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Abstract. Mariner elements were amplified using the
polymerase chain reaction from two species of tephritid
flies, Ceratitis rosa and Trirhithrum coffeae.The se-
quences were∼1.3 kb in length. None of these elements
appeared to be functional, as in every case the open
reading frame (ORF) was disrupted by the presence of
frameshifts or stop codons. These elements,Crmar1and
Tcmar1,are very similar to theCcmar1element previ-
ously amplified from the closely related tephritid species
C. capitataand are members of the mellifera subfamily
of mariner elements. The phylogeny and pattern of di-
vergence of these elements were examined in relation to
the phylogeny of the host species. It is highly probable
that the elements were present in the ancestral lineage
prior to the divergence of the three species. The copy
numbers of the elements within each species are very
different, ranging from about 10 inT. coffeaeto 5,000 in
C. rosa.The possible mechanisms which determine the
copy number of an element in the host genome are dis-
cussed.
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Introduction

Mariner-like elements (MLEs) have an exceptionally
wide distribution in insect species (Robertson and Lampe
1995a; Robertson and McLeod 1993). They can be clas-
sified into several distinct subfamilies according to se-
quence similarities (Robertson 1993). The major sub-
families all appear to be widely distributed among
species and any particular species may containmariner
elements from different subfamilies (Robertson 1993).
An example is provided by the tephritid fruit flyCeratitis
capitata,in which members of at least seven subfamilies
of marinerhave been identified (Robertson et al. 1997).
Horizontal transmission ofmariner elements has been
proposed as an explanation for the widespread distribu-
tion of these elements in different distantly related in-
sects, including species of different orders (Robertson
and Lampe 1995b). MLEs have therefore attracted inter-
est because of their potential use for genetic manipula-
tion of insect species with special emphasis on insects of
economic importance (Kidwell 1993). The vast majority
of MLEs are not functional as they contain multiple in-
activation mutations (Capy et al. 1992; Maruyama and
Hartl 1991; Robertson and McLeod 1993). The only
marinerelements demonstrated to be autonomous are all
closely related to the functional elementMos1(Medhora
et al. 1991) and are present only inDrosophila mauriti-
ana andD. simulans(Capy et al. 1992). TheMos1ele-
ment is also capable of transposition in other nonhost
insect species (Lindhom et al. 1993; Lohe and Hartl
1996a) including nondrosophilids (Coates et al. 1995).
Analyses of the distribution ofmariner elements within
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theD. melanogastersubgroup have made important con-
tributions to our understanding of the evolutionary dy-
namics ofmarinerelements. Althoughmarinerelements
are widespread, the distribution pattern and abundance of
a particular type of MLE may be quite different in
closely related species. It has been proposed that the two
main modes of evolution of these elements are horizontal
transmission and vertical inactivation, both of which are
limited by processes resulting in stochastic loss (Capy et
al. 1993; Lohe et al. 1995).

We are studying the population biology and molecular
evolution ofmariner elements in related species of Te-
phritidae flies. A putative functional full-lengthmariner
element,Ccmar1,was recently discovered in the medfly
C. capitata(Gomulski et al. 1997).Ccmar1is a member
of the melliferamariner subfamily, but it is different
from the mellifera sequences previously amplified from
the medfly genome by Robertson and McLeod (1993). It
represents a peripheral lineage of the mellifera subfam-
ily. Within C. capitata,the Ccmar1element appears to
have been evolving neutrally. It is present at high copy
number in the genomes of both ancestral and derived
populations as elements homogeneous in size, with very
few deleted copies. Stochastic reduction in the copy
number has not been observed during the very recent
colonization process of the medfly (Gomulski et al. in
press). Here we report that this element is also present in
two other tephritid speciesCeratitis (Pterandrus) rosa
and Trirhithrum coffeae,closely related toC. capitata,
within the Ceratitini tribe of the Ceratitinae subfamily
(White and Elson-Harris 1992). These three tephritid
species share the same source area, southeast Africa,
where they live in sympatry, but they have different life
histories and different geographic dispersion patterns
(Fletcher 1989; White and Elson-Harris 1992). Sympat-
ric native populations ofC. capitata, C. rosa,and T.
coffeaeexhibit different degrees of genetic variability,
which appears to be correlated to the zoogeography and
to the biological traits of these three species (Malacrida
et al. 1996).

Sequence comparisons and determination of the copy
numbers ofCcmar1-relatedmarinerelements inC. capi-
tata, C. rosa,and T. coffeaeare presented. The evolu-
tionary biology and dynamics of thesemarinerelements
within and between the host species are discussed.

Materials and Methods

Species Samples.Three wild samples ofC. rosa,one wild sample ofT.
coffeae,and one wild sample ofC. capitatawere analyzed. The three
samples ofC. rosawere from Re´union (collected in St. Denis in 1994),
from Mauritius (in 1993), and from Kenya (1995), respectively. The
samples ofT. coffeaeandC. capitatawere from Kenya. All the Kenyan
samples of these three species were from sympatric populations and
were collected together in Ruiru, from coffee berries in 1995.

PCR Amplification, Cloning, and Sequencing ofmarinerElements.
The mariner elements were amplified and sequenced from one indi-

vidual chosen at random from each of the samples. DNA preparations
from single flies were performed as described by Baruffi et al. (1995).
Following treatment with RNase A, the DNA was extracted with phe-
nol/chloroform, precipitated with ethanol, and resuspended in TE (10
mM Tris-HCl, pH 8.0, 1 mM EDTA). The mariner elements fromT.
coffeaeandC. rosawere amplified using a primer corresponding to the
complete 30 bp ITR of thepostdocelement found in theAdhl gene of
C. capitata(Brogna et al. 1994; Gomulski et al. 1997): 58 TTGGAT-
GAGTGCATAAGTTCGTGCCCGATT 38 and a shorter primer corre-
sponding to the external 21 bp of the ITR, respectively. PCR with these
primers enabled us to amplify entiremariner-like elements. The am-
plification conditions were those of Gomulski et al. (1997). PCR am-
plification products were resolved by electrophoresis on 1.2% agarose
gels (SeaKem GTG, FMC) with TBE buffer containing 0.5 mg/ml of
ethidium bromide. PCR products of∼1.3 kb were eluted from the gel
using the QIAquick Gel Extraction Kit (Qiagen). The purified DNA
fragments were ligated into theSac II site of the pGEM-T vector
(Promega). Positive colonies were selected and the size of the insert
checked by PCR. Sequencing of the PCR products was performed
using an Applied Biosystems model 373A DNA sequencing system
and the PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequenc-
ing Kit. Sequencing of the insert was achieved using T-7 and Sp-6
specific primers and nine additional internal primers.

Ceratitis capitatamarinerClones.The sequences of the following
marinerclones fromC. capitata(Gomulski et al. 1997) were used for
comparative purposes:Ccmar1.4(U76903),Ccmar1.7(U76904),Cc-
mar1.13(U76905), andCcmar1.18(U40493). The cloneCcmar1.18
which is a complete full-length element, was used for hybridization
analysis.

Hybridization and Dot-Blot Analyses.Genomic DNA (500 ng)
from individual flies ofC. capitata, C. rosa,andT. coffeae,collected
in Kenya, was digested withXbaI andSalI, which do not cleave within
theCcmar1element. Electrophoresis, Southern blot, and hybridization
with labeled cloneCcmar1.18insert were as described in Gomulski et
al. (1997). The copy numbers of the elements inC. capitata, C. rosa,
andT. coffeaewere determined by dot-blot analysis. Genomic DNAs of
wild single flies from the three species were prepared as previously
described. The concentration of the DNA was determined using a
Beckman DU650 spectrophotometer. Serial dilutions of the genomic
DNA (from 500 to 20 ng) from three individuals of each species and
two replicates of themarinercloneCcmar1.18insert DNA (from 50 ng
to 10 pg) were manually spotted onto a positively charged membrane
using the protocol in Ausubel et al. (1994). The filter was then probed
with digoxigenin-labeled cloneCcmar1.18insert DNA at 68°C as pre-
viously described. The intensities of the signals on the exposed X-ray
film were evaluated using a Molecular Dynamics Personal Densitom-
eter. The procedure was repeated several times with different dilution
series and exposure times to confirm the copy number estimates. Com-
parison of the linear portions of the regression lines of DNA concen-
tration against optical density for the controlCcmar1.18insert DNA
and the genomic DNA samples of the three species permitted the es-
timation of the portion of each genome which consists ofmariner
elements. The copy number in each species could then be calculated as
the estimates of the genome sizes and the size of themarinerelements
are known.

Phylogenetic Analysis.Sequence comparisons of theC. rosaandT.
coffeaeelements with other known sequences, including those fromC.
capitata,were performed using the BLAST family of programs from
NCBI (Altschul et al. 1990), version 1.4.9MP. Sequences were aligned
initially using Clustal W 1.6 (Thompson et al. 1994) and then adjusted
manually to optimize the alignment. Phylogenetic trees were inferred
using maximum parsimony analysis with the heuristic search option
together with TBR branch swapping (PAUP version 3.1.1, Swofford
1993). Gaps were treated as missing characters. In the case of
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amino acid sequence data, stop codons and frame shifts were treated as
extra characters. To investigate the phylogenetic relationships at the
nucleotide level within tephritidmariner elements, 1,000 bootstrap
replications were performed. The molecular evolution of the coding
region of the sequenced elements was examined using the MEGA
computer program (Kumar et al. 1993).

Results

Sequence Analysis

PCR amplification on the total genomic DNA fromC.
rosaandT. coffeaeresulted in 1.3-kb products, the same
size as theC. capitatafull-length mariner Ccmar1(Go-
mulski et al. 1997), and in a number of bands corre-
sponding to deleted elements. Figure 1 shows the ampli-
fication from individuals of the three species samples
which are sympatric in Kenya; it is evident that the in-
tensities of the 1.3-kb fragments are different among the
considered species. The 1.3-kb PCR products fromC.
rosa and T. coffeaewere cloned and six clones were
sequenced: one fromC. rosafrom Kenya (clone 8), two
from C. rosafrom Mauritius (clones 2 and 4), one from
C. rosa from Réunion (clone 16), and two fromT. cof-
feae(clones 51 and 81), both from Kenya. According to
the nomenclature proposed by Robertson and Asplund
(1996) the elements fromC. rosaandT. coffeaewill be
namedCrmar1 (C. rosa mariner 1) andTcmar1(T. cof-
feae mariner 1), respectively. The sequences of the four
clonesCrmar1.2, Crmar1.4, Crmar1.16,and Crmar1.8
were found to be 1,281, 1,266, 1,270, and 1,275 bp in
length, respectively. The two clonesTcmar1.51and
Tcmar1.81were found to be 1,289 and 1,277 bp in
length, respectively.

The consensus sequence of the fourC. rosa clones

and the conceptual translation of the encoded putative
transposase are shown in Fig. 2. Two ambiguities re-
main: one at position 31 (Y) where two of the clones
contain a cytosine base, and the other two a thymine
base; the second at position 230 (R), in the coding re-
gion, where two clones had an adenine, while the other
two had a guanine base. These alternative bases represent
nonsynonymous substitutions, coding, respectively, for
isoleucine (Ile) and valine (Val) amino acids. Another
ambiguity, at position 1,226, was resolved using another
partially sequenced cloned. The complete consensus se-
quence,Crmar1, is 1,284 bp in length. The conceptual
open reading frame (ORF), encoding 342 amino acids, is
not continuous, as it contains three frameshifts at posi-
tions 552, 598, and 937. Comparison with theCcmar1
consensus sequence (Gomulski et al. 1997) indicates that
these frameshifts are due to small insertions at positions
552 and 937 and a deletion at position 598.

The two sequences fromT. coffeaeappear to be some-
what divergent.Tcmar1.51appears to be very heavily
mutated in comparison with the other sequences fromT.
coffeae, C. rosa,andC. capitata.This, together with the
low number of clones sequenced fromT. coffeae,did not
permit the determination of a consensus sequence for this
species.

All six sequences contain the expected features of
mariner transposable elements: They are flanked by two
short inverted terminal repeats and they contain rela-
tively long 58 and short 38 noncoding regions.Crmar1
and Tcmar1.51also contain the D,D,34,D catalytic do-
main motif proposed by Doak et al. (1994) and Robert-
son (1995), while in theTcmar1.81sequence the third D
is replaced by a glycine (G) (see Fig. 3). Other features
present in theCrmar1 and Tcmar1clones are putative
TATA boxes and polyadenylation signals.

Sequence Comparisons ofCcmar1, Crmar1,
andTcmar1

The six elements fromC. rosaandT. coffeaewere com-
pared with the individual clones fromC. capitataprevi-
ously described by Gomulski et al. (1997). All the se-
quences were very similar at the nucleotide level. The
percentage nucleotide identity between the clones of
each element ranged from 94.9 to 95.9% inC. capitata,
from 93.2 to 96.3% inC. rosa,and 90.9% inT. coffeae.
The lower level of identity found inT. coffeaeis due to
cloneTcmar1.51,which appears to be very heavily mu-
tated in comparison withTcmar1.81and with respect to
the clones from the other species.

In the interspecific comparisons theCcmar1 and
Crmar1 clones show identities of between 93.6 and
96.5%, very similar to the within-species values. Inter-
specific comparisons with theTcmar1.81are in the same
range, 94.5–95.3%, when compared toCcmar1, and
94.4–96.4% when compared toCrmar1. The compari-

Fig. 1. PCR amplification ofmarinerelements using the ITR primers
of Ccmar1from C. capitata(lanes 2, 3), T. coffeae(lanes 4, 5), andC.
rosa (lanes 6, 7) genomic DNA.Lane 1contains a 123-bp molecular
weight ladder (Gibco-BRL).
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sons with Tcmar1.51 are lower, 90.1–91.0% with
Ccmar1 and 90.4–92.1% withCrmar1. The clone
Tcmar1.81is more closely related to theCcmar1 and
Crmar1 clones than to theTcmar1.51element. Among
the consideredmarinerelements,Tcmar1.51is the most
differentiated, whileCrmar1.16(from Réunion) shares
the highest identities when compared with all the other
clones (95.2–96.5%).

Using the shorter, 21-bp, primer it was possible to
detect differences in the internal part of the ITRs of the
C. rosa clones. Both the ITRs ofCrmar1.4 appear to
have a deletion of six bases (from position 22 to position
27) and a mismatch between the most internal base of the
two ITRs. The other threeCrmar1sequences all possess
the same deletion asCrmar1.4at the 38 ITR of the ele-
ment; however, in the case ofCrmar1.16,the deletion is

of five rather than six bases. These three clones share the
same 30-bp 58 ITR as found inpostdoc, Ccmar1,and in
the Tcmar1clones.

An alignment of the conceptual amino acid sequences
of the consensusCcmar1, Crmar1and the individual
Tcmar1elements is shown in Fig. 3. In all the elements
sequenced fromC. rosaandT. coffeae,the ORFs are not
continuous, due to the presence of insertions and dele-
tions which result in frameshifts and thus truncated trans-
posases. The conceptual translations of clonesCrmar1.2,
Crmar1.4, Crmar1.8,andCrmar1.16are 331, 344, 332,
and 337 amino acids long, respectively. TheTcmar1.51
and Tcmar1.81sequences code for 337 and 333 amino
acids, respectively.

The highest amino acid identity/similarity was ob-
served in the comparison betweenCcmar1andCrmar1

Fig. 2. DNA sequence of theCrmar1
element fromC. rosa(consensus of four
copies) and the corresponding conceptual
amino acid translation. The ITRs are
underlined,the putative TATA box and
polyadenylation signal are shown inbold,
and the D,D,34,D catalytic domain residues
are indicated byasterisks.The termination
codon is indicated by a dot.

291



(99.1/99.7%, respectively). Similar identities/similarities
were found betweenTcmar1.81andCcmar1(93/94.5%)
and betweenTcmar1.81andCrmar1 (92.4/93.9%). The
two Tcmar1clones showed 70% amino acid identity and
75% similarity. The lowest identities/similarities were
observed in the interspecific comparisons with clone
Tcmar1.51:77.2/83.3% and 67.2/82.3% identity/simi-
larity with Ccmar1andCrmar1, respectively.

Pattern of Evolution

The mode of evolution ofmariner elements within a
genome can be deduced by comparing the frequencies of
synonymous (silent) and nonsynonymous (replacement)
nucleotide substitutions in the transposase coding re-
gions of several copies.

The Jukes-Cantor (Jukes and Cantor 1969) corrected
proportions of the synonymous (KS) and nonsynony-

mous (KN) substitutions in the transposase coding re-
gions of the clones were computed according to the
method of Nei and Gojobori (1986) using the computer
program MEGA (Kumar et al. 1993). For interspecific
comparisons the two individual sequences ofTcmar1
and the two consensus sequencesCcmar1and Crmar1
were used. Table 1 shows the values of KS and KN cal-
culated in intraspecific and interspecific comparisons of
the elements. The ratios of synonymous and nonsynony-
mous substitutions in the clones ofCrmar1 (KS/KN 4
1.50) andTcmar1(KS/KN 4 1.49) are close to 1, which
suggests that these elements are evolving neutrally. A
similar result was observed for theCcmar1 elements
(KS/KN 4 1.19, Gomulski et al. 1997). In the interspe-
cific comparisons the value of KS/KN was 1.81 for the
Ccmar1/Crmar1comparison, 1.08 for theCcmar1/
Tcmar1 comparison, and 1.25 betweenCrmar1 and
Tcmar1. To assess the significance of these values,
G-tests of independence with Williams’ correction for
continuity (Gadj) were performed (Sokal and Rohlf

Fig. 3. Alignment of theCcmar1putative
transposase with conceptualmariner
transposases from the consensus sequence
of Crmar1 and theTcmar1.51and
Tcmar1.81clones.Dots and # signs in the
sequences indicate stop codons and
framshifts, respectively. The D,D,34,D
motif is shown inbold. The symbols* and
+ below the sequences indicate identities
and conservative replacements,
respectively.
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1981). Each nucleotide substitution was classified ac-
cording to its effect on the amino acid sequence (replace-
ment silent) and according to its status in the different
clones (fixed or polymorphic). In every comparison no
significant level of departure from parity between syn-
onymous and nonsynonymous changes was observed
(Table 1). It appears, therefore, that these sequences have
been evolving neutrally in the three species.

Phylogeny ofmarinerElements of Tephritid Species

The sequences of the four clones fromC. rosaand the
two from T. coffeaewere compared with the four clones
from C. capitata(Gomulski et al. 1997). Maximum par-
simony analysis yielded nine trees of equal length, 946,
with consistency indices of 0.924. The tree shown in Fig.
4 represents the consensus tree of 1,000 bootstrap repli-
cates of the original data set. The tree was rooted using
Dugesia tigrina, Dtmar1as an outgroup. The placement
of Dtmar1 is uncertain as it can cluster in the mellifera,
in the cecropia, or at the base of the mauritiana subfamily
of mariners(Robertson et al. 1997).

In the tree, theCcmar1clones are grouped together
while the Crmar1 and Tcmar1 sequences do not form
separate clusters. With reference to theCcmar1clones,
the Tcmar1.51andCrmar1.4elements are the most dif-
ferentiated, with branch lengths of 78 and 49, respec-
tively. The least differentiated sequence isCrmar1.16
(branch length 10). The low divergence between the 10
elements at each node reflects the high level of nucleo-
tide identity already observed. Phylogenetic investiga-
tions usingMos1from the mauritiana subfamily ofmari-
ner elements,Hsmar1 (U52077, Robertson et al.
unpublished) from the cecropia subfamily, andGpmar1
(U13808, Blanchetot and Gooding 1995) from the mel-
lifera subfamily as outgroups gave very similar tree to-
pologies.

Comparisons With OthermarinerElements

The BLASTIN algorithm was used to search the DNA
sequence databases. TheCrmar1 consensus and the
Tcmar1 clone sequences showed high identities
(∼93.1%) with theC. capitata Ccmar1.18 marinerele-
ment (Gomulski et al. 1997; U40493), 65.9% withFor-
ficula auricularia mariner clone 5.9 (Robertson 1993;
L10479), and 60–61% with the twoApis mellifera mari-
ner clones 4.2 (Robertson 1993; L10430) and TnM1a
(Ebert et al. 1995; U19902), all of which are members of
the mellifera subfamily ofmariner elements.

Also at the amino acid level, using the central
transposase sequences, all three elements,Crmar1,
Tcmar1.51,and Tcmar1.81,showed the highest identi-
ties/similarities with members of the melliferamariner
subfamily.

Phylogenetic Relationships with Other mellifera
Subfamily Elements

Using only the internal conserved region of the trans-
posase, we extended these results to a detailed phyloge-
netic analysis including theCcmar1, Crmar1,and Tc-
mar1 individual sequences and 54 othermariner
elements from the mellifera subfamily (Robertson et al.
1997) (Fig. 5). The latter include elements from the med-
fly (clones 25.3, 25.4, 25.12) and from another tephritid,
the Caribbean fruit flyAnastrepha suspensa(clone 32.2).
The data were analyzed by the maximum parsimony
method using theBombyx mori mar1from the mori sub-
family as an outgroup (Robertson et al. 1997). The
Bmmar1sequence was chosen as the outgroup as this
element has been shown to represent a basal lineage of
the mariner family (Robertson and Asplund 1996). Due
to the large size of the data set, the heuristic algorithm
was used together with TBR branch swapping. An arbi-
trary representative of more than 9,800 equally parsimo-
nious trees of length 1,807 and consistency index of
0.573 is shown in Fig. 5. TheCcmar1, Crmar1,and
Tcmar1clones form a tight cluster, reflecting the high
amino acid identity of these sequences on the periphery
of the mellifera subfamily. TheCrmar1 andTcmar1se-
quences do not form clusters according to the hosts’
classification:Tcmar1.81is grouped withCrmar1.4and
Crmar1.16,while Tcmar1.51is grouped with Crmar1.8
andCrmar1.2.

Our clones do not appear to be closely related to the
other mariner elements from tephritids included in the
tree. The highest identities were observed with medfly
25.3 (34.7–48.7%), medfly 25.12 (36.3–48.2%), and the
Caribbean fruit fly 32.2 (35.2–47.9%). In each compari-
son, again, the highest identities were withCcmar1and
Crmar1 and the lowest withTcmar1.51.

Table 1. Proportions of synonymous (KS) and nonsynonymous (KN)
changes (with Jukes-Cantor correction) between the elements fromC.
capitata, C. rosa,andT. coffeaea

Comparisons KS KN KS/KN Gadj
b P

Within species
Ccmar1 0.050 0.042 1.19 0.10 n.s.
Crmar1 0.087 0.058 1.50 1.19 n.s.
Tcmar1 0.122 0.082 1.49 0.43 n.s.

Between species
Ccmar1/Crmar1 0.049 0.027 1.81 0.14 n.s.
Ccmar1/Tcmar1 0.050 0.046 1.08 0.04 n.s.
Crmar1/Tcmar1 0.084 0.067 1.25 0.02 n.s.

a For the between species comparisons the consensus sequences from
Crmar1andCcmar1were used. The consensus sequence ofCcmar1is
taken from Gomulski et al. (1997)
b G-test of independence with Williams’ correction
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Copy Number per Genome

Genomic DNAs from wild sympatric specimens ofC.
capitata, C. rosa,andT. coffeaefrom Kenya were used.
Southern hybridization of the labeledCcmar1.18probe
to C. rosaandT. coffeaegenomic DNA resulted in ex-
tensive hybridization toC. rosa and no detectable hy-
bridization toT. coffeaeDNA. TheC. rosasamples pro-
duced a smear suggesting a very high copy number of
mariner elements distributed randomly in the genome.
The hybridization signal with theC. rosa DNA was
many times more intense compared withC. capitata
DNA, suggesting thatC. rosa contains more copies of
the element.

To estimate the copy number of these elements in the
genome ofC. rosaandT. coffeae,a dot blot of genomic
DNA from single flies was probed at high stringency
with labeledCcmar1.18probe. The intensity of the hy-
bridization signal on the exposed X-ray film was evalu-
ated densitometrically. We estimate that themariner el-
ements make up 1.12% of the genome ofC. rosa.The
genome size of this species is approximately 5.8 × 108 bp
(A. R. Malacrida in preparation); therefore, 6.5 × 106 bp
consists ofmarinersequences. Dividing by the length of
an intact element (∼1,285 bp) yields a copy number of
approximately 5,000. ForT. coffeaewe estimated the
elements make up 0.002% of the genome. Given a ge-

nome size of 5.3 × 108 bp (A. R. Malacrida in prepara-
tion) the copy number is estimated to be about 10.

Discussion

Using a PCR primer specific to the ITR sequence of a
deletedC. capitata marinerelement, we isolated four
copies of a relatedmariner element fromC. rosa
(Crmar1) and two fromT. coffeae(Tcmar1). When com-
pared to the fourCcmar1elements previously isolated
from C. capitatausing the same PCR primer (Gomulski
et al. 1997), the nucleotide sequence identities of the
Crmar1andTcmar1elements are very high. TheCrmar1
andTcmar1elements share the same basis structure pre-
viously identified inCcmar1:They are about 1.3 kb in
length and contain the remnants of a putative, though
discontinuous, ORF. All butTcmar1.81contain con-
served features typical ofmariner elements, such as the
D,D,34,D motif (Doak et al. 1994; Robertson 1995).
When compared to the sequences available in the data-
bases, all the elements showed highest similarity to
members of the mellifera subfamily ofmarinerelements,
particularly when only the central coding regions were
considered. Gomulski et al. (1997) previously demon-
strated that theCcmar1elements formed a cluster at the

Fig. 4. Phylogeny of the elements based on their nucleotide sequences. Consensus tree of nine equally parsimonious trees of length 946, with
consistency indices of 0.924. Bootstrap values above the branches and nucleotide changes below the branches.
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periphery of the mellifera subfamily. We refined this
phylogenetic analysis by comparing theCcmar1,
Crmar1, andTcmar1elements with 54 members of the
mellifera subfamily (Robertson et al. 1997), many of
which were not previously available. The placement of
our elements, in a tight cluster, near the periphery of the
subfamily is confirmed.

Differentiation ofCcmar1, Crmar1,andTcmar1

The proportion of elements examined in relation to the
total number present was very different in the three spe-
cies; two out of 10 inT. coffeae,four out of 5,000 inC.
rosa,and four out of 500 inC. capitata(Gomulski et al.

1997). These differences in the relative number of the
elements examined could have influenced the estimated
level of diversity within and between theCcmar1,
Crmar1, and Tcmar1elements. However, our isolation
strategy was designed to identifyCcmar1-like elements
as it selected only those elements which shared common
ITR sequences. All of the 10 examined sequences, al-
though from different species, share more than 90%
DNA identity. On this basis we can hypothesize that the
related elementsCcmar1, Crmar1,and Tcmar1 might
not be highly divergent at the intraspecific level, and
consequently our data may adequately represent the true
diversity of these elements. These elements showed no
close relationships with any previously published medfly
and tephritid elements (Robertson et al. 1997).

Fig. 5. A representative of the more than
9,800 equally parsimonious trees of 58
mariner transposase amino acid sequences,
rooted with theBombyx mori Bmmar1
sequence. All the sequences are members
of the mellifera subfamily after Robertson’s
classification. The tree has 1,807 steps,
with a consistency index
of 0.573.
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In the phylogenetic analysis, based on the nucleotide
sequences of the 10 clones ofCcmar1, Crmar1,and
Tcmar1,theCcmar1clones form a distinct group, while
the Crmar1 andTcmar1elements do not form separate
clusters according to the host species classification. The
Tcmar1.81element is grouped within theCrmar1 ele-
ments, reflecting the lack of divergence between this
element and theCrmar1clones. No congruence between
the placement of theCrmar1 elements and the geo-
graphic origin of the hosts was evident. Colonization of
Mauritius and Re´union byC. rosaoccurred only in the
1950s (Orian and Moutia 1960), far too recently for any
significant genetic differentiation to have occurred. Us-
ing allozyme polymorphism data, Malacrida et al. (1996)
estimated a genetic distance (Nei 1972) of only 0.048
between Kenyan and Re´union populations of this spe-
cies.

The Crmar1 clones all contain a five- or six-base
deletion in the 38 ITR. The 58 ITR is identical to that of
Ccmar1andTcmar1,except in one clone,Crmar1.4,in
which both ITRs share the same deletion. These obser-
vations suggest that the inverted terminal repeats of the
Crmar1 clones could be shorter, at 21 bp, than those of
Ccmar1andTcmar1.An alternative interpretation could
be that the shorter 38 ITRs are merely due to a deletion.
However, the fact that the same, or very similar, deletion
is present in all four clones sequenced is puzzling. A
possible explanation is that the deletion occurred prior to
or early in the rapid increase in copy number of the
element. This is feasible only if such a deletion did not
impair the element’s ability to increase its copy number.
If the increase in copy number occurred prior to the
divergence of the host species the same deletions should
also be present in copies of the element in the other
species; however, the use of the longer PCR primer did
not permit their amplification and hence detection. Such
differences could not be detected using the full-length
primer, as annealing of the primer would have been im-
paired; however, it would be interesting to know if such
a deletion is present inmariner elements fromC. capi-
tata andT. coffeae,isolated with the shorter primer.

Evolutionary Ages ofCcmar1, Crmar1,andTcmar1

The host species,C. capitata, C. rosa,and T. coffeae,
appear to be a relatively young group; they last shared a
common ancestor about 2 Mya (Malacrida et al. 1996
and our unpublished data). Within these species, the cop-
ies of Ccmar1, Crmar1andTcmar1elements appear to
be evolving independently of each other. This pattern
is particularly evident for the two copies fromT. cof-
feae, each of which has independently accumulated
frameshifts and stop codons. ThatCcmar1, Crmar1,and
Tcmar1sequences are evolving neutrally is supported by
the finding that the number of nucleotide substitutions is

distributed randomly through synonymous and nonsyn-
onymous positions.

It is difficult to estimate the time of divergence of
these elements within and between the host species be-
cause the rates of molecular evolution of these species
are not known. However, if we accept that these copies
are evolving at neutral rates, then we can apply the rate
of 1% nucleotide divergence per Myr calculated for dro-
sophilids (Werman et al. 1990; Powell et al. 1993). At
this rate, theC. rosaclones, which differ, on average, by
5.2%, have been in the genome for 2.6 Myr. This is
comparable to the value of 2.3 Myr calculated for
Ccmar1(Gomulski et al. 1997). The two sequences from
T. coffeae,which show a DNA divergence of 8.6% seem
to have diverged over a period of 4.3 Myr. The
Tcmar1.51clone shows 9.4% and 9% average DNA di-
vergence from theCcmar1andCrmar1clone sequences,
respectively, suggesting that the divergence times of
these elements are 4.7 and 4.5 Myr, respectively.
Tcmar1.81shows 5.1% and 4.8% divergence from the
Ccmar1andCrmar1 clone sequences, indicating diver-
gence times of 2.55 and 2.4 Myr, respectively. Finally,
theCcmar1andCrmar1clone sequences appear to have
diverged ∼2.6 Mya, as they show average nucleotide
divergences of 5.2%. The very similar evolutionary
times ofCcmar1, Crmar1,andTcmar1.81elements in-
dicate a recent divergence from an ancestral element.
Assuming that there is no very high undetected differen-
tiation between all the copies of these elements in the
three species, the simple hypothesis is that this ancestral
element was present in the lineage prior to the diver-
gence of the three species. Under this assumption, the
vertical transfer intoT. coffeae,or its ancestor, appears to
have been the most ancient. Based on the degree of di-
vergence estimated betweenTcmar1copies,Tcmar1.51
appears to be the older element in theT. coffeaelin-
eage. This interpretation of the evolutionary history of
Ccmar1, Crmar1,andTcmar1elements seems congruent
with the phylogeny of the host species. In fact, within the
Ceratitini tribe,T. coffeaeappears the most differentiated
species with respect toC. rosaand toC. capitata(White
and Elson-Harris 1992; Willhoeft and Franz 1996).

Differences in Copy Number

The abundance of the related elementsCcmar1, Crmar1,
andTcmar1differs dramatically in the three species: 500
copies were found inC. capitata(Gomulski et al. 1997),
5,000 copies in the closely relatedC. rosa,but only about
10 in the somewhat distantly relatedT. coffeae.

One of the four clones ofC. capitata(Ccmar1.18) has
a potentially active transposase (Gomulski et al. 1997);
the related elements sequenced fromC. rosaandT. cof-
feae are almost certainly nonfunctional. However, we
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cannot exclude the possibility that active copies are pre-
sent in these species. Clearly the high copy numbers in
C. rosaand to a lesser degree inC. capitataare the result
of very high transposition rates. Whether the large varia-
tion in copy number ofCcmar1, Crmar1, and
Tcmar1 is related to differences in the regulation of
transposition in the different host species remains to be
investigated. However, Robertson and Lampe (1995b)
and Lampe et al. (1996) found no evidence for species-
specific host factors for transposition of theHimar1 el-
ement, a member of the irritans subfamily.

A self-regulation mechanism of transposition (OPI)
which implies interaction with the host genome has been
proposed by Lohe and Hartl (1996b) on the basis of
studies of theMos1element. To apply this mechanism of
regulation toCcmar1, Crmar1,andTcmar1,in order to
explain their differences in copy number, we must accept
that the host species will have a very different optimal
copy number at which the rate of transposition per ele-
ment is maximized. This would imply that the closely
related elementsCcmar1, Crmar1,and Tcmar1 have
very different levels of expression in the three host ge-
nomes. However, given the extremely wide range of
variation in copy number observed (5,000–10) it is im-
probable that self-regulation is in effect and hence the
diversity in copy number does not reflect a state of equi-
librium but merely represents different stages in the evo-
lution of the elements. Moreover, in the absence of regu-
lation, the different copy number estimates do not seem
to be at equilibrium, as we would have expected a posi-
tive correlation between copy number and host genome
size (Lohe and Hartl 1996b). The genomes of the three
species are fairly similar (from 5.3 × 108 in T. coffeae,
5.4 × 108 in C. capitata,to 5.8 × 108 in C. rosa) whereas
the copy numbers differ by a factor of 500 in the three
species.

Under the vertical transmission hypothesis, follow-
ing the initial expansion of the copy number, the ulti-
mate fate of most of the copies ofCcmar1, Crmar1,and
Tcmar1would be the loss of transposase activity due to
vertical inactivation (Lohe et al. 1995). Most of the se-
quenced clones of our elements were clearly subjected to
vertical inactivation. The elimination of inactive ele-
ments from a species is a stochastic process and it is
unpredictable and largely dependent on genetic drift
(Lohe et al. 1995). However, element loss need not be
purely a random process, as the probability of loss in
different host species may be a function of the evolu-
tionary history of the species themselves and of subtle
biological differences between these species. Nothing is
known about the history ofC. capitata, C. rosa,andT.
coffeaeover evolutionary time. From its home range in
southeast Africa, in the last 100 years,C. capitatasuc-
ceeded in reaching an almost cosmopolitan geographical
distribution;C. rosais widespread in Africa, where it is
the major pest of fruits, and since the late 1950s it has

spread out of Africa where in some places it has dis-
placedC. capitata(Mukiama 1985).C. capitataandC.
rosa are extremely polyphagous and have attributes of
r-strategist species (Fletcher 1989).T. coffeaeis consid-
ered an endemic species of western Africa (White and
Elson-Harris 1992); it is monophagous, being totally de-
pendent on coffee (Greathead 1972). In their home
rangesC. capitata, C. rosa,andT. coffeaelive in sym-
patry on coffee, where they compete for the host. High
levels of genetic variability have been detected in the
native populations ofC. rosaand C. capitata,whereas
sympatric populations ofT. coffeaeshow very low levels
of variability. These data suggest that the effective sizes
of natural populations ofT. coffeaeare very small com-
pared to those ofC. rosaandC. capitata(Baruffi et al.
1995; Malacrida et al. 1996). These data are in agree-
ment with sympatric population size estimates of these
three species during the coffee season in Kenya
(Mukiama 1985). The population sizes ofC. capitataand
C. rosaappear to be very similar, whereas those ofT.
coffeaeappear to be about twentyfold smaller.T. coffeae
experiences a series of severe population crashes when
the coffee resource is unavailable.

Given the above, it appears that genetic drift affects
the genetic variability of the three host species to differ-
ent extents. We can assume that genetic drift would have
accelerated the loss ofTcmar1copies inT. coffeae.We
propose that the vertical transmission of the element into
T. coffeaeis an old event with respect to that ofC.
capitata and C. rosa.The difference in the time of ac-
quisition of the elements could account for the copy
number diversity in the three species, particularly the
very low copy number estimate inT. coffeae.The more
recent transmission ofCcmar1and Crmar1, associated
with their host biology and the high gene flow estimates
within the host species (Gasperi et al. 1991; Malacrida et
al. 1996 and our unpublished data), could explain the
high copy number of these elements.
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