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ABSTRACT
A number of mariner transformation vectors based on the mauritiana subfamily of transposable elements

were introduced into the genome of Drosophila melanogaster and examined for their ability to be mobilized
by the mariner transposase. Simple insertion vectors were constructed from single mariner elements into
which exogenous DNA ranging in size from 1.3 to 4.5 kb had been inserted; composite vectors were con-
structed with partial or complete duplications of mariner flanking the exogenous DNA. All of the simple
insertion vectors showed levels of somatic and germline excision that were at least 100-fold lower than
the baseline level of uninterrupted mariner elements. Although composite vectors with inverted duplications
were unable to be mobilized at detectable frequencies, vectors with large direct duplications of mariner
could be mobilized. A vector consisting of two virtually complete elements flanking exogenous DNA yielded
a frequency of somatic eye-color mosaicism of �10% and a frequency of germline excision of 0.04%.
These values are far smaller than those observed for uninterrupted elements. The results imply that
efficient mobilization of mariner in vivo requires the presence and proper spacing of sequences internal
to the element as well as the inverted repeats.

THE transposable element mariner is enumerated and Hartl 1991a) as well as Hyalophora cecropia (Lid-
among a handful of sequences that have practical holm et al. 1991), its broad taxonomic distribution be-

utility in serving as vectors for transformation in a variety gan to become clear only with the work of Robertson
of organisms (Hartl et al. 1997; Plasterk et al. 1999; (1993, 1995) and Robertson and MacLeod (1993) who
Atkinson et al. 2001; Handler 2001; Hartl 2001). For found that �15% of �400 insect species examined had
mariner, the organisms successfully transformed so far one or more diverse subfamilies of mariner elements
include various bacteria, such as Escherichia and Myco- present in their genome. Soon thereafter mariner ele-
bacterium (Rubin et al. 1999), Helicobacter (Guo and ments were found in centipedes and mites (Robertson
Mekalanos 2001), Vibrio (Chiang and Mekalanos and MacLeod 1993), nematodes (Sedensky et al. 1994),
2000), and Neisseria (Pelicic et al. 2000). They also and planaria (Garcia-Fernàndez et al. 1993, 1995).
include various species of drosophilid insects (Lidholm Mariner elements have also been found in humans and
et al. 1993; Lohe and Hartl 1996b; Horn et al. 2000), other vertebrates (Auge-Gouillou et al. 1995; Morgan
as well as an impressive list of nondrosophilids including 1995; Oosumi et al. 1995; Robertson et al. 1996; Smit
mosquitoes (Coates et al. 1998; Moreira et al. 2000), and Riggs 1996), as well as in plants (Jarvik and Lark
silkworm (Wang et al. 2000), and housefly (Yoshiyama 1998).
et al. 2000). The mariner element has proven successful The canonical mariner element denoted Mos1 is 1286
in transforming eukaryotes as different as the protozoan bp in length and includes 28-bp inverted repeats. The
Leishmania (Gueiros-Filho and Beverley 1997) and element contains an uninterrupted open reading frame
the vertebrates chicken (Sherman et al. 1998) and zebra- encoding an active transposase of 345 amino acids (Med-
fish (Fadool et al. 1998). hora et al. 1988; Maruyama et al. 1991). The mariner

The wide variety of organisms that can be transformed element originally discovered, called peach, is also a full-
by mariner vectors is not surprising in view of its extra- length element. It differs from Mos1 at 11 nucleotide
ordinary host range and ability to undergo horizontal sites. The peach element retains an open reading frame
transmission. Although the element was initially discov- and is able to transpose, but the peach transposase differs
ered in Drosophila mauritiana (Jacobson et al. 1986) and from that of Mos1 at 4 amino acid sites and is inactive
shortly thereafter in Zaprionus tuberculatis (Maruyama (Maruyama et al. 1991; Medhora et al. 1991).

Both peach and Mos1 have been used as transformation
vectors in eukaryotes, with the active Mos1 transposase

1 These authors contributed equally to this work. used for mobilization into the target genome. The ele-
2 Corresponding author: Department of Organismic and Evolutionary ments feature a number of convenient unique restric-Biology, Harvard University, 16 Divinity Ave., Cambridge, MA 02138.
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SphI site (begins at nucleotide 987), or the ClaI site (begins at(numbering as in Jacobson et al. 1986), SalI at position
nucleotide 63). To prepare these vectors, the mariner element349–354, SphI at position 987–992, and ClaI at position
denoted peach was subcloned from the plasmid pJJ1 ( Jacobson

63–68 (this site is present in Mos1 but not in peach). et al. 1986) as an EcoRV-SpeI fragment and subcloned into pBlue-
In our original transformation experiments utilizing ScriptII KS, yielding the plasmid pPch. Polylinker sequence flank-

ing the EcoRV-SpeI peach fragment was modified to remove thea peach vector with 11.9 kb of exogenous DNA inserted
ApaI and SalI sites as well as to introduce flanking EcoRI sites.at the SacI site (Lidholm et al. 1993), we observed that
Two adaptors were prepared, one by annealing oligonucleotidesgenomic insertions were remarkably stable in the pres-
Kpn/Hind-S (5�-CGCGGCCGCGAATTCA-3�) with Kpn/Hind-L

ence of active transposase (Lohe et al. 1995). Genomic (5�-AGCTTGAATTCGCGGCCGCGGTAC-3�), and the other by
insertions of another vector with only 4.5 kb of exoge- annealing Spe/Not-1 (5�-CTAGAATTCAGATCT-3�) with Spe/Not-2

(5�-GGCCAGATCTGAATT-3�). These adaptors were ligatednous DNA inserted at the SacI site were also unexpect-
with the HindIII-SpeI peach-containing fragment of pPch andedly stable (Lohe et al. 1995). Both kinds of genomic
inserted into pBlueScriptII KS cleaved with KpnI and NotI. Theinsertions can be mobilized, but at low frequency (Lohe
resulting derivative of pPch was designated pPch-RR.

and Hartl 1996c). The hsp70:mini-white cassette was subcloned as an XbaI-PstI
To investigate whether mariner vectors with insertions fragment from PlwB (Lidholm et al. 1993) into pGem-3Zf(�).

A trimolecular ligation was then used to create a duplication ofof exogenous DNA at other unique cloning sites show
polylinker at the ends of the hsp70:mini-white fragment by ex-levels of genetic stability comparable to insertions at the
cising the hsp70:mini-white by digestion with BamHI and SphISacI site, we carried out the experiments reported in
and ligating with both an AatII-SphI fragment and a BamHI-

this article. We studied vectors with insertions at the AatII fragment from pGem-3Zf(�). In the resulting plasmid,
SalI, SphI, and ClaI sites. The inserted DNA was variously called hsp/w-BSBS, the hsp70:mini-white cassette is flanked by

both BamHI and SphI sites. This hsp70:mini-white cassette wasa mini-white marker (Thummel and Pirrotta 1992), a
excised from hsp/w-BSBS with BamHI and inserted into theyellow marker (Patton et al. 1992), or an eye-specific en-
SalI site of the peach element in pPch-RR after half filling thehanced green fluorescent marker responsive to the tran-
cohesive ends with Klenow polymerase. This yielded the inser-

scription factor Pax-6 (Berghammer et al. 1999; Horn tion vector designated SalW. (Both orientations of the hsp70:
et al. 2000). We also studied novel types of composite vec- mini-white were recovered, but only one was studied further.)
tors in which the exogenous DNA was flanked by two Similarly, the hsp70:mini-white cassette was excised from hsp/

w-BSBS with SphI and inserted into the SphI site of the peachessentially complete mariner elements in any of three
element in pPch-RR. This yielded the insertion vector desig-possible orientations. In all cases with exogenous DNA
nated SphW. (Again both orientations of the hsp70:mini-whiteinserted into the SalI, SphI, or ClaI site, we find that were recovered, but only one was studied further.)

genomic insertions are largely refractory to mobilization To obtain the insertion of hsp70:mini-white into the ClaI site
by the active Mos1 transposase. Somatic eye-color mosa- of mariner, we had to modify the sequence of the peach element

because, unlike the Mos1 element, the peach element lacks aicism is not observed, nor are progeny resulting from
ClaI site at position 63. Accordingly, nucleotides 7–1280 of thegermline excision detected. Low levels of excision can,
peach element were excised from pPch-RR using the restrictionhowever, be detected by means of PCR amplification. enzyme BsrGI, and this fragment was replaced with the corre-

With regard to the composite vectors, only genomic sponding fragment from the plasmid pMos1 (Medhora et al.
insertions with the flanking mariner elements in the same 1988). This operation completely converted the sequence of

the peach element in pPch-RR into that of Mos1, yielding theorientation (the “tail-to-head” configuration) were sus-
plasmid pMos-RR. In the next step, the kanamycin-resistantceptible to mobilization by the Mos1 transposase. We
element in the plasmid pUC4K was excised with BamHI andobserved a rate of somatic mosaicism of �1 in 10 and
inserted in the ClaI site of pMos-RR after rendering the cohesive

a rate of germline excision of �1 in 2000. Although still ends blunt with Klenow fragment, which restores the BamHI
substantially smaller than that rate of somatic mosaicism sites flanking the kanamycin-resistant insert. Replacing the kana-
and germline excision observed with the peach element mycin-resistance cartridge with the hsp70:mini-white using BamHI

restriction sites resulted in the vector designated ClaW. Thealone (100 and 14%, respectively), nevertheless the
vector ClaY, which carries a yellow marker gene in the ClaIcomposite tail-to-head vector has a level of genomic
site, was created from pMos-RR by excising a 5.2-kb yellow-instability far greater than any of the simple insertion containing SalI fragment from pCar-y (Patton et al. 1992)

vectors. These results are discussed in light of their and ligating it into the ClaI site of pMos-RR after filling the
implications for the use of mariner as a tool in genetic cohesive ends with Klenow fragment to produce blunt ends.

The vector designated SalG contains a marker gene insertedanalysis and in the creation of transgenic organisms.
in the SalI site of the Mos1 mariner element. The marker gene,
1.3 kb in length, consists of a coding sequence for an enhanced
green fluorescent protein driven by an artificial promoter thatMATERIALS AND METHODS
is eye specific and responsive to the evolutionary conserved
transcription factor Pax-6. The SalG vector is described inTwo types of transformation vectors were investigated. Sim-
detail as pMos{3xP3-EGFP} in Horn et al. (2000).ple insertion vectors consist of a single copy of mariner into

Composite vectors: The vector designated SemiComp con-which a marker gene was inserted at any one of a number of
tains a direct duplication of the SalI-SphI fragment of peachunique restriction sites. Composite vectors consist of a duplica-
with an hsp:mini-white inserted at the junction of the duplicatedtion of mariner sequence with a marker gene inserted at the
fragments. This vector was created from the simple insertionjunction of the duplicated regions.
vectors SalW and SphW, using the ApaI restriction site in theSimple insertion vectors: Vectors were created with inser-

tions in the mariner SalI site (begins at nucleotide 349), the hsp:mini-white. The 5� part of SphW was isolated as a KpnI-ApaI
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fragment and used to replace the 5� part of SalW. In the re- Hermes vectors were constructed from the plasmid pBSHermes
w� (O’Brochta et al. 1996) by removing the white-bearingsulting vector SemiComp the hsp:mini-white sequence is flanked

by a direct duplication of the SalI-SphI segment of the peach EcoRI fragment in this plasmid and replacing it with an EcoRI
fragment bearing the mariner vector and marker gene of inter-element.

Three types of composite vectors containing almost com- est. The resulting plasmid was employed in germline transfor-
mation using a helper plasmid pBCHSHH1.9 (O’Brochta etplete duplications of peach were also created. The first step in

generating these vectors was the introduction of mutations al. 1996), which bears a Hermes transposase open reading frame
under the control of a heat-shock promoter. Concentrationsin the inverted repeats destined to flank the marker gene in

the composite vector. For this purpose a peach element was of plasmid and helper were both 0.5 �g/�l, and the methods
created in which a PstI restriction site was introduced to re- were those described in Lozovskaya et al. (1996).
place the first nucleotide of the 5� inverted repeat and the Excision assays: Genetic experiments to estimate the in vivo
flanking TA duplication. This 5�-mutated element was ampli- rates of somatic and germline excision of the inserted vectors
fied from the plasmid pJJ1 ( Jacobson et al. 1986), using the were carried out as described in Lohe et al. (1995, 1997).
primers 5�-mut (5�-CTGCAGGTGTACAAGTAGGGAATGT Molecular methods: The polymerase chain reaction (PCR)
CGG-3�), which is specific for the 5�-terminal inverted repeat, was used to detect excision products at the molecular level,
and 3�-pch (5�-TTGTAGCGTTACCTAGCGTC-3�), which is using primers flanking the EcoRI insertion site in the Hermes
homologous to the sequence of the intron of the white gene vector, namely 5�-ATAAATGCTGTGCCTCTCTA-3� and
adjacent to the 3� end of the peach element in pJJ1. Similarly, 5�-ATTGTTTGTAGTATTGC-3�. These primers amplify ex-
the 3�-mutated element was amplified with the primers 3�-mut cision products to yield a PCR product of �475 bp (51 bp of
(5�-CTGCAGGTGTACAAGTATGAAATGTCGT-3�) and Hermes plus 42 bp of Drosophila sequence on the 5� side of the
5�-pch (5�-GTTTTGGCACAGCACTTTGTG-3�). Both mutated 35-bp polylinker and 264 bp of Hermes plus 83 bp of Drosophila
elements were cloned in the vector pCRII (Invitrogen, Carls- sequence on the 3� side). The PCR conditions were 95� for 1
bad, CA). The resulting clones were stable only in the SURE min, then 25 cycles of 95� for 20 sec, 50� for 90 sec plus 1 ad-
strain of Escherichia coli (Stratagene, La Jolla, CA), which was ditional second for each cycle, and 72� for 90 sec plus 4 addi-
used in all subsequent experiments. Before proceeding fur- tional seconds for each cycle. The resulting PCR products were
ther, the integrity of the PCR products was verified by DNA stored at 4�. The PCR was carried out in a PTC100 machine
sequencing. from MJ Research (Waltham, MA). Southern blotting and DNA

The 5�-mutated and 3�-mutated peach elements were used sequencing were carried out as previously described (Nurmin-
to create three kinds of composite vectors, designated TT (tail- sky et al. 1998).
to-tail), HH (head-to-head), and TH (tail-to-head), in which
the duplicated peach elements are present in the orientations
5�-3�/3�-5� (TT), 3�-5�/5�-3� (HH), and 5�-3�/5�-3� (TH). In

RESULTSall cases the two innermost inverted repeats are the mutated
ends and the outer inverted repeats are those of the unmu- We examined a number of possible transformation
tated peach element. In each type of vector an hsp70:mini-white

vectors on the basis of the transposable element mariner.gene was inserted between the innermost pair of inverted
Some of these were simple insertion vectors having ex-repeats. The peach inverted repeats directly adjacent to the

mini-white gene are modified and not susceptible to excision ogenous DNA inserted into unique restriction sites in
by the mariner transposase (Lohe et al. 2000). The outermost the element, and others were composite vectors in which
inverted repeats are intact and could, in principle, be used a large region (in most cases virtually all) of the mariner
by transposase to mobilize the entire vector.

element was duplicated on either side of the exogenousTo create the TT vector, the 3�-end mutated peach element
DNA. The vectors differed in the nature of the exogenouswas excised from pCRII with EcoRI and PstI and the fragments

were ligated in a reaction including a PstI fragment containing DNA, which included a 4.5-kb mini-white gene, a 5.2-kb
hsp70:mini-white derived from PlwB (Lidholm et al. 1993) and yellow gene, or a 1.3-kb green fluorescent protein (GFP)
plasmid pSP72 (Promega, Madison, WI) that had been linear- cassette. In some vectors the direction of transcription
ized with EcoRI. The HH configuration was created similarly,

of the marker gene was in the same orientation as thatusing the 5�-end mutated peach element from pCRII.
of the mariner open reading frame and in other casesConstruction of the TH vector made use of both the EcoRI-

PstI fragment containing the 5� mutation and the EcoRI-PstI in the reverse orientation. Most of the vectors were
fragment containing the 3� mutation. These were ligated to- introduced into the genome of D. melanogaster using the
gether with plasmid pSP72 that had been linearized with EcoRI. Hermes transformation system. At first we tried the P-ele-
The only peach-containing clones recovered were those con-

ment system, finding that many of the simple insertiontaining the tandemly repeated elements in the tail-to-head
vectors were genetically unstable when subcloned intoconfiguration, yielding the plasmid pSP-TH. Then the PstI

fragment containing the hsp70:mini-white cassette from the standard P-element vectors, yielding deletions and
plasmid PlwB (Lidholm et al. 1993) was inserted into the PstI rearrangements (data not shown). We also tried the hobo
site of pSP-HT, creating the TH vector. transformation system (Blackman et al. 1989) but

Insertion of the vectors into the genome: The original SacW
found, as others have, that many of the standard labora-vectors were introduced into the germline by mariner-mediated
tory strains produce low levels of functional hobo transpo-transposition using Mos1 as a helper plasmid (Lidholm et al.

1993; Lohe et al. 1995). In the present analysis, the SalG vectors sase, which compromised the assays for the excision of
were also introduced into the germline via mariner-mediated mariner vectors (data not shown). Finally we turned to the
transformation as described in Horn et al. (2000). The other Hermes system (O’Brochta et al. 1996), which yielded
vectors were introduced using the Hermes transformation sys-

genetically stable subclones, a high efficiency of transfor-tem (O’Brochta et al. 1996) by injection into embryos of ge-
mation, and genetic stability in the germline of the labora-notype w1118 or y w. Each of the vectors of interest is flanked

by unique EcoRI sites in the plasmid in which they reside. The tory strains we used for the analysis. In most cases we re-
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covered more germline transformants than were actually
analyzed for vector excision. About one-third of the Hermes
transformants had multiple insertions as evidenced by
Southern blots and/or in situ hybridization (data not
shown). All of the results described below were obtained
from transformants that carried only one Hermes inser-
tion.

The vectors were tested for their ability to be excised
by the functional mariner transposase produced by the
immobile element Mr182 as described in Lohe et al.
(1995, 1997). Mr182 is a P[hsp70::Mos1, ry�]-182 construct
inserted in chromosome 2; the hsp70::Mos1 sequence
has a dual promoter in which the heat shock 70 promoter
(hsp70) is fused to the Mos1 promoter at nucleotide po-
sition 58–59 (Lohe et al. 1995). The dual promoter has
high activity even in the absence of heat shock (Lohe
et al. 1995). Rates of somatic excision and germline ex-
cision of mariner elements are highly correlated with each
other and with the rate of transposition (Garza et al.
1991; Lohe et al. 1995, 1997; Lohe and Hartl 1996a,
1996c). The baseline rate of somatic excision of the
peach element in the presence of Mr182 is 100 percent—
which is to say that every fly shows somatic mosaicism
of its eye-color phenotype (Garza et al. 1991; Lohe et
al. 1997, 2000). The baseline rate of germline excision
of peach is 14.7% (Lohe et al. 2000); this value reflects
the proportion of revertant chromosomes in the mo-
saic germline.

Simple insertion vectors: The structure of each of the
Figure 1.—Molecular structures of simple insertioninsertion vectors is diagrammed in Figure 1, which shows

vectors. Inserted exogenous DNA is not drawn to scale.the insertion site and orientation of the exogenous DNA.
In all vectors except for ClaW, ClaY, and SalG, the mariner
element is the peach element (Jacobson et al. 1986); matic mosaicism because small nonfluorescent patches,
the mariner element used for the vectors ClaW, ClaY, and if there were any, in an otherwise highly fluorescent eye
SalG is Mos1 (Garza et al. 1991). The peach and Mos1 would probably not be detectable. The rates of somatic
elements differ at 11 nucleotide sites, including one excision for all of the simple insertion vectors in Table 1
that creates the ClaI site in Mos1. The SacI vector exists are at least 400 times smaller than the baseline values
in two forms with either an 11.9-kb white insertion or a for peach. Experiments with comparable numbers of
4.5-kb mini-white insertion. Results with these vectors progeny were carried out to estimate the rate of germ-
have been reported previously (Lidholm et al. 1993; line excision, but no germline excision was detected for
Lohe and Hartl 1996c). Among the transformants, any of the vectors. For seven independent SalG inser-
the level of somatic mosaicism is �1%, which is lower tions, we examined progeny for nonfluorescent eyes
than the baseline value by two orders of magnitude. resulting from germline excision and observed 0/831.

Based on the binomial distribution, this value definesThe SalG transformants could not be scored for so-

TABLE 1

Somatic excision of simple insertion vectors

No. of independently
Insertion Marker transformed lines Total progeny % progeny with

Vector site gene analyzed examined somatic mosaicism

SalW SalI mini-white 5 3443 0.23
SphW SphI mini-white 3 2086 0
ClaW ClaI mini-white 2 1024 0
ClaY ClaI yellow 4 2961 0
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an upper 95% confidence bound for the frequency of
germline excision of the SalG vector of 0.36%, which is
far smaller than the baseline value of 14.7% observed
for the peach element alone (Lohe et al. 2000).

As Table 1 indicates, for most of the simple insertion
vectors the rate of somatic excision is too low to be de-
tected phenotypically as eye-color mosaicism among a
few thousand progeny. Nevertheless, for some of the
vectors, somatic excision can readily be detected at the
molecular level in each individual fly. To detect the ex-
cision footprints we used PCR with primers flanking the
EcoRI insertion site of the mariner vector in the Hermes
transposon. Excision of a simple insertion vector would
result in a predicted PCR product of 475 bp. A fragment
of this size was prominent in the PCR product of each
of 5–10 nonmosaic flies carrying either SalW or SphW, but
not ClaW and ClaY. In the latter cases the excision prod-
uct was virtually undetectable, either with amplification
of DNA from single flies or from DNA isolated from
homogenates of �20 flies. A sample of 10–12 PCR prod-
ucts from apparent excisions of the other vectors was Figure 2.—Molecular structures of composite vectors. In-
isolated and the relevant region sequenced to ascertain serted exogenous DNA is not drawn to scale.
whether they exhibited the characteristic footprint of
mariner excision. In each case the former location of
the peach vector was now occupied by a sequence con- with the 3� end of the upstream element and the 5�

end of the downstream element abutting the exogenoussisting of the TA duplication flanking peach plus one to
three nucleotides from either the 5� inverted repeat DNA. In each of the fully composite vectors, the inverted

repeat adjoined with the mini-white sequence has been(5�-CCA-3�) or the 3� inverted repeat (5�-TGA-3�). These
sequences are typical of excision mediated by the mariner mutated by deletion of the terminal nucleotide and the

flanking TA, which have been shown to be critical fortransposase (Bryan et al. 1990). (It should be noted that
the PCR tests were not performed with the SalG trans- efficient recognition and cleavage by the mariner trans-

posase (Lohe et al. 2000).formants because this vector was introduced into the ge-
nome via mariner-mediated transformation rather than For transformants carrying each of the composite vec-

tors, the frequency of somatic mosaicism is shown invia Hermes transformation, and so the genomic sequences
flanking the SalG transformants are unknown.) Table 2. Although the two vectors with inverted duplica-

tions (TT and HH) show no evidence of somatic exci-Composite vectors: The low rate of excision of the sim-
ple insertion vectors might result from a tight size con- sion, the levels of somatic excision observed for the

vectors with direct duplications (SemiComp and TH) arestraint whereby the Mos1 transposase cannot efficiently
mobilize elements substantially longer than the 1286-bp at least an order of magnitude greater than that of the

simple insertion vectors (Table 1). Furthermore, thelength of peach and Mos1. Alternatively (or perhaps in
addition) mariner may contain two or more internal TH vector, which has all of the internal peach sequence

duplicated, exhibits a significantly greater level of so-transposase-binding sites whose proper spacing is neces-
sary for efficient mobilization. To examine this possibil- matic excision than that of the SemiComp vector, which

has only the SalI-SphI fragment duplicated (P � 0.03,ity, various types of composite transposons that contain
duplications of some or all internal sequences were con- Fisher’s exact test). Although most of the eye-color mo-

saics carrying the TH construct have white (vector exci-structed from the peach element.
The structure of the composite vectors is shown in sion) patches on an otherwise red background, many

of them also have one or more patches of eye facetsFigure 2. The SemiComp vector contains a direct duplica-
tion of the SalI-SphI region, between which the exoge- that are exceptionally dark red. We attribute these to

dosage effects of the mini-white marker resulting fromnous mini-white DNA is inserted. The fully composite
vectors (TT, HH, and TH) have two almost complete somatic transposition of the TH vector, yielding cell

lineages with two copies of the vector. In some crossespeach elements flanking the exogenous mini-white DNA.
These vectors differ in the orientation of the peach ele- as many as 12.5% of the somatic mosaics showed such

dark patches.ments. In the TT vector, the 3� ends of peach abut the
exogenous DNA, and in the HH vector the 5� ends of PCR analysis was carried out on flies carrying the TT

and HH constructs, as well as on nonmosaic flies car-peach abut the exogenous DNA. In the TH configura-
tion, both peach elements are in the same orientation, rying the TH vector. For the TT and HH constructs, no
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TABLE 2

Somatic excision of composite vectors

No. of independently
transformed lines Total progeny % progeny with

Vector Structure analyzed examined somatic mosaicism

SemiComp SalI-SphI duplication 2 1693 8.4
TT 5�-3�/3�-5� 2 1203 0
HH 3�-5�/5�-3� 2 1341 0
TH 5�-3�/5�-3� 6 4376 10.2

The virgule (/) denotes the site of the mini-white insertion in the composite vectors that have virtually
complete duplications of peach.

PCR product of the size predicted from vector excision tion with attached-X females, among 4515 male progeny
we observed two revertants resulting from germline exci-was detected. This result implies that excision of the TT

and HH constructs occurs at an extremely low rate, if sions. The estimated frequency of germline excision of
the TH vector is thus 0.04%.it occurs at all, which is consistent with previous results

that the 5� inverted repeat and the 3� inverted repeat
are not equivalent or interchangeable with respect to

DISCUSSION
transposase recognition and cleavage (Lohe et al. 2000).
PCR products arising from apparent excision were In this study we examined vectors with insertions of

exogenous DNA into any one of several unique restric-readily detected in the TH-bearing flies, however, and
as expected their sequences contained the characteristic tion sites (SalI, SphI, and ClaI) within the mariner, peach,

or Mos1 elements, motivated by previous findings thatfootprints of excision mediated by the Mos1 transposase.
A sample of these footprints, each derived from a differ- vectors with insertions into the SacI site had a drastically

impaired ability to be mobilized by the Mos1 transposaseent animal, is shown in Table 3.
Although the frequency of somatic mosaics for the (Lidholm et al. 1993; Lohe et al. 1995). We also exam-

ined composite vectors with direct or inverted duplica-TH vector is 10-fold less than the baseline value for
peach, it nevertheless suggested that the frequency of tions of part or virtually all of the peach element. The

exogenous DNA consisted of a 4.5-kb mini-white sequencegermline excision might be high enough to be detected
in relatively small experiments. This proved to be the (SalW, SphW, ClaW, and all of the composite vectors),

a 5.2-kb yellow sequence (ClaY), or a 1.3-kb sequence en-case. In crosses of males carrying an X-linked TH inser-

TABLE 3

Excision footprints in PCR products from TH composite transformants

Flanking 5� sequence Excision footprint Flanking 3� sequence

GCACTTTGTGTTTAATTGATGGCGTA TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTAC TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTACC TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTACCA TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTACCA TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTACCA TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTACCA TAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA ATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA GATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
GCACTTTGTGTTTAATTGATGGCGTA TGATAAACCGCTTGGAGCTTCGT
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coding GFP (SalG). The vectors were introduced into found in natural populations that are closely related to
Mos1 are all very close to 1.3 kb in size (Capy et al. 1991;the genome of D. melanogaster either by Mos1-mediated

transformation (SalG) or by Hermes transformation (all Maruyama and Hartl 1991b; Brunet et al. 2001).
Our results are most easily explained by supposingother vectors). Transformed lines containing single inser-

tions were then tested for somatic and germline stability that efficient mariner mobilization requires the presence
and correct spacing of certain internal sequences of thein the presence of the Mos1 transposase source Mr182.

One important finding is that the simple insertion element relative to each other and to the inverted re-
peats. Insertion of exogenous DNA at almost any in-vectors have levels of somatic and germline excision that

are at least 100-fold lower than the baseline level of un- ternal site would therefore impair the ability to be mobi-
lized, although our data derive only from insertions atinterrupted peach elements. Low-level excision does take

place, as shown by the analysis of PCR products from the ClaI, SalI, SacI, and SphI sites. The finding that com-
posite vectors can be mobilized �10-fold more efficientlyDNA of individual flies, which exhibited the characteris-

tic sequence footprints of excision mediated by the mari- than simple insertion vectors is consistent with this inter-
pretation. Some of the key internal sequences may be inner transposase. An exception should be noted for the

ClaW and ClaY vectors, in which the expected PCR prod- the SalI-SphI fragment duplicated in the semicomposite
vector, although the fully composite TH vector shows sig-uct was undetectable in standard gel assays.

Mobilization of some of the composite vectors was nificantly greater mobilization, which may indicate that im-
portant internal sequences are also present outside themore efficient. Vectors containing a direct duplication

of either the SalI-SphI fragment or almost the entirety SalI-SphI region. The orientation of the internal sequences
is evidently as important as their spacing, since we can-of the element (except the 3� nucleotide and the flank-

ing TA duplication) were the most efficiently mobilized. not detect mobilization of composite vectors that have
their flanking peach elements in inverted orientation.The composite vector TH was mobilized with an effi-

ciency significantly greater than that of the partial dupli- The hypothesis that essential internal sequences with
the proper spacing and orientation are necessary forcation. The frequency of excision of the TH vector, in

which the flanking peach elements are almost completely efficient mobilization is also consistent with recent re-
sults on the mobility of peach elements containing inter-intact, was 10-fold greater than that of any of the inser-

tion vectors, although still 10-fold smaller than that of nal deletions. Analysis of 20 deletions revealed at least
three internal regions whose integrity and spacing wasthe peach element itself. The TH vector also yielded a fre-

quency of germline excision of 0.04%, sufficiently high necessary for efficient mobilization. These sequences are
present within the regions bounded by nucleotides 229–to be detected phenotypically in experiments of typical

size. Mobilization of the fully composite vectors required 586, 735–765, and 939–1066 (Lohe and Hartl 2001).
The first of these regions contains the SalI site and thethat the two peach elements be in the same orientation.

Those with the flanking peach elements in inverted ori- third the SphI site. We also found that mobilization was
significantly impaired by a single nucleotide mutationentation gave no evidence for excision that could be

detected either phenotypically or by PCR amplification. at position 993 and by a double mutation at positions
161 and 179 (Lohe and Hartl 2001). How these inter-Size of vector vs. insertion site: The experiments sug-

gest that overall size alone is not the primary cause of nal sequences contribute to mariner mobilization is not
known. Two obvious possibilities are that they are inter-the impaired ability of the vectors to be mobilized. A sim-

ple insertion vector carrying 4.5 kb of exogenous DNA nal transposase-binding sites or that they are needed to
form a secondary structure that is necessary for efficientin the SacI site is not detectably more prone to mobiliza-

tion than is one carrying 11.9 kb, and a vector with 1.3 kb recognition and cleavage. These models are of course
not mutually exclusive.inserted into the SalI site is not markedly more mobile

than one carrying 4.5 kb in this site. The most efficiently In vivo results vs. in vitro results: Our results on the
impaired mobility of simple insertion vectors in vivo con-mobilized composite vector we studied was the TH com-

posite transposon, which has an overall size of 7.1 kb. trast with in vitro studies reporting that a Mos1 vector
consisting of nucleotides 1–64 and nucleotides 1253–1286This is 4.5 kb larger than the 2.66-kb SalG simple inser-

tion vector. On the other hand, in the size range of 1.3- flanking a 1.1-kb kanamycin-resistance gene can transpose
as efficiently as a complete Mos1 element with the 1.1-kbto 5.2-kb inserts that we have studied, while overall size

is not the primary determinant of mobility, it may very kanamycin-resistance gene inserted into the SacI site (Tosi
and Beverley 2000). Two issues make the in vitro resultswell play some role in affecting the efficiency of mobili-

zation. The TH composite exhibits a frequency of eye- difficult to compare with the in vivo results. The first is
that the in vitro results are based on comparative data.color mosaicism of 10% and a germline excision rate of

0.04%. These values are still at least an order of magni- Because the mini-Mos1 vector was compared only with a
Mos1 vector having a SacI insertion, it is unclear how thetude smaller than the baseline values for peach and may

to some extent reflect the 7.1-kb size of the vector in levels of transposition compare with those that would
be found in vitro for Mos1 alone. The second complica-comparison with the 1.3-kb size of peach alone. In this

context it should be noted that insect mariner elements tion is that the in vitro experiments exploit the kanamy-
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cin-selection system, so levels of transposition could be We do not know whether the relative stability of inte-
grated simple insertion vectors is a characteristic of or-detected that are far smaller than can be observed phe-

notypically. Most of our simple insertion vectors do show ganisms other than D. melanogaster. It is possible that
something peculiar about the chromatin of D. melanogas-levels of somatic excision that can readily be detected

by PCR amplification, though not phenotypically, so per- ter does not occur in other organisms, which dramati-
cally reduces the ability of simple insertion vectors tohaps the in vitro and the in vivo results are not as discor-

dant as they first appear. On the other hand, there may be mobilized once they have become integrated.
be real differences in transposition efficiency for any of We thank Daniel De Aguiar and Javare Gowda Nagaraju for help
several reasons. For example, in typical in vitro systems, in carrying out some of the experiments reported here. This work was

supported by grants from the National Institutes of Health (GM33741,the concentration of transposase protein relative to vec-
GM58423, GM60035, and HG02150 to D.L.H. and GM61549 to D.N.)tor DNA may be quite different from what it is in vivo.
as well as from the Deutsche Forschungsgemeinschaft (DFG Le 987/Furthermore, an in vitro system is an assay for transposi-
2-1 to E.A.W.).

tion from purified DNA, whereas an in vivo system is
an assay for transposition from chromatin.
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