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ABSTRACT 
The transposable element mariner is active in both  germline  and somatic cells of Drosophila 

mauritiana. Activity of the  element is greatly enhanced in the presence  of Mosl ,  a  genetic factor 
identified  as an  autonomous copy of mariner. A strain of D. mauritiana containing Mosl and  other 
copies of mariner was used to initiate  a  screen for visible mutations. More  than 20 mutations  were 
obtained, including alleles of white, yellow and vermilion. Six alleles were characterized  at  the molecular 
level, and all were found  to contain  a mariner element inserted into  the affected gene.  Four insertions 
into  the white locus were  sequenced to  determine  the exact  site of insertion of mariner. There  appears 
to  be little  sequence specificity requirement  for mariner insertion,  other  than  an absolute requirement 
for  the  dinucleotide TA, which is duplicated upon  insertion.  Sequences of phenotypically wild-type 
germline  and somatic revertants  obtained  from various white alleles, including the previously isolated 
wPCh allele, were obtained using the polymerase chain reaction. Mariner excision is imprecise in both 
germline  and  soma,  and  the most frequent excision events are  the same in the two tissues. Mutant 
derivatives of wPrh were also studied,  and were found  to exhibit  a wide range of  molecular structures 
and phenotypes. 

T RANSPOSABLE elements are frequently used 
as a means of mutagenesis, and transposon  tag- 

ging has been effective in cloning  genes by the cor- 
relation of a  mutant  phenotype with the  presence of 
a  particular  transposable  element (BINGHAM, LEVIS 
and RUBIN 1981; SEARLES et al .  1982; FEDOROFF, 
FURTEK and NELSON 1984).  Transposon  insertions 
into  particular  genes, as well as secondary  mutations 
such as deletions or rearrangements  that  are  induced 
by excision of the transposon, can be used to analyze 
gene  function (DANIELS et a l .  1985; TSUBOTA and 
SCHEDL 1986; SEARLES et a l .  1986; VOELKER et a l .  
1984). In Drosophila, the P element has been mobi- 
lized for mutagenesis and  the cloning of genes such 
as white (BINGHAM, LEVIS and RUBIN 1981). The P 
transposon is also widely used as a  method  for  trans- 
forming cloned DNA sequences back into  the  genome 
(RUBIN and SPRADLING 1982),  and  transformed  genes 
located within a transposable DNA sequence can be 
mobilised to new genomic locations (SPRADLING and 
RUBIN 1982). More recently, the Jumpstarter system 
has enabled the construction of many strains each 
bearing  a single P element  insertion in a  particular 
gene (COOLEY, KELLEY and SPRADLING 1988). Al- 
though  the P element has been most widely used as a 
genetic tool in Drosophila, more recently the use of 
the hobo transposable  element  appears  promising 
(YANNOPOULOS et a l .  1987; BLACKMAN et a l .  1987, 
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1989).  In this paper we demonstrate genetic applica- 
tions of the transposable element mariner. Among its 
convenient  properties is the fact that it is active in 
somatic cells. 

The transposable element mariner was first detected 
in an analysis of an unstable mutation in the white 
gene of Drosophila  mauritiana, a sibling species of 
Drosophila  melanogaster (JACOBSON and HARTL 1985; 
JACOBSON, MEDHORA and HARTL 1986).  Strains of 
this species carry 20-30 copies of the 1.3-kb mariner 
element.  Subsequently  strains were isolated which 
showed enhanced  rates of both somatic and germline 
excision of mariner from white, which were associated 
with a  trans-acting  factor  designated Mosl (BRYAN, 
JACOBSON and HARTL 1987; BRYAN and HARTL 
1988). The Mosl factor has been shown to be  a 
particular copy of mariner capable of high  rates of 
both excision and transposition (MEDHORA, MACPEEK 
and HARTL 1988).  Strains  carrying Mosl  exhibit  high 
mutation  rates and give rise to new mutations during 
routine stock maintenance.  It  seemed likely that many 
of these might be  induced by mariner. A study of new 
mutations  induced by mariner in Mosl strains was 
undertaken  to  extend our understanding of both  the 
mariner element  and  the  affected  genes. 

In this paper we describe  a  mutation  screen whereby 
the Mosl  factor was used to mobilize mariner elements 
in the somatic mosaic strain E25H described by 
BRYAN, JACOBSON and HARTL (1987). We have stud- 
ied six  newly induced  mutations of yellow and white 
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and have  found  that each is associated  with an inser- 
tion of mariner.  Each  mutation  shows  somatic and 
germinal  instability  in  the  presence of M o s l ,  indicating 
that  instability is a general  feature of mariner. We 
conclude  that  mariner is capable  of  inducing  mutations 
at  appreciable  frequencies,  which  implies  that  the 
transpositional  activity of mariner is dysgenic  within 
the  germline.  (We  use  the  term dysgenesis in its  general 
sense of "causing  genetic  damage.")  Molecular  analysis 
of  mariner-induced white mutations  and  their  deriva- 
tive  alleles  defines  the  spectrum  of  mariner-induced 
mutational  events. The results imply that  there is little 
target  specificity  of  mariner  and  that  excision  events 
are imprecise. T h e  findings are discussed in terms of 
the  molecular  biology of the  transposable  element 
mariner  and  its  utility  as a mutagenic  agent. 

MATERIALS AND METHODS 

Fly strains and crosses: The origin of the E25H  strain 
of D.  mauritiana has been described (BRYAN, JACOBSON and 
HARTL 1987). The strain carries the X-linked wPch allele, 
which contains the transposable element mariner inserted in 
the  5' untranslated region of white (JACOBSON, MEDHORA 
and HARTL  1986) as inferred  from homology with the D. 
melanogaster white locus (PIROTTA and BROCKL 1984; 
O'HARE et al .  1984). The E25H strain also carries the 
dominant  factor M o s l  (formerly referred  to as Mos),  which 
promotes the excision  of the mariner element  inserted in 
the wPCh allele, giving rise to mosaics for eye color (BRYAN, 
JACOBSON and  HARTL  1987;  BRYAN  and HARTL 1988). The 
strain is also germinally unstable for wPCh, generating  phe- 
notypically wild-type revertants  at  a frequency greater than 
10". Initially, the E25H  strain, in common with other D. 
mauritiana strains tested,  carried 20-30 copies of mariner. 
At the present time the strain  carries approximately 45 
copies of mariner, as determined by in situ hybridization 
( JONG-BONG KIM, personal communication). Flies were 
reared at  25 O unless otherwise stated on  standard cornmeal/ 
agar/molasses Drosophila medium or Formula 4-24 instant 
medium (Carolina Biological, Burlington,  North Carolina). 

Mutation screen: A  strain homozygous for the M o s l  
factor was made by sibmating single pairs of  flies from the 
E25H strain  for five generations. T o  permit the detection 
of novel alleles of white, a single phenotypically wildtype 
revertant male of wPCh was used to initiate the series of 
crosses  in Figure 1. The resulting strain,  designated 
E25HR1, was used for the mutation study. Approximately 
50 individual sublines were maintained in order to  ensure 
independence of mutational events. Following rapid expan- 
sion of E25HR1  the  strain was screened  for visible mutations 
for approximately 10 consecutive generations. Putative new 
mutations were placed individually in  shell  vials  with  siblings 
and homozygous strains were constructed by sib mating. 

Generation of revertant alleles: Fly cultures initiated 
with single pairs of  mosaic  flies from various strains were 
screened  for wild-type flies or flies  with a  different eye-color 
phenotype  from the original mutant allele. Once a  revertant 
had been obtained  from  a  particular culture,  the  culture 
was discarded to ensure  independence of reversion events. 
Revertant alleles were made homozygous prior  to prepara- 
tion of genomic DNA. 

Polymerase chain reactions: The polymerase chain re- 
action (PCR) was performed essentially according  to SAIKI 
et al .  (1988).  Where necessary to reamplify PCR products, 
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for visible  mutations 

FIGURE 1 .-Crosses used to  generate phenotypically wild-type 
homozygous Mosl /Mos I  strain for  mutation  screen.  Prior  to  these 
crosses the strain had  been single-pair mated  for five generations. 
All crosses were  single-pair  matings. The  male used to  initiate  the 
crosses was a phenotypically wild-type revertant of wPrh from  the 
E25H strain.  In  the G2 cross  only approximately 50% of the females 
used were  homozygous for  the  revertant allele. Vials still segregat- 
ing  for wPCh in the  next  generation were discarded. 

DNAs were recovered  from low melting temperature aga- 
rose gels prior to further PCR reactions. Single stranded 
DNA for sequencing was generated by the method of GYL- 
LENSTEN and EHRLICH (1 988). DNA sequencing of double- 
stranded PCR products was performed as described by 
DUBOSE and  HARTL (1  990). 

Somatic excision: In order to study somatic excision of 
mariner from the wPCh allele, mosaic  flies from the E25H 
strain and a mosaic strain of D.  simulans were used to 
prepare DNA. Initially this was done with  whole  flies.  How- 
ever due to the fact that a mosaic fly contains many excision 
events it was decided to use single mosaic heads and  to 
amplify the DNA  with PCR. The use  of D.  simulans mosaic 
flies  with the maternal-effect type of  mosaicism (BRYAN  and 
HARTL  1988) greatly reduced the  number of excision 
events. Single heads were removed from flies and placed in 
100 p1 of  PCR buffer  (50 mM KCI, 10 mM Tris-CI (pH 8.3), 
2.5 mM MgCln, 0.1 mg/ml gelatin, 0.45% Nonidet P40, 
0.45%  Tween 20). This mixture was subjected to freeze- 
thaw conditions prior to the addition of 0.6 pl of 10 mg/ml 
proteinase K, and then  incubated  at 65" for 30 min. The 
proteinase K was inactivated by heating to  90"  for  15 min. 
This  crude extract was used to  template DNA  in  PCR 
reactions. PCR products were separated in  low melting point 
agarose and DNA fragments  corresponding in  size to the 
wild-type fragment were isolated. These fragments were 
reamplified by PCR prior  to sequencing. 

Southern blot analysis: Drosophila genomic DNA was 
prepared according to LIS, SIMON and SUTTON (1983). 
Restriction endonuclease digested DNAs were electropho- 
resed on 0.7% agarose gels and transferred  to  Hybond 
(Amersham) nylon membranes (SOUTHERN 1975). Filters 
were hybridized with probes labeled to high specific activity 
by random oligonucleotide primer extension (FEINBERG and 
VOGELSTEIN 1983). 

Recombinant DNA techniques: Genomic DNAs for li- 
brary  construction were prepared by the method of KUNER 
et al .  (1985). Phage libraries were constructed using 
XEMBLS and XEMBL4. Genomic DNAs were partially di- 
gested with SauSA and 15-20-kb fragments were ligated 
into the BamHI site of the vectors. Recombinant phage were 
recovered by in  vitro packaging with Gigapack (Stratagene 
Cloning Systems, San Diego, CA) and screened by the 
method of BENTON and DAVIS (1977). DNA fragments of 
interest were subcloned into M 13mpl8  and M 13mpl9  and 
were sequenced by the dideoxy chain termination  method 
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Wildtype white sequence 
-lTGATGGCGTAAACCGCTTGG- 

w ~ c h  sequence 
-TTGATGGCGTAsca....mariner...JgaTAAACCGCTTG- 

Sequence of wpckr l  
-nGATGGCGTAlgeTAAACCGCTTG- 

FIGURE 2.-Comparison of  sequences of wild type, up'*, and  the 
wild-type revertant of wP'* used to initiate the  mutation  screen. The 
site o f  insertion of mariner in uprh is at +3643 on  the  map of LEVIS, 
BINGHAM and RURIN (1  982). The  sequence  duplicated upon  inser- 
tion of mariner into white is shown in bold face  type.  Sequences in 
lower case type and underlined  represent mariner sequences. 

of SANGER, NICKLEN and COULSON (1977) using Sequenase 
(United States Biochemical Corporation). 

RESULTS 

Molecular structure of white in strain E25HR1: 
Southern blots had previously shown that the BamHI 
fragment  containing mariner in upCh had  reverted  to 
the wildtype size in w+ revertants, suggesting that  the 
transposon  had been deleted,  though  perhaps  not 
precisely (BRYAN, JACOBSON and  HARTL 1987).  A 
phenotypically wildtype revertant of u p C h ,  designated 

, was used to establish the homozygous revertant 
stock designated  E25HR1. The nucleotide sequences 
of the wildtype allele, the upCh mutant,  and  the  rever- 
tant allele in E25HR1  are summarised in Figure 2. 
The revertant allele actually arose  from imprecise 
excision of mariner from wPCh. The two-base-pair du- 
plication TA, characteristic of the insertion of mariner 
(JACOBSON, MEDHORA and  HARTL  1986), remains in 
the  revertant allele, flanking three additional base 
pairs matching  the  sequence at  the 3' end of the 
putative  coding  strand of mariner  (i.e., TGA). 

Transposon tagging of visible mutations: Approx- 
imately 10'  flies from  E25HR1 were screened  for 
visible mutations by expansion of the original stock. 
A total of 24 verified mutations were recovered, in- 
cluding alleles of white (4 alleles), prune (2 alleles), 
yellow (2 alleles), vermilion (2 alleles), garnet, and loz- 
enge. These alleles were confirmed by complementa- 
tion tests with previously identified alleles in D. mela- 
nogaster, or, where alleles were available, in D. maur- 
itiana or D. simulans. Several of the alleles were 
observed to be genetically unstable, suggesting the 
possibility of transposon insertion. Furthermore, all 
four white and  both yellow alleles showed somatic mo- 
saicism and germinal instability in a Mosl  genetic 
background, suggesting that mariner was inserted in 
these alleles. 

Molecular analysis of white and yellow mutants: 
The white and yellow alleles were chosen for molecular 
study because their  autonomous expression results in 
somatic mosaicism  in the presence of Mosl .  Southern 
blot analysis was carried  out using DNA probes  from 
white and yellow. These analyses detected  insertion of 

W p ~ h ~ l  

novel DNA sequences approximately  1.3 kb in  size 
into each of the  mutant alleles. Restriction maps of 
the wild-type D. mauritiana yellow and white genes are 
given in Figure 3A. 

The wPCh allele (Figure 3B(i), lane b), shows a  1.3- 
kb increase in  size of a 3.0-kb BamHI fragment, ex- 
tending  from  coordinates  +1.4  to  +4.4 in the wild- 
type allele (lane a). One of the  four new white alleles, 

(lane e), showed an insertion of 1.3 kb  in the 
same BamHI fragment as in the wPCh allele (lane  b), 
while two other alleles, wa2j and wa4' (lanes c and  d), 
show the same fragment size  as  wild type. It  is also 
apparent  that  there is somatic excision of the insert 
from  the wa4' allele (lane  e), as indicated by the pres- 
ence of the wild-type size fragment. The  three alleles 

mately 1.3  kb of additional DNA inserted  into  the 
2.9-kb BamHI-EcoRI fragment,  extending  from  ap- 
proximately 0 to -3 on the restriction  map  (data  not 
shown). 

DNA blot analysis of the two yellow alleles, ynY5 and 
ya45, showed that they contained inserts of roughly 1.3 
kb into  a  2.6-kb EcoRl fragment  (probe  d), which 
corresponds  approximately to  the  large  intron in the 
yellow gene.  (Figure 3B(ii), lanes f and  g;  the wild-type 
allele is shown in lane  e.)  A  phenotypic  revertant of 
allele yaZ5 shows the wild-type fragment size (lane  h). 
A BamHI-Sal1 digest of DNAs from  the same alleles 
shows that  the 1.3-kb DNA fragment  inserted  into  the 
mutant alleles contains a single SalI site (Figure 3B(ii), 
lanes a-d). DNA from  the ya2' allele, when digested 
with BamHI and Sal1 (lane b), shows 5.0- and 3.0-kb 
fragments  (representing  the 6.7-kb fragment with the 
insert) as well  as the  6.7-kb wild-type fragment  rep- 
resenting somatic excision  of the  insert. Similarly the 
ya4' allele (lane c) shows two fragments  (4.4 kb and 
3.7 kb), representing  the  6.7-kb  fragment with the 
insert, in addition to  the 6.7-kb wild-type fragment 
resulting  from somatic excision. All mariner elements 
cloned and sequenced to  date contain a single SalI 
site 349  bp  from  the  5'  terminus. Both mutant  strains 
(lanes b,  c,  f and g) also show a  band of the wild-type 
size (i.e., 6.7 kb and 2.6  kb), which apparently results 
from somatic excision of the insertion in the presence 
of Mosl .  The presence of 1.3-kb  insertions  containing 
a  SalI site, and  the observation of instability in the 
presence of M o s l ,  are consistent with the hypothesis 
that  the  mutant  phenotypes of the white and yellow 
alleles result from  a mariner element  inserted  into or 
near  the genes. 

In order  to  determine  the exact sites of insertion 
into white, genomic libraries were constructed using 
phage X vectors XEMBL3 and XEMBL4 from strains 
carrying the  mutant alleles of white. Clones containing 
DNA from  the white locus were isolated, and frag- 
ments  containing the insertions were subcloned into 
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W n 2 3  wa41 
3 and wa4' were found  to  contain  approxi- 
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FIGURE 3.-Restriction  maps of white. yellow, and mariner. and  Southern blot  analysis of white and yellow alleles derived from the mutation 

screcn. (A) Restriction n q x  of white, yellow, and mariner in D. maurifiana. An asterisk denotes  a restriction site not present in D. melanogaster. 
Coordinates are those of I.EVIS, BINGHAM and RURIN ( 1  982) for whife and CHIA ef al. ( I  986) for yellow. DNA probes used for Southern blots 
and fbr screening genomic libraries are shown a s  horizontal lines (a-e). Probes c-e were provided by V. CORCFS. Enzymes  used  were a s  
follows: K (EfoKI), S (Sall). B (RarnHI). P ( f s t l ) ,  Ss (Sstl). (B) Southern blot  analysis of yellow ;~nd white alleles. (i)  White nlutmts. DNAs were 
tligcsted w i t h  BarnHl  ;Ind probed with ;I 3.0-kb RamHl fragment (probe b). Lanes are a s  follows: a. wild type.  b. wPrh, c. wo2", d. wa4' ,  e. w"'!'. 
( i i )  Ydlozc~ nlulants. DNAs were digested with RamHI and Sal1 (lanes a-d). and with RomHI and EcoRl (lanes e-h). and probed with a 3.0-kb 
RarnHI-broRI  fr;lgrnent (probe d). Lanes are a s  follows: a and e, wild type: b  and f. yo"; c  and g. y""': d and h. y""". 
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TABLE 1 

Sequences flanking mariner insertions  in D. mauritiana 

Allele  Flanking  sequence Site" Region 

5' .... mariner .... 3' 
WP'h TAATTGATGGCGTA  TAAACCGCTTGGAG  +3643 5' leader 

GCACTTCGTGTTTA  TAATTGATGGCGTA  +3631 5' leader 
CTATACTATTTGTA  TAACCCAGTTTGCG -24 Intron 2 
GTTTGTTAAGGGTA  TATCTTGCATTACA -712  Intron 3 
GGTATCTECATTA  TACATCTCAACTCC -722 Exon 4? 
GGTTCGAACATATA  TAGATGTCTCGCAA 

w * 4 Y  

W.45 

wu2J 

Wp<hd7 

e Signifies  position of the mariner insert in white according  to  the  coordinate  system  of LEVIS,  BINCHAM and RUBIN (1982).  Flanking 
sequences are given  such  that  the  leftmost  sequence is that  flanking  the 5' terminus of mariner. The  wPdd7 allele is due to mariner inserting 
into  the  element  at wP", 38 nucleotides  from  its 5' end.  The sequence  underlined  in wn4' corresponds  to  the  intron  acceptor  site in D. 
melanogaster. 

M 13. The sequences flanking  the  insertions  into white 
were determined using oligonucleotide  primers ho- 
mologous to sequences near  the  ends of mariner. Once 
the insertion sites were known, primers to white se- 
quences were used to obtain the DNA sequences of 
the opposite strands. The sequences flanking the in- 
sertion sites were determined as well as approximately 
100  bp of the inserted  DNA.  Sequences immediately 
flanking the known mariner insertions  into white are 
given in Table 1. In all  cases the sequence of the 
inserted DNA corresponded  to  that of a mariner ele- 
ment,  either identical or almost identical to  the copy 
present at wPCh. In common with wPCh, all four  insertions 
are flanked by a  presumed  duplication of the dinucle- 
otide T A .  The precise location and orientation of 
each mariner insertion relative to  the white gene  are 
presented in Figure 4. 

The wa49 allele contains  a mariner insertion only 12 
bp downstream  from the wPCh insertion site, yet it 
shows a markedly different  phenotype (i.e., brown us. 
peach). The orientation of mariner in this allele is the 
same as for  the wPCh allele-that  is,  with the putative 
transcription unit of mariner in the opposite orienta- 
tion to  that of white. The allele with a bleached-white 
phenotype, results from  insertion of mariner into 
the second intron, 24 bp  from  the site of the copia 
insertion in the white-apricot allele in D. melanogaster 
(O'HARE et al. 1984).  In this case mariner is also 
inserted with its putative  transcription  unit  oriented 
in the  opposite  direction to  that of the white gene. The 
wa4' allele contains mariner in a position that would 
place it in the  fourth  exon of the white gene by 
comparison to  the  intron-exon  boundaries suggested 
for D. melanogaster (O'HARE et al. 1984).  However, 
the wa4' allele does  not  exhibit  a bleached-white phe- 
notype, as might be expected of an  insertion  into  an 
exon. I t  is phenotypically indistinguishable from  the 
way' allele, in  which the mariner insertion is just inside 
the  third  intron,  and  the  insertion  points of the two 
alleles are only 10 bp apart  and in the same orienta- 
tion. The wa4' and waZ3 alleles both show temperature 

sensitive eye-color phenotypes: at  25"  the eyes are 
orange in color, whereas at 18 O the eye color is brown. 
On detailed inspection of the sequence  flanking the 
wa4' insertion, it can be seen that  the sequences of the 
two species differ with respect to  the putative  intron 
acceptor site, which is only 6 bp upstream of the 
insertion site. The A of the AG  in D. melanogaster is 
substituted with T in D. mauritiana, suggesting that 
the intron-exon  boundaries in the two species may 
differ (see Table 1). Thus  the mariner insertion at wa4' 
may not  disrupt  an  exon, which  may explain why the 
phenotype is not bleached-white. Additional inspec- 
tion of the  region also reveals that, relative to D. 
melanogaster, D. mauritiana contains  a  deletion of 5 
bp, as well as a single base pair  insertion,  both on  the 
3' side of the mariner insertion site (data  not shown). 
These differences would be rendered relatively insig- 
nificant if the  intron  acceptor site were moved down- 
stream in D. mauritiana. There  are two AG sequences, 
24 and 38 bp  downstream of the  mutated  acceptor 
site in D. mauritiana, the second of  which would give 
the  correct  reading  frame  for  the white gene  (data  not 
shown). Further work is required  to resolve the pos- 
sibility that  these very closely related species may have 
different splicing patterns  for  the white gene  product. 

Germline revertant alleles derived from mariner 
insertions at white: Phenotypically wildtype alleles 
appear in Mosl  strains at frequencies  exceeding 2%. 
A  number of phenotypically wild-type germline  rever- 
tants were sequenced in order  to  determine whether 
the reversion to wildtype results from precise excision 
of mariner. Wild-type germline  revertants of various 
white alleles, including wPCh, were collected from sub- 
cultures and made homozygous. DNA was prepared 
from  these  strains and polymerase chain reactions 
were carried  out using primers flanking the mariner 
insertion sites. DNA sequences were determined  for 
several of these  revertants,  and  the  data  are shown in 
Table 2. In all  cases both  strands of the DNA sequence 
were obtained,  and  at least 50 bp either side of the 
insertion site were sequenced. The sequence  data 
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WHITE 

3 '  I "- - 5' 
TABLE 2 

Germline excision products from mariner induced white alleles 

FIGURE 4.-Insertion  sites ofmar- 
iner within the white locus. The  hori- 
zontal lines under m;~p represent ap- 
proxin1;lte positions of put;\tive exon 
sequences, taken fronl O'HARE el al. 
( 1  984). Filled triangles  represent 
marintr elements  oriented  against 
white trmscription. 

Allele Phenotype 

Wild type 
Peach 
b'ild type 
M'ild type 
b'ilri type 
Hrown 
\ViM tvpe 
Rrown 
\2'ild tvpe 
\ V i M  type 
LVhite 
M'ild type 
M'ild type 
M'ild tvpe 
Orange 
\Vild tvpe 
b'ild type 

~ 

-TTGATGGCGTAAACCGCTTG- 
-1'TGA1'GGCGTAccagRt....mariner....accfgaTAAACCGCTTG- 
-TTGATGGCGTAtgaTAAACCGCTTG- 
-~'TGATGGCGTACCUTAAACCGCTTC- 
-TTGATGGCGTAgaTAAACCGCTTG- 
-1-TGATGCCGTAccaTAAAccalgaTAAACCGCTTG- 
-CTTCGTGTTTAATTGA-rGGC- 
-C?'I'CGTGTTTAccaggt....mariner....acctgaTAATTGATGGC- 
-CTTCGTGTTTAtgaTAATTGATGGC- 
-AAACTGCGTTA(;AAATAGTA- 
-AAACTGGGTTAccaggt....mariner....acctgaTACAAATAGTA- 
-AAACTGGGTTACCUTACAAATACTA- 
-AAACTGGGTTAtgaTACAAATAGTA- 
-ATCTTCCATTACATCTCAAC- 
- A T C T T C C A T T A c c a g g t . . . . m a r i n e r . . . . a c c y a T C -  
-ATCTTGCATTA~~UTACATCTCAAC- 
-ATCTTGChTTAccaTACATCTCAAC- 

Sequences are written  such that the lefttnost sequence is that  flanking the 5 '  terminus of the  inserted mariner element.  Sequences from 
mariner are in bold fice lower case type. I'resumptive duplications ofwhitr  are  written in bold face tvpe. 

from  the  revertants suggest that excision  of mariner is 
rarely, if ever, precise. In  all  cases the presumptive 2 
bp duplication of the dinucleotide TA was preserved. 
Furthermore in most relevant alleles, three base pairs, 
corresponding to  either  the 5' or  the 3' end of mari- 
ner, were left behind at the insertion site, flanked by 
the 2 bp  duplication. Since phenotypically wildtype 
revertants comprise the vast majority of  visible mari- 
ner excision events  (over 99%), it appears  that these 
nearly precise excisions of mariner are  the most com- 
mon germline reversion events in the presence of 
Mosl .  

Somatic reversion of wPCh: As  is the case for the 
phenotypically wild-type germline  revertants, somatic 
excision events also appear  to  generate  a DNA frag- 
ment of  wild-type  size (see BRYAN and  HARTL 1988). 
Sequences of somatic reversion events from wPCh were 
determined using the polymerase chain reaction. Be- 
cause there are multiple reversion events in each fly, 

each sequence  represents  a consensus of an unknown 
number of events. By using maternal-effect mosaic 
flies, in  which  excision events are few  in number, but 
early in development, it was possible to  obtain DNA 
sequences for somatic excision events. The DNA  se- 
quence of the  predominant  event is identical to  that 
found in the germline (i.e., TATGATA).  This does 
not  preclude  the  occurrence of other events at lower 
frequency. These  data  are based on  sequence analysis 
of 12 mosaic  flies. I t  is worth noting  that  the somatic 
reversion events generate sectors that are clearly not 
wild type in eye color (see BRYAN, JACOBSON and 
HARTL 1987, Figure I ) ,  whereas the identical germ 
line event gives an allele capable of producing wild- 
type eye pigmentation. The reasons for this difference 
in expression are not  entirely clear. 

Partial phenotypic revertants of wPCh: Strains car- 
rying the wPCh allele give rise to various mutant deriv- 
atives in the  presence of M o s l .  Partial phenotypic 
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5.7- 

4.3 - 
4.1‘ 
3.0 - b 
2.5 - 
1.8 - 
1.3 - b 

FIGURE .‘,.--Southern blot  an;llysisof partial revertant derivatives 
of DNAs were digcsted with BamHI (lanes a-e). BamHI and 
Sal1 (lane f7j), R a m H l  and Ssf l  (lanes k-o). DNAs were probed with 
the 3.O-kh RamHI fragment (probe b).  Lanes are as follows:  lanes 
a ,  f. k.  wild type:  lanes b, g,  I ,  wP“; lanes c, h, 111, wPhd3; lanes d, i. n. 
u,p<hd7. . lanes e, j, o. u,PrhdJ. 

revertants have eye colors intermediate between wPCh 
and wild type and occur at a  frequency of approxi- 
mately 0.1 %. Southern blot analysis of several partial 
revertants showed that most  fell into two classes: the 
mariner element was either missing or still present. 
This suggests that within each class the most common 
events leading to  changes in phenotype were due  to 
fairly small changes not resolved in conventional blots. 
In  order  to study derivative alleles at  the sequence 
level, the polymerase chain reaction was used to am- 
plify  DNA sequences at  the mariner insertion site. 
PCR reactions were performed using various combi- 
nations of primers  from mariner and white to  permit 
sequencing of regions at  the termini of the transposon 
as well as flanking white DNA. 

The Southern blot in Figure  5 shows a sample of 
three partial revertant alleles derived  from wPCh that 
retain  the mariner element. In this experiment, DNAs 
from five strains-wild-type, wPrh, and  three  mutant 
derivatives of wPrh (wPrhd4, wPrhd5 , and wPrhd7)-were di- 
gested with BamHI,  BamHI-SalI, and BamHI-SstI. 
The mariner transposon carries one SalI site and  one 
SstI site, located 349 and  787  bp from the 5’ end of 
the  element, respectively. DNA from the wPCh strain 
gives the characteristic  pattern of two bands when 
probed with the 3.0-kb BamHI fragment  from white 
(probe  b), consistent with the presence of a single site 
for SalI and SstI within the inserted DNA (Figure 5, 
lanes b,  g  and I ) .  The wild-type allele contains  no SalI 
or SstI sites  within this fragment  and  therefore shows 
only a single hybridizing band (lanes a, f and k). The 

revertant is representative of revertant alleles 
that gave a  pattern of bands identical to wPrh on 
Southern blots, suggesting that  the  phenotypic  change 
is due  to a relatively small change at  the sequence 
level (lanes e, j and 0). Sequencing revealed that wPchd4 
contains a five base-pair deletion:  a single nucleotide 
from the 5’ end of mariner is missing, as are the  four 
adjacent base pairs of white sequence immediately 
flanking the wPrh insertion;  these  include one copy of 
the flanking TA duplicated  on  insertion. 

Wprhd4 

Other partial revertants  that  retain  the mariner 
element result from other types of event. Each of the 
partial revertant alleles shows reduced somatic insta- 
bility  in the presence of Mosl ,  and a  phenotype less 
extreme than that of wPrh. Only two of the alleles, 

the presence ofMosl, albeit at a much lower frequency 
than observed in wPCh. Southern blot analysis  of wPchd5 
(lanes c,  h  and m) revealed only one hybridizing band 
for  SalI-digested  DNA, indicating that  the SalI site 
present in mariner has been lost in this allele. The 
presence of the SstI site (lane m) indicated that  part 
of mariner was still present.  Sequencing showed that 

results from  an  internal  deletion of 285 bp, 
beginning at position 136 within the mariner element. 
The allele wPchd7 has an eye-color considerably darker 
than wPCh (brown versus peach), and it has generated 
two derivatives that exhibit the original wPrh pheno- 
type and  pattern of hybridizing bands (data  not 
shown). The genetic results suggest that  the wPchd7 
allele (lanes d, i and n) contains a second mariner 
element. In Southern blots with wPchd7, the size  of the 
BamHI fragment is increased by approximately 1.3 
kb with respect of wPCh (lane  d), and yet the  patterns 
of bands  obtained in restriction digests with BamHI/ 
SalI orBamHI/Sstl are virtually identical to those seen 
in wPCh (lanes i and n). These results indicate that  the 
second mariner element in the wPchd7 allele is inserted 
in the same orientation,  either very  close to, or  just 
inside, the original wPCh mariner insertion. Sequencing 
of PCR-amplified fragments  from various sites in the 

allele confirmed the insertion of a second mari- 
ner element  into  the mariner element  already  present 
at wPrh. The insertion site is 38 bp  from the 5’ terminus 
of the wPCh mariner. A  derivative of wPchd7, resembling 
wPCh in phenotype, has lost the internal mariner ele- 
ment,  but  the wPCh element left behind contains the 
characteristic TATGATA “footprint” seen in  wild- 
type revertants of wPrh. The structures of the alleles 

Figure  6. 
The wPrh‘19 allele is representative of revertant al- 

leles  with a  pattern of bands identical to  the wild-type 
allele but without wildtype eye color. In this case, 
mariner excision left 15 additional base pairs at  the 
original insertion site, including sequences from both 
ends of the transposon as well as  duplicated white 
sequence (see Table 2). The phenotype of this allele 
is a very dark red-brown, and a pseudopupil is visible, 
particularly in older flies. 

Extreme  mutant derivatives of d C h :  Southern blot 
analysis also showed that  more  extreme  mutant deriv- 
atives (bleached-white or almost bleached-white eye 
color) usually resulted  from imprecise excision of mar- 
iner from wPCh with the accompanying deletion of some 
flanking white sequences. In  Figure 7 (lanes c,  d  and 

Wpchd5 and wPchd7, have given germline derivatives in 

Wprhd5 

Wpchd7 

Wprhd4 Wpchd5 , , and wPrhd7 are shown diagrammatically in 
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FIGURE B.-Molecul;lr strtmures 
of m u t a n t  derivatives of  wPrh. In . .i bp have been deleted, I bp wp<hd4 

frotn mariner and 4 bp from white. 

FIGURE 7.--Southern blot analysis of null derivatives of UP*. 
D S . h  \vcrc digrsretl with R a m H l  and probed with the 3.0-kb 
RamHI fragment (prohe h). Lanes are BS follows: a. wild type: b, 

.j, U , p h M :  k, U,whn ' l ;  1, U , P r h n l l .  

U,Pch. c, wP,hn I :  ti. U,Prhn?; e ,  u , P h , : l :  f, U,Pdm.l:  fi, W P h . ' * .  I,, W p d m f ; :  i ,  u , P h : .  

e) are some alleles showing deletions of part of the 
BamHI fragment.  These deletions vary in size from 
300 to 900 bp. However, there are exceptional cases 

where it appears  that flanking white DNA sequences 
have been deleted from both sides  of the wPCh insertion 
site. The BamHI fragment used as probe flanks the 
wPCh insertion site by 2300 and 800 bp,  and this frag- 
ment has been deleted entirely in two derivatives 
(lanes f and g). This result has been confirmed  on 
other  Southern blots and is not simply due  to failure 
of the  probe  to hybridize (data  not shown). There  are 
also derivatives that  appear  to have arisen from  more 
complex events leading to the  rearrangement of white 
sequences (lanes h-I), and  at least one  that  retains  a 
low level  of somatic instability  in the presence of Mosl  
(lane i), implying that mariner may  still be inserted. 
This allele has  given rise to one germline derivative, 
which does not have a null phenotype. In all  cases 
except in the allele that  retains its ability to  revert,  a 
BamHI-Sal1 digest gives the same pattern of bands as 
a BamHI digest alone  (data  not shown), indicating that 
part  and possibly  all  of mariner has been lost from the 
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insertion site. Some of these deletion alleles show 
extremely low  levels  of eye pigmentation in females, 
but  not in males, suggesting a  reduction or elimination 
of dosage compensation. Lethal alleles with bleached- 
white phenotypes, presumably arising through large 
deletions of flanking  sequence, have been detected on 
two occasions. However, such alleles are difficult to 
maintain in D.  mauritiana, owing to the complete lack 
of balancer chromosomes, and so it has not been 
possible to analyze them  at  the molecular level. 

DISCUSSION 

The mariner transposable element system differs 
from P/M hybrid dysgenesis in that its effects are 
manifest within mariner-bearing  strains without the 
need  for crossing strains possessing active mariner 
elements with strains lacking them. At present we 
have no evidence to suggest that  the activity of mariner 
is increased in progeny of crosses between M o s l -  
containing  strains and strains lacking mariner, sug- 
gesting  that mariner may have no equivalent of the 
cytotype phenomenon observed with P. In D.  mauri- 
tiana, this type of cross is difficult to  perform since all 
strains in our possession carry mariner in high copy 
number. In crosses between strains of D. simulans, no 
increased activity of mariner has been  detected when 
one of the strains is free of mariner elements (G. 
BRYAN, unpublished observations).  However, in this 
case the strains with mariner have relatively low copy 
number, so any effects may be  undetectable.  Further- 
more, while more work is required  to  address  the 
activity of Mosl  in the presence of varying numbers 
of mariner elements, the Mosl  factor still manifests its 
effects when mariner is present in high copy number. 
The mariner transposable element system is likely to 
be  a selective force within natural populations since it 
does  not  require  a hybridization event  for its activa- 
tion. Because of their  mutational effects, Mos factors 
might be disfavored in natural populations. O n  the 
other  hand, such selection may be partly offset by the 
ability of Mos factors to replicate and transpose in the 
genome. 

The frequency of mutations observed in this study 
was approximately 1 visible mutation  per 4000 flies. 
This is probably an  underestimate of the  rate  of 
mutation due  to  the transposition of mariner. There 
are many unknown parameters, such as the mariner 
transposition rate  and  the  proportion of observed 
mutations  that are actually due  to  the insertion of 
mariner. A number of the  mutant alleles did  arise as 
clusters of mutant males, suggesting the possibility of 
premeiotic events. However these  apparent clusters 
could have resulted  from  a single heterozygous  mu- 
tant female in the previous generation.  Of  the Seven 
alleles investigated at  the molecular level, all were 
found  to  contain mariner elements. However the 

cloned alleles were chosen on the basis  of their mosaic 
phenotypes and so were not  an unbiased sample. Some 
of the  mutant  strains  that have not been investigated 
at  the molecular level  show germline instability, sug- 
gesting that mariner may be inserted  into  these alleles. 
It is also  possible that some of the  stable alleles are 
the result of secondary  mutations due  to  the excision 
of mariner, with the accompanying deletion or re- 
arrangement of flanking sequences. The apparent 
mutation rate is a minimum estimate since an  un- 
known fraction of mutations are in genes  that are  not 
cell-autonomous and so would be suppressed by so- 
matic excision of mariner in the  presence of Mosl .  

The range of phenotypes  generated by the insertion 
of mariner at various positions in the white locus is of 
some interest. The allele wa4' is interesting in that 
mariner is possibly inserted  into  an  exonic  sequence, 
but  does  not give rise to a null phenotype. The phe- 
notype of this allele is identical to  that of allele waZ3, 
in  which mariner is inserted 10 bp  upstream  into  an 
intron.  This raises the possibility that D.  mauritiana 
uses an alternative splice site relative to D. melano- 
gaster, whereby both  insertions would be in the same 
intron.  This would help to explain the identical phe- 
notypes of the alleles and also rationalize sequence 
differences between the species in this region. The 
allele w~~~ contains mariner inserted into  an  intron, 
yet exhibits a null phenotype. In this case the mariner 
element is transcribed in the opposite direction  to 
white. The splicing of the  intron in w~~~ may be pre- 
vented by the presence of the mariner element, or the 
insertion of mariner may generate  a  transcription  ter- 
mination signal. Overall, the  data  from  insertion sites 
of mariner suggest little insertion specificity for mari- 
ner. All insertions  studied  appear to be  flanked by a 
duplication of the dinucleotide TA, but they have 
very little else in common. More flanking sequences 
will need  to  be analyzed before any consensus se- 
quence is likely to  emerge. The apparent lack  of 
sequence specificity required  for mariner insertion 
suggests that this transposon may turn  out  to be 
generally useful for studies of gene expression. 

Our data suggest that mariner, like some other 
Drosophila transposons,  does  not excise precisely. In 
approximately 30 germline reversion events se- 
quenced, no case  of precise excision of mariner has 
yet been recovered. Most wPCh mariner excisions leave 
3 bp of the transposon at  the insertion site, along with 
the 2 bp of host sequence  duplicated  upon  insertion. 
If the 5 bp of DNA remaining after mariner excision 
is the  general case, then excision will not yield  wild- 
type revertants when mariner is inserted  into  the cod- 
ing  region of a  gene.  However, at least  six  of seven 
mariner insertions  studied at  the molecular level are 
in noncoding  regions. This propensity to  insert  into 
noncoding  regions of genes is also seen with the P 
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element (ENGELS 1989).  It  appears  that  the  predomi- 
nant excision event of mariner in somatic cells is qual- 
itatively the same as the most common  germline  event. 
This being the case, the phenotypic  differences be- 
tween germline and somatic excision products  require 
some consideration.  These  differences may be due  to 
a  requirement  for  a  structurally wildtype white gene 
before  the  period in development during which white 
transcription occurs. Somatic excision does sometimes 
yield sectors with wild-type eye pigmentation, and 
these are normally very early events yielding large 
sectors. 

Mariner excision products in the  germline and soma 
can be compared with products  generated by other 
transposable elements. For example, the Caenorhab- 
ditis elegans transposon Tcl usually  excises imprecisely 
in germline  and soma. In somatic tissue, 11 of 20 
excision products  retained  either  a 3- or 4-bp insert, 
the TA duplicated upon insertion, as  well as 1 or 2 
bases  of Tcl  sequence (RUAN and EMMONS 1987, EIDE 
and ANDERSON 1987);  the  remaining  nine excisions 
were precise. Of 13 wild-type germline  revertants of 
Tcl-induced  mutations in the unc-54 and unc-22 
genes, only one was a precise excision. The most 
common events were the  insertion of either 4 or 6 bp, 
including the  duplicated  target  sequence and 2 bp 
from  either or both  ends of Tcl (KIFF et al .  1988; 
EIDE and ANDERSON 1988).  (Interestingly  the unc-22 
revertants showed larger insertions in two out of four 
cases, suggesting that the site of insertion may influ- 
ence  the excision process.) The observation that 
transposon sequences remain  after excision suggest 
that Tcl and mariner may  excise by mechanisms in- 
volving  DNA cuts within the transposon. Excision  of 
the Drosophila P element is also  usually imprecise; 
most  excision events leave P-element sequences- 
usually  less than 40 bp in  size-inserted at  the  donor 
site. Although the P element has been observed to 
excise precisely, these  data are based on  insertions 
into coding regions, and so the frequency of precise 
excision is probably biased upward by selection for 
the wild-type phenotype (O'HARE and RUBIN 1983). 
In maize, the Ac/Ds transposons are generally pre- 
cisely excised, although all or most  of the  8  bp  dupli- 
cation of the  target site is left behind (SACHS et a l .  
1983; WECK et  a l .  1984; SUTTON et a l .  1984; POHL- 
MAN, FEDOROFF and MESSING 1984; BAKER et  a l .  1986; 
VAN  SLUYS, TEMPE and FEDOROFF 1987). The Spm 
element  generates  a  3-bp duplication upon  insertion, 
which upon excision is usually left,  often with the 
substitution of one of the bases immediately flanking 
the insertion site (SAEDLER and NEVERS 1985; 
SCHWARZ-SOMMER et al .  1985). 

The sequence data  from  mutant derivatives of wPCh 
is also quite informative. For example,  the allele wPchd5 
contains a mariner transposon with a  285 base-pair 

internal  deletion.  Judging  from  the low frequency of 
deleted  elements  found in natural  populations,  the 
generation of deletions  internal to mariner is evidently 
a rare event (K. MARUYAMA, personal communica- 
tion). This length uniformity of mariner contrasts 
sharply with P,  where  deleted  elements are common, 
but is similar to  the situation with Tcl in nematodes, 
in  which deleted  elements are rarely  found. The de- 
leted mariner in wPchd5 arose, in  all probability, at  the 
wPrh site and  not as a result of some aberrant transpo- 
sition event  into  the white locus. The greatly reduced 
rate of  excision  of this allele, relative to wPrh, suggests 
the possibility that excision may require sequences 
internal to  the transposon, which would partly explain 
the length homogeneity. A second informative deriv- 
ative of wPCh is the allele wPchd4, the sequence of  which 
suggests that  deletion of a single base pair from  the 
5' inverted  repeat of mariner is sufficient to  prevent 
or greatly reduce its excision in germline and soma. 
The deleted base is one of four in the inverted  repeat 
that is mismatched with the opposite end of the mari- 
ner transposon. Also of interest in this allele is that 
the 4  bp of white that  are  deleted result in an eye color 
phenotype considerably darker  than  the wPCh allele. 
Two of the missing base pairs are  the duplicated TA, 
which are also possibly important  for excision. In  the 
allele wPchd7 there is an  insertion of another mariner 
element  into  the  element  already  present in wPrh. This 
is a rare example of the insertion of one  transposon 
into  another of the same type,  although cases  of 
transposons inserting  into  unrelated  elements have 
been reported (GEYER, GREEN and CORCES 1988). In 
such cases the secondary insertions were detected by 
their suppressive effect on the mutation caused by the 
initial insertion. The wPchd7 allele has a much darker 
eye color than  the wPrh allele, indicating partial 
suppression in this case also. The wPchd7 allele reverts 
to  a wP"-like allele, which  in turn reverts to a wild- 
type phenotype at low frequency.  It  does  not  appear 
that wPchd7 can revert  to wild type in a single step. This 
lack  of excision of both transposons simultaneously 
may be due  to  the increased overall size  of the inser- 
tion, or alternatively, to  the  disruption of the  outer 
mariner element by the second insertion.  Although 
somatic mosaics are seen, one would expect  the exci- 
sion  of the  inner mariner element to  generate peach- 
colored sectors that may not  be  detected  on  the  darker 
background eye color. The mosaic sectors that  are 
observed are usually darker, which may be due  to 
somatic excision  of both  elements somewhat impre- 
cisely, or, alternatively,  the excision  of mismatched 
ends of  the  transposon.  These results indicate that  the 
phenotype of the wPCh mutation results in part  from 
features of mariner that  are altered in the  mutant 
derivative, rather  than simply from  the  interruption 
of white sequences. 
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The bleached-white derivatives of wPCh show a varied 
range of molecular events,  from small deletions to 
what appear  to be fairly extensive rearrangements  of 
the DNA sequences in and  around  the white gene 
itself. Of particular  interest is that such events can 
generate alleles with lethal phenotypes, suggesting 
that  the excision  of mariner can cause deletions of 
considerable size at low frequency, with the  further 
implication that mariner-induced events may cause 
extensive genomic rearrangement. (Some of these 
lethal chromosomes may result from the reinsertion 
of mariner at new sites in the X chromosome.)  It is 
evident  that mariner excision can bring  about  the 
deletion of  DNA from  both sides of the  insertion,  a 
fairly unusual observation. This type of event has been 
seen with Tam3 in Antirrhinum majus (MARTIN, 
MACKAY and  CARPENTER  1988).  It would be  interest- 
ing to know whether there  are mariner sequences 
present at  the breakpoints of the mariner-induced 
deletions. 

Mutagenic effects of transposable elements have 
been observed in  most organisms studied genetically. 
The use  of strains in  which transposons are known to 
be transpositionally active has enabled  the  cloning of 
genes by transposon tagging, as well  as the study of 
the genes in  which the transposons are  inserted. In 
the mariner system we are using strains in  which 
mariner elements are transposing in response to the 
Mosl  factor, most  likely an  autonomous mariner ele- 
ment analogous to  the  2907-bp P element. Our results 
suggest that mariner has the potential to be a useful 
tool for mutagenesis in  Drosophila and  the tagging of 
genes that are difficult to clone using P or hobo ele- 
ments. Both the wPCh and Mosl  mariner elements have 
successfully been introduced  into  the  genome of  Dro- 
sophila  melanogaster,  which  lacks mariner in  all strains 
so far tested (D.  GARZA, M .  MEDHORA, A. ROCA and 
D. HARTL, manuscript in preparation). The introduc- 
tion of mariner into D.  melanogaster will permit useful 
studies on the population dynamics of the increase in 
copy number of this transposable element, as  well as 
the use  of mariner for  transposon tagging. The high 
rate of somatic excision of mariner in Mosl strains may 
permit the rescue of insertions that have lethal or 
sublethal phenotypic effects. Also, by utilizing the 
sophisticated genetics of D. melanogaster, whereby mu- 
tation screens in  which Mosl  can be  segregated away 
from  the  targeted  chromosomes can be performed, it 
should be possible to screen for mariner-induced mu- 
tations i n  genes with non-cell-autonomous modes of 
expression. 
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