reverse transcription, and
insertion into the chromosome is accompanied by short (4-
to 6-base-pair [bp]) target site duplications of fixed length
(42). Retrotransposable elements that share these features
with retroviruses, such as copia of Drosophila melanogaster
(29) and Ty of Saccharomyces cerevisiae (1), are known as
viruslike retroposons, or retrotransposons. They differ from
retroviruses in the absence of an extracellular stage.
A different class of elements that appear to encode their

own reverse transcriptase but lack LTRs has been termed
class II retrotransposons (10), class III elements (14), or
non-LTR retrotransposons (44). To avoid a terminology
muddle, the last, more descriptive designation will be used
here. Recognized only recently, these elements are ubiqui-
tous residents of eucaryotic genomes. The best studied is the
Li superfamily of mammals (10, 24), which makes up 8% of
genomic sequences. Although not as abundant in other
organisms, non-LTR retrotransposon families have been
found in fruit flies (8, 9, 11, 33), the silkworm moth (3, 44),
trypanosomes (20, 30), frogs (14), and corn (37). The sugges-
tion that these elements transpose through an RNA interme-
diate is based upon several shared characteristics. These
include the dispersion of many copies throughout the ge-
nome, long conserved open reading frames (ORFs) with
similarity at the amino acid level to reverse transcriptases

t Present address: Retrovirus Disease Branch G-19, Centers for
Disease Control, Atlanta, GA 30333.

and nucleic acid-binding domains of retroviruses, frequent 5'
truncation, a polyadenylation signal followed by an oligo(A)
or A-rich tail, and target site duplications which, if present,
are both long (>7 bp) and variable between element copies.
Although many details of the propagation of non-LTR ret-
rotransposons remain to be elucidated, the absence of LTRs,
the presence of A-rich tails, and differences in the nature of
the target site duplications indicate that different enzymes or
mechanisms are involved in reverse transcription and inte-
gration from those operating on retrovirus and retrotranspo-
son sequences.
This report describes the identification and characteriza-

tion of a family of dispersed repeated sequences from the
principal vector of malaria in Africa, the mosquito Anophe-
les gambiae. The family was named TlAg for transposable
element family 1 ofA. gambiae (hereafter referred to as T1).
Its features place it in the category of non-LTR retrotrans-
posons.

MATERIALS AND METHODS
Mosquitoes. Field-collected A. gambiae were the offspring

of adult females collected from villages in Western Kenya as
described previously (27). Colony material was obtained
from the G3 strain colonized in 1975 from specimens col-
lected in The Gambia and maintained at the Centers for
Disease Control.

Preparation of nucleic acids. DNA was prepared from
single adult mosquitoes by using a modification of a tech-
nique developed for Drosophila spp. as described previously
(23). Bulk genomic DNA was extracted from adults of the G3
strain as described previously (17). Plasmid DNA was pre-
pared by a standard boiling procedure (19), omitting the
phenol-chloroform extractions. Bacteriophage DNA was
isolated by layering liquid lysate, from which cellular debris
had been removed by centrifugation, onto 40% glycerol in
phage dilution buffer and centrifuging it at 48,000 x g for 2 h
at 4°C. The phage pellet was suspended in 300 p.1 of buffer
(0.3 M NaCl, 0.1 M Tris hydrochloride [pH 8], 1 mM
EDTA), phenol-chloroform extracted, and ethanol precip-
itated.
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RNA was isolated by a guanidinium thiocyanate method
(5) from several grams of adult G3 mosquitoes which had
been flash-frozen with liquid nitrogen and stored at -80°C.
Poly(A)+ RNA was selected by one pass through an oli-
go(dT)-cellulose column as described previously (26).
DNA probes. Ti-containing phage clone 34 was isolated

from an EMBL3 Lambda library (6) of Sau3AI partially
digested genomic DNA of the G3 strain, with G3 genomic
DNA as a probe. Phages 31b, 914a, and 916e were isolated
from the G3 library by probing with a 1.5-kilobase-pair (kb)
SaII-HindIII fragment of clone 34 internal to Ti (see Fig. 2
for maps of Ti elements). A 3-kb SalI-EcoRI fragment of
phage 3ib including central and 3' sequences of Ti as well as
some flanking DNA was subcloned into the corresponding
sites of Bluescript SK+ (Stratagene Inc.) and designated
BSE3.31b. A 1.1-kb EcoRI-XhoI fragment containing the 5'
end of Ti and some flanking DNA in 916e was subcloned
into Bluescript SK+ and designated BEO11.916. Clones 51a
and 122b containing the 5' end of Ti were isolated from the
library by screening with the BEO11.916 insert.
- Probes were made radioactive by release of the insert or
fragments of the insert with the appropriate enzymes, sepa-
ration from the vector by electrophoresis through a 1.2%
low-melting-point agarose gel (SeaPlaque; FMC Corp.), ex-
cision of the band of interest, and incorporation of
[32P]dCTP by random primer extension (12). Filter lifts were
performed on nitrocellulose disks (Millipore Corp.).

Southern hybridization. Single-mosquito DNA was di-
gested with 10 U of restriction enzyme, electrophoresed on a
0.7% agarose gel (Bethesda Research Laboratories, Inc.), and
transferred to GeneScreen Plus membrane (Du Pont, NEN
Research Products). Hybridization was performed overnight
in 4x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-5x Denhardt solution-1% sodium dodecyl sulfate at
65°C. The membrane was washed in prewarmed 0.1 x SSC-
0.1% sodium dodecyl sulfate at 65°C and autoradiographed.
Copy number determination. G3 DNA was diluted to 10

,ug/ml in TE (10 mM Tris chloride [pH 7.6] plus 1 mM EDTA
[pH 8.01), denatured with an equal volume of 0.5 N NaOH at
55°C for 10 min, and chilled on ice. Five samples ofG3 DNA
were removed, with the amount successively doubled from
6.25 to 100 ng. These were adjusted to a total DNA concen-
tration of 100 ng with denatured salmon sperm DNA and a
final volume of 100 ,ul with 0.125 N NaOH-0.125x SSC.
Three replicate spots for each dilution were loaded onto
GeneScreen Plus membrane in a dot blot apparatus (Bio-Rad
Laboratories). To provide a standard scale for comparison,
samples of denatured BSE3.31b were applied to the mem-
brane in triplicate spots, with eight samples doubled succes-
sively from 0.1 to 12.8 ng, adjusted to 100 ng with denatured
salmon sperm DNA. The membrane was hybridized to a
1.7-kb SalI-HindIII fragment of Ti from BSE3.31b. The
extent of hybridization was measured by liquid scintillation
counting (Optifluor; Packard Instrument Co., Inc.) of spots
cut out of the membrane.
DNA sequencing. Restriction fragments of phages 31b and

34 were subcloned into Mi3mpi9; those of 914a, 916e, 51a,
and 122b were subcloned into Bluescript SK+. Nested dele-
tions were generated from M13 clones (Cyclone I Biosystem;
IBI, Inc.) and Bluescript clones (ExoIII/Mung Bean Nuclease
Deletion Kit; Stratagene). Sequencing was performed by
using the dideoxy-chain termination method (36) by extending
from the universal and reverse primers (U.S. Biochemical
Corp.) as well as synthetic 18-mers with modified T7 DNA
polymerase (Sequenase; U.S. Biochemical Corp.). Sequence
data were analyzed by using GENEPRO 4.2 (Hoefer Scien-

tific Instruments) and the Genetics Computer Group Se-
quence Analysis Package (Version 6.0) of the University of
Wisconsin (J. Devereux, P. Haeberli, and 0. Smithies, Nu-
cleic Acids Res. 12:387, 1984) on the VAX network of the
Division of Host Factors, Centers for Disease Control.

RESULTS

Isolation of a dispersed repetitive sequence. Phages contain-
ing middle repetitive sequences from the A. gambiae ge-
nome were identified by screening the G3 library with
nick-translated G3 genomic DNA and picking moderately to
weakly hybridizing plaques. Back hybridizations were per-
formed to Southern blots of DNA from A. gambiae and four
of its sibling species digested with various restriction en-
zymes. One phage, phage 34, contained a repeated element
later denoted Ti and was selected for further analysis
because it produced an array of bands whose pattern differed
among strains of a given species as well as among the sibling
species (results not shown). Cross-hybridizing sequences
were not detected from the congener A. stephensi.
The copy number of Ti in the genome of A. gambiae was

estimated by a dot blot experiment in which dots containing
defined amounts of G3 DNA and the Ti-containing plasmid
BSE3.31b DNA were hybridized with an internal segment of
Ti (the 1.7-kb Sall-HindIll fragment from BSE3.31b). Ra-
dioactive counts hybridized per dot of BSE3.31b were plotted
against the amount of plasmid DNA per dot (data not shown).
Assuming a genome size of 0.25 pg (N. J. Besansky, Ph.D
thesis, Yale University, New Haven, Conn., 1990), the num-
ber of counts hybridized per 100-ng dot of G3 DNA indicated
that TI is present in about 100 copies per haploid genome.

Hybridization of a tandemly repeated sequence to ge-
nomic Southern blots typically produces a ladder composed
of multimers of a basic repeating unit, if that unit is sensitive
to the restriction enzyme used to digest the genomic DNA.
The absence of a ladder and the polymorphic pattern of
bands observed among species and strains on Southern blots
by using several restriction enzymes (results not shown)
suggested that multiple copies of Ti are dispersed in the
genome and implied that their location is polymorphic be-
tween strains. An additional Southern hybridization experi-
ment strengthened this conclusion (Fig. la). DNA from
different isofemale families of field-collected A. gambiae
(see Materials and Methods) was digested with restriction
enzymes that do not cleave the 5' end of Ti. A probe was
prepared from the 5' end of Ti (Fig. lb). It detected bands of
various sizes within a lane, reflecting various distances from
different Ti elements to the nearest restriction site in flank-
ing DNA sequences in an individual. If Ti were arranged
identically in different individuals, the hybridization patterns
among lanes would be the same (ignoring restriction site
polymorphism). The heterogeneous pattern of bands ob-
served among lanes is interpreted as polymorphism in the
genomic location of Ti among individuals. Although restric-
tion site polymorphism would be expected to contribute to
these differences, its role must be minor, since heteroge-
neous patterns were observed for all four enzymes.

In situ hybridization of Ti to ovarian polytene chromo-
somes of the G3 strain revealed elements on all six chromo-
some arms in addition to the chromocenter. About 50
euchromatic sites per complement were detected (Besansky,
Ph.D. thesis).

Northern (RNA) blotting experiments failed to detect the
presence of Ti homologous sequences in G3 adult total or
poly(A)+ RNA by using M13 probes containing the plus and
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FIG. 1. (a) Heterogeneity between isofemale families of field-
collected A. gambiae. The DNA was digested with XhoI, HindlIl,
or HaeII and probed with a 5' segment of Ti. Lanes A, D, and G
contain the DNA of one daughter from the female collected at field
sites of the same designation (27). The bars to the left represent the
positions of HindIll fragments of lambda DNA of 23.6, 9.6, 6.7, 4.3,
2.2 and 1.9 kb. (b) Ti consensus maps. The horizontal line repre-
sents Ti. Restriction sites: E, EcoRI; H, HindIII; 0, XhoI; S, Sall;
X, XbaI. Sites typical of one subfamily are placed above, and sites
typical of the other subfamily are placed below the horizontal line;
some sites are shared. The black bar indicates the source of the
probe used to identify Ti in panel a.

minus strands of the 2.2-kb Hindlll segment of Ti from
phage 31b.

Structure of genomic and cloned Ti elements. Restriction
mapping by Southern analysis of genomic copies showed the
complete Ti element to be at least 4.4 kb in length. A Ti
consensus restriction map (Fig. lb) was established by single
and double digestion of G3 genomic DNA with a variety of
enzymes followed by sequential probing with internal seg-
ments of a cloned Ti element (data not shown). Interestingly,
this analysis identified two consensus maps which share some
but not all enzyme sites, suggesting the presence of subfam-
ilies (N. J. Besansky, submitted for publication). Deviation
from the consensus was revealed by multiple faint bands of
hybridization above and below the predominant ones.
Both nucleotide sequence and length heterogeneities were

found in comparisons of eight cloned Ti elements randomly
selected from the G3 library (Fig. 2). The elements were
restriction mapped and roughly delimited by single and dou-
ble digestions with five restriction endonucleases, followed by
agarose gel electrophoresis, blotting to nylon, and cross-
hybridization with various labeled Ti segments. In addition,

FIG. 2. Restriction maps of cloned Tis. The horizontal lines
represent different Tis from the phage clones indicated to the left.
The parentheses represent deletions with respect to full-length Ti
sequences. Restriction sites are the same as those in Fig. 1.

the elements in 916e, 914a, and 31b were completely se-
quenced along with portions of 34, including the 3' end (see
below). The endpoints of the other elements must be regarded
as approximations to the nearest restriction site. Evaluation
of the clones with respect to the consensus restriction maps
(Fig. lb) revealed restriction site polymorphisms in some of
the elements, for example, the lack of a 5' EcoRI site and a
Sall site in the Ti copy from 916e and the additional restric-
tion sites present in 915c. Sequence analysis showed the
missing sites in 916e to result from single-base-pair changes.
The extra XbaI, EcoRl, and XhoI sites in 915c could have
been created by single-base-pair substitutions, as judged from
the Ti consensus nucleotide sequence (see below). The Ti
element in 210a has an undefined insertion of approximately
1.2 kb between the SalI and HindlIl sites.
Another source of variation is the tendency for Ti mem-

bers to be truncated at the 5' end. This was observed to
various extents in six of eight clones analyzed. The gener-
ality of this phenomenon is indicated by the fraction of
plaques from the G3 library which hybridize to different Ti
probes. Only 0.4% of plaques from the library hybridize with
a probe containing the 5' end (BEO11.916), in contrast with
1.6% of plaques which hybridize with a probe containing
central to 3' sequences, the 1.5-kb Sall-HindIIl fragment of
phage 34. Thus, sequences from the 5' end are four times
less abundant in the genome than sequences from the 3' end.

Nucleotide sequence of Ti elements. The 5' and 3' ends of
Ti family members were defined by the end of nucleotide
sequence similarity between them. Both ends of one com-
plete element (916e) and two 5' and four 3' ends of other
elements were sequenced and are aligned in Fig. 3. At the 5'
end, sequence similarity among the elements begins at the
same nucleotide. The 3' end is characterized by a polyade-
nylation signal followed immediately by a variable-length tail
consisting of the sequence (TGAAA)n. Sequence similarity
degenerates after the tail. The ends lack direct or inverted
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A. 1 10 20 30

916e tatgtaatgccatcaatcgaactgaaaaattcatataatcAGAGAGAGATCGACTGTCAAACCGAGTGGT
51a agcattggctcaatgctgaatgctcaatgctcaatgtaaAGAGAGAGATCGACTGTCAAACCGAGTGGT
122b tgcttttgaatcaaccgaatggccactatacgaaattatgAGAGAGAGATCGACTGTCAAACCGAGTGGT

B.
916e
914a
31b
34

52a

TATTGTATT-AATAAATGAAATGAAATGAAATGAAATGAAAtaatccggggcccgatggtataccgaccat

TATTGTATT-AATAAATGAAATGAAATGAAATGAAATGAAATGAAAtgtagaaatagtaaagtgagcttca

TATTGTATTAAATAAATGAAATGAAAtatttgttttgcctacagctaccatgtttgcaataaaattaaacatgtc

TATTGTATT-AATAAATGAAATGAAATGAAATGAATTGAAAgatggattttaagactgcaatcatttagat

TATTGTATT-AATAAATGAAATGAAATGAAATGAAATGAAAtcatgtaagtaaggcaatcatgtaagtaaagtcc

FIG. 3. Alignment of sequences at the 5' and 3' termini of Ti elements. Ti sequences are in capital letters, and flanking sequences are in
lowercase letters. (A) 5' end. Each Ti copy begins at position 1 with the same base, A. Similarities among flanking sequences are highlighted
by bold type. The 5' direct repeats of 51a are underlined. (B) 3' end. The polyadenylation signal is underlined. The preceding dash in all but
31b indicates a 1-bp gap introduced to optimize the alignment. The 3' direct repeats of 52a are underlined.

LTRs. The regions surrounding different elements share no
obvious features, suggesting that insertion does not depend
on a specific target sequence. However, a 15-bp region near
the left end of 51a is identical to 916e at 8 positions and to
122b at 11 positions (Fig. 3).
The full-length element in 916e is flanked by the sequence

TAATC, but two truncated elements in 31b and 914a lack
flanking target site duplications. It is interesting, however,
that a Ti member in 52a contains a 12-bp duplication
separated by 5 bp that abuts the 3' end of the element (Fig.
3). The duplication could be extended to 14 bp separated by
3 bp if the last two bases of the element were included. A Ti
element from clone 51a has four tandem duplications of a
7-bp sequence occurring 4 bp from its 5' end. The 51a 5' and
52a 3' duplications have no apparent sequence similarity.
Although rare among transposable elements, duplications on
the 5' side of a fraction of RlBm and R2Bm ribosomal
insertion elements have been reported (3, 44). In R2Bm,
tandem duplications at the 5' end always involve the same 24
bp of 28S rDNA.
No two Ti elements that have been examined are identi-

cal. Sequence polymorphisms noted during the sequencing
of different Tis prevented the unambiguous identification of
characteristic Ti structure. Therefore, a consensus nucleo-
tide sequence of Ti was determined from an alignment of the
complete sequences of one full-length (916e) and two trun-
cated (31b, 914a) elements as well as the left ends of
elements in 51a and 122b. Thus, the consensus is derived
from at least three Ti copies throughout (Fig. 4). At every
position in the alignment except one, two or more nucleo-
tides are identical. Position 1900 of the 4,634-bp consensus is
ambiguous because it is occupied by a different nucleotide in
all three elements that were compared. It is the third position
of the codon AGN. Where N is C or T, as in 914a and 31b,
respectively, the codon specifies the same amino acid,
serine. In 916e, where N is G, the codon specifies arginine.
Most of the variation results from single-base-pair substi-

tutions, which appear to be evenly distributed. The majority
of insertions and deletions that occur involve single nucleo-
tides. A notable exception is the 26-bp insertion in the

3'-noncoding region of 31b. With the consensus sequence as
a reference, the percent divergence of Ti in clones 916e,
31b, and 914a was calculated by summing all base-pair
substitutions, counting each insertion or deletion as a single
event, and dividing by the total nucleotide positions com-
pared. It is important to note that the truncated 5' end of 31b
could not be defined precisely. For the purposes of these
calculations it was taken to be position 1235. The Ti element
in 31b was clearly the most divergent, differing from the
consensus by 5% in the coding region and 9% in the
3'-noncoding region. The other two elements, 914a and 916e,
differed from the consensus by an average of 0.7% in the
coding and 0.9% in the 3'-noncoding region. By contrast,
intraspecific divergence values of Li clones derived from
rats, mice, and humans range from an average of 6% in
coding regions to 12% in 3'-noncoding regions (40).
Coding regions of Ti. The Ti consensus contains two long

ORFs, together occupying 92% of its length. These are
indicated in Fig. 4. All three of the completely sequenced
Tis appear to be pseudogene copies of this potentially
functional element. The 5' ORF is truncated in 914a (through
position 879), and the 3' ORF is shifted to a different frame
relative to the consensus by a 1-bp deletion at position 1884.
In 31b, ORF1 is truncated (through position 1229) and ORF2
shifts frames owing to a 1-bp insertion at position 1505. A
stop codon interrupts ORF1 at position 955 in 916e, and
ORF2 is shifted to a different frame by a 4-bp deletion
beginning at position 3334.

In the Ti consensus, ORFi begins 169 bp from the 5'
terminus. It comprises 1,325 bp and is followed by two
consecutive stop codons. Translation from the first ATG
codon, 34 codons from the beginning of the ORF, to the first
stop codon would produce a 408-amino-acid protein. Nucleic
acid-binding domains in the form of cysteine-rich motifs
(CX2CX4HX4C) are characteristic of retroviral gag genes
and have been identified in one or both ORFs of most
non-LTR retrotransposons described to date (9, 11, 14, 33,
37, 44), with the exception of Li elements. In a typical
"Cys" motif, the residue preceding histidine is glycine and
the spacing between cysteine residues is well conserved (7).

FIG. 4. Nucleotide sequence alignment used to derive the Ti consensus and the deduced amino acid sequence. In the alignment, only
differences from the consensus are indicated, in lowercase letters. To highlight the beginning of 5'-truncated 914a and 31b, dots are used
before the first base. Dots are used after the last sequenced base of 51a and 122b and after the last base of 31b and 916e. Dashes indicate gaps
introduced to improve the alignment. N represents a no-consensus base; X represents an arginine or a serine.
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AGAGGAGACGACGTCAACCGGTGGTGTGCTTCTTGTCTCCGATTTTGAGCTGTTTGCGTGTACTCCTGTTTTAACATTGCACATGGT 1101
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t c
g c a t

TTCGTTATAATTTT CGTCTTACAGACTAT CGTAAACTTA,ATT CTATTCATCTCGTG CCGACTGGT CTTTTT .TTATCAATGTACAT CGGTCGACGAGG CTGTCCAAT CG 2 42 0
R Y N F R L T D YR K L N SI LS R A D W S F F Y Q C T S V D E A V Q S

TTTAATGCTTTGTTAACCTCTG CACTC CTTTCATGTACAC CTATTTTT CGTTC CCCT CCTAAT CCT C CCTGGTCCAAT CGTACTCTT CGCAAC CTGAA,AAA-GGATAGAA 2 53 0
F N AL L T S A L L S C T P I F R S P P N P P W S N R T L R N L K K D R M

g a
t

TGAAATATCTTAGGAGGTATCGT CTGAkACCGATCTG CTTT CAACTTTCGTTTATTTAAGTACG CTG CCTCTG CGCATCGACTATACAACAGGG CTCGTTTTGAGGCCTAT 2 64 0
K Y L R R Y R L NR S A F N F R L F K Y A A S A H R L Y N R A R F E A Y

TCGAGTAGACTG CAATCGCGTTTCCGTTCTGATCCAGCATCCTT CTGGCAATTTGTTAGGATT CGAAGAG GGTGCAATACGTTAC CTA,ATGAAATGGTACTTGATT CTCG 2 75 0
S S RL Q S R F R S D P A S F W Q F V R I R RG C N T L P N E M V L D S R

AACTGCCTCTACGCCTGTTGAGATCTGTGAGCTATTCT CTGCACATTTTTCCCAAATGTTTGAGCCAC CGGTTAGTGAC CCTAACCTTATTGAGGGTGGGCTACT CTACA 2 86 0
T A ST P V E I C E L F S A HF S Q M F E P P V S D P N L IE G G L L Y T

t a c

CGCCAGAGAACTTAATTAATCT CTCCGATATTTCGGTTAGCTCTGAAACAGTTGTACAGGTGTTATTTGGGTTGAAACGTT CTTTTACTCCTGGTCCAGATGGCATTCCT 2 97 0
P E N L I N L S DI S V S S E TV V Q V L F G L K R S F T P G P D G I P

t t t

GCCTCAGTTTTAATAAACTGTAAGGACGTG CTTG CT C CACACCTTGCTAAAATTTTCAACCTTTCACTTT CTCT CGGGGTCTTTCCTGCTCTTTGGAAASTCCTGTTGGCT 3090
A S V L I N C K D V L A P H L A K I F N L S L S L G V F P A L W K S C W L

t t c t c

TTTTCCGGTACACAAAAAGGGATGCCGTAGCATTGTCTCTAATTATCGTGGGATAACTCAAACATGTG CCACAG CCAAAACTTTTGAG CTATGTATCTTTC CAACCATAC 319 0
F P V H K K G C R S I V S N YR G I T Q T C A T A K T F E L C I F P T I L

a a c a t t
9

TTCATAGTTGTAGTT CCGCTATTAG CCCTAAAC.G C.TG GGTTTATGCCTGGT.G GTCTACTTCTACTA,ATCTCATGT CTTTTGTTAC CAATATTTT CAGAT CTTTTGAG 3 30 0
H S C S S A I S P K Q H G F M PG R S T S T N L M S F VT N I F R S F E

c c t a t t t g
S

GCAGGTAC CCAACTTGATGCAATATACACTGACTTTCATG CTGCATTTGATAGTTTGC C CCACTCTTTACTATTAG CTAAACTAT CTAAACTTGGTTTTGGTGATGGCAT 3 410
A G T Q L D A I Y T D F H A A F D S L P H S LL L A K L S K L G F G D G I

t a t
c

TATTAGCTGGCTGTC CTCATACTTAAGTAAT CGATCTTG CAGGGTTAAAACCGGGT CGTACTTATCTGAGGAGTTTTTTTGTACGTCAGGTGTC CCTCAGGGTTGTGTG C 3 52 0
I S WL S S Y L S N R S C R V K T G S Y L S E E F F C T S GV P Q G C V L

t t t

TAAGTCCACTTCTGTTTTCTTTGTTCAT CAATGATGTCTGTAATGTTTTACCTC CTGATGGTCAT CTCCTTTATG CGGATGATATCAAAATCTTTTTACCTGTGTCCTCT 3 63 0
S P L L F S L F IN D V C NV L P P D GH L L YA D D I K I F L P V S S

c a c c t c t c a

TCTTCTGATTGTATGAGT CTTCAGCATTAC CTTAATG CATTTGTT CATTGGTGTT CAT CCAACTTACTT CG CTTGTG CCCTGATAkAATGTTCTGTTATTTCTTT CTCTCA 3 74 0
S S D C M S L Q H Y L N A F V H W C S S N L L R L C P D K C S V I S F S H

t g g t c a t t

CTCTCTTTCTCCTATTTCATTTAACTATACT CTCTCTAACT CGTCTCT CTCTCGTGTTTTG TCCATCCGTGAC CTTGGTATTATACT CGACAGT CGTCTTAACTTTAA,AC 3 850
S L SP I S F N Y T L S N SS L S R V L S I R D L G I I L DS R L N F K L

g g a c c a c t g t
t

TGCAGCTTGATGAGGTT CTACTAA,AAGCTAATCGAACTCTTGGGTTTATTTTACGTTTTACCTCTATTTTTAGAGAT CAAAGCTTCTTAAGAAACCTTTATTATG CTCTG 3 96 0
Q L D E V L L K A N R T L G F I L R F T S I F R D Q S F LR N LY Y A L

a a t a c c a c

GTAAGGCCTCTTCTTGAATATGCTAG CATCATCTGGAAT CCTCCTACTATTGATGGCTGTTCGAGAATTGAAAG CATT CAG CGCCTTTTTACCAGGGTTGCTTTTCGT CG 4 070O
V R P L L E Y A S I I W N P P T I D G C S R I E S * Q R L F T R V A F R R

c t t
a

TTTGTTCGGTG CTGCCTCACTACCTCCCTATGAAACGCGATTG CAGTTATTCAAT CTTCACTCTTTAAGCTTCCGCCGC CA,AGTGT CTCAGGCATGTTTTATTGGTGGCT 4 18 0
L F G A A S L P P Y E T R L Q L F N L H S L S F R R Q V S .Q A C F I G G L

c c t a
c t

TATTACTTTCTGATACTGATGCTCCTGATTTACTCTCGT CCATCTCGTTGTATGTT CCCTCTCGTTCCCTTCGTCCTCGTGAT CCTCTGTCAATTGAAACACGTCATACT 4 29 0
L L S D T D A P D L L S S I S L Y V P SR S L R P R D P L S I E T R H T

c c 9 t
a t

CTTTATACTTTCAATGATCCTATTCTAT CCTGTTTCAGGTTGTTTAAC CACTTTTACTAT CTCTTTGATTT CGACT CCTCTCTCAACTCTTTCCGTAAC CGTATTTTTT C 4 40 0
L Y T F N D P I L S C F R L F N H F Y Y L F D F D S S L N S F R N R I F S

FIG. 4-Continued.
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c t tctattactctctttttttttgtttttg tct

TTCTAATTCTCTTTAATTATTCTTCTAAGTTTCA-------------------------- TTAAGTTT-TGATAGTCTCTACGCTCTACCTATGTTTTTTTTTCTTTAT
S N S L '

4510

914 c
31b - a g ta a atta
916

Cons*nssus TTTTTTGCTA42TCTAGACTAGTTTAGTTAGGCTTAGTTTTTCATGAATTATTTTGTTTATTTGTTAGGGTTTATTTAGTTTTAAGTCTGCCTTATTTAGCCTTGATGGC4620

914 - - tgaaa

GGATATTGTATT-AATAAATGAAATGATGAAATGAAATGAA------ 4669

FIG. 4-Continued.

Furthermore, the motifs are generally located near the
carboxyl terminus of ORF1. There is a sequence in the
protein predicted by ORFi of the Ti element (beginning at
residue 52) which resembles a Cys motif but is unusual in its
placement at the amino terminus, imperfect in the spacing of
residues, and missing the glycine residue. No Cys motifs
were observed in any other potential reading frames. The
amino terminus of the ORFi protein is itself unusual in that
7 of the first 54 residues are cysteine.
ORF2 (2,925 bp) overlaps ORF1 by 8 bp in the + 1 reading

frame and ends 223 bp before the polyadenylation signal. It
potentially encodes a protein of 941 amino acids from the
first ATG codon, 35 codons from the beginning of the ORF.
Part of the expected protein is similar to the reverse tran-
scriptase-like region of non-LTR retrotransposons. In Fig. 5,
most of this region of Ti is aligned with those of nine
non-LTR retrotransposons from a diverse group of organ-
isms based on previously identified conserved domains (14,
44) that are separated by highly divergent regions. The last
domain of the reverse transcriptase region, present in the Ti
consensus, is not shown. Among the most highly conserved
residues are those which make up the "YXDD box," typical
of all reverse transcriptases and necessary for their activity
(22). The alanine at position X instead of a bulky hydropho-

Cin4
Txl

F

Ingi
I

Llad
R2
Rl

Jockey
Tl

Cin4
Txl

F
Ingi

I
Llad

R2
Rl

Jockey
Tl

bic residue, as in viral reverse transcriptases, characterizes
all non-LTR retrotransposons, including Ti.

DISCUSSION

The notion that Ti is or once was mobile in the A.
gambiae genome is supported by several observations.
First, there are approximately 100 copies of Ti scattered
throughout the genome in different locations both within and
among sibling species. Variation in genomic location among
field populations of A. gambiae further implies that migra-
tion has been recent and is ongoing. Second, a copy of Ti
has been found inserted near the 3' end of the 28S coding
region of rDNA. Third, structural and sequence similarities
place it in a class of known mobile elements, including the I
factor involved in a system of hybrid dysgenesis in D.
melanogaster (2). The presence or absence of non-LTR
retrotransposons causes allelic variation at several genetic
loci in their respective hosts (2, 21). Although functional
reverse transcriptase has not been isolated, nor has it been
directly demonstrated that non-LTR retrotransposons trans-
pose through an RNA intermediate, the presence of extensive
and conserved ORFs with similarity to retroviral reverse

transcriptases suggests that this is the case. In addition,
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FIG. 5. Amino acid alignment including reverse transcriptase-like sequences from various non-LTR retrotransposons. The alignment is
based upon previously identified regions of conservation (14, 44). Not shown is the last conserved domain. Amino acid sequences were

extracted from GenBank (version 6.0) entries except for jockey (33), RlBm (44), and Txl (14) which were taken from the literature. Dots
represent gaps introduced to improve the alignment. Capital letters below the alignment indicate positions that are identical in at least 7 of
the 10 elements.
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functional expression of the endonuclease encoded by R2Bm
which cleaves the target site has been demonstrated (45).
One of the hallmarks of mobile DNA is the flanking target

site duplication produced upon insertion. However, its ab-
sence from Ti does not preclude a mobile origin. Neither of
the retrotransposons described from slime molds, the DIRS1
elements of Dictyostelium discoideum and HpaII repeats of
Physarum polycephalum (4, 32), is flanked by target site
duplications, nor are the non-LTR type II ribosomal inser-
tion elements of Bombyx mori (R2) and D. melanogaster (3,
35, 44). Li elements are also not always surrounded by
direct repeats (10). Flanking repeats are generated by inser-
tion of a sequence into staggered chromosomal breaks at the
host target site which are filled in. If integration were to
occur at a blunt cut or involve deletions or target sequence,
no duplications would be created.
An integration mechanism has been proposed that ac-

counts for the 5' tandem duplications associated with some
B. mori R2 elements based on the involvement of a specific
28S rDNA target sequence in the transposition intermediate
(45). The tandem duplication of this sequence depends upon
how the transposition intermediate is resolved. Although 5'
direct repeats are sometimes found with Ri elements as well,
the integration model proposed for R2 is unlikely to apply to
Ri, in which the direct repeats are not precisely in tandem,
are variable in length, and have little or no similarity to the
target site. For similar reasons, the insertion mechanism that
potentially gave rise to the 5' duplications of 51a and 3'
duplications of 52a probably differs from that proposed for
R2; it is currently unknown.
Non-LTR retrotransposons have in common the absence

of LTRs that carry the transcriptional control signals in
retroviruses and retrotransposons and maintain their integ-
rity through cycles of replication. However, the control of
transcription and maintenance of non-LTR retrotransposons
almost certainly differ among families of elements. It is
presumed that Ri and R2 of B. mori lack promoters and are
processed from RNA polymerase I transcripts of rDNA (44).
Rat Li elements have functional promoters located within a
CpG-rich region of tandem repeats at the 5' end (31). Human
Li cDNAs have a clustering of CpGs at the 5' end, but lack
repeats or any currently identifiable promoter (38). An
internal RNA polymerase II promoter has been predicted for
the I factor and demonstrated for jockey (11, 28). No
promoterlike regions have been identified either internal or
external to Ti elements. If Ti elements are transcribed, they
may be processed from readthrough RNA polymerase II
transcripts. Alternatively, the three Ti clones that begin at
the 5' end with the same base (916e, 5ia, and 122b) may lack
promoter regions because they are integrated cDNA copies
of true Ti genes.
There is no direct evidence that Ti elements are tran-

scribed, since no transcripts were found from A. gambiae
adult RNA. It is possible that transcripts were present at
such low levels that they escaped detection. Another possi-
bility is that Ti may be expressed exclusively at another
developmental stage. Complete and specific human Li tran-
scripts have been isolated only from a cell line exhibiting an
embryonal carcinoma morphology (39). Embryonic, larval,
and pupal RNA from A. gambiae has yet to be tested for the
presence of Ti transcripts.
One unusual feature of Ti elements is the tandem repeti-

tion of the sequence TGAAA which follows a polyadenyla-
tion signal and defines the 3' terminus. Most other non-LTR
retrotransposons terminate with oligo(A) tracts of variable
lengths, which presumably represent the poly(A) of the

processed mRNAs. Exceptions to this are the I factors
which feature TAA repeats at the 3' end and the strict (A)4
with which R2Bm elements terminate. The latter case may
reflect the specific cleavage of a longer poly(A) tail (3). The
origin of these repeating tail motifs, which also occur in
other retroposons (34), is not certain. However, the similar-
ity of some tails to telomeric repeats has been noted (34;
A. M. Weiner, personal communication). This similarity
raises the interesting possibility that synthesis of the tail
depends upon a telomere terminal transferase (telomerase),
the enzyme responsible for telomere maintenance. It has
been shown for Tetrahymena thermophila that telomerase is
capable of adding telomeric repeats one nucleotide at a time
to the 3' end of single-stranded sequences (15). This enzyme
has an essential RNA component that carries its own tem-
plate which is complementary to the telomeric motifs (16). If
the Ti tail is like Anopheles telomeres, Ti elements may
co-opt the telomerase for their own ends. The Anopheles
telomere sequences have yet to be determined, so a direct
comparison cannot be made. However, it should be possible
to test the model by in situ hybridization to polytene
chromosomes by using as a probe oligonucleotides contain-
ing tail repeats. An appealing aspect of this model is that it
can explain how cDNA synthesis is primed without another
DNA fragment or the eventual loss of unique 3' sequences.
Telomenc sequences are able to form hairpin structures
through non-Watson-Crick base pairing (18, 25). Thus, re-
verse transcription might be self-primed by nonstandard
base pairing between tail sequences.

Despite structural and sequence similarities, non-LTR
retrotransposon families differ in several respects. From
what is known so far, these include the mechanism, level,
and stage of transcription as well as the target site speci-
ficity, the presence of a polyadenylation signal, the 3' tail
structure, and the presence of flanking repeats. Two families
from Xenopus laevis, Txl and Tx2, are most unusual in that
they occur as composites with smaller elements that are
found independently (14). Whether similarities among non-
LTR retrotransposons are due to conservation of a common
progenitor gene or to horizontal transfer, the differences
among them indicate that they should be viewed as an
opportunistic group which has been able to exploit various
niches in the genomes of a broad array of organisms.
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