
sults from the action of a family of trans- 
posable elements, the P factors. In its 
simplest form, this hypothesis states that 
P factors are present in P strains, where 
their transposition is repressed, and are 

Transposition of Cloned P Elements into 
Drosophila Germ Line Chromosomes 

Allan C. Sprad l ing  a n d  Gera ld  M. Rubin 

The ability to  transfer exogenous ge- 
netic information into living cells has 
proved to be a valuable tool in the study 
of the structure, function, and regulation 
of genes in unicellular organisms such as 
bacteria and yeast. The development of 
efficient and reproducible procedures for 
DNA-mediated gene transfer in metazo- 
ans, however, has lagged far behind 
largely because of the lack of appropriate 
vectors. 

elements transpose at  very high rates 
when certain genetic criteria are met. 
The P factors, which are probably a 
subset of the P element family, are the 
primary causal agents in a syndrome of 
correlated genetic traits, known as  P-M 
hybrid dysgenesis (3, 4) that occurs 
among the progeny of matings between 
certain Drosophila strains. These traits, 
which are limited primarily to the germ 
line, include high rates of mutation, fre- 

Summary. Recombinant DNA carrying the 3-kilobase P transposable element was 
injected into Drosophila embryos of a strain that lacked such elements. Under 
optimum conditions, half of the surviving embryos showed evidence of P element- 
Induced mutations in a fraction of their progeny. Direct analysis of the DNA of strains 
derived from such flies showed them to contaln from one to five intact 3-kilobase P 
elements located at a wide variety of chromosomal sites. DNA sequences located 
outside the P element on the injected DNA were not transferred. Thus P elements can 
efficiently and selectively transpose from extrachromosomal DNA to the DNA of germ 
line chromosomes in Drosophila embryos. These observations provide the basis for 
efficient DNA-mediated gene transfer in Drosophila. 

Potentially suitable vectors for gene 
transfer occur in nature in the form of 
viruses and transposable elements. 
Transposable elements are DNA seg- 
ments which, as  discrete units, are capa- 
ble of changing their positions within the 
genome of a cell (1). In bacteria, these 
elements have been shown to also trans- 
pose from extrachromosomal DNA such 
as  plasmids, into chromasomal sites, N o  
eukaryotic transposon with this property 
has yet been described. If such a eukary- 
otic transposable element could be iden- 
tified it might then serve as  an efficient 
transformation vector. Cloned DNA 
containing the element could be intro- 
duced into cells and transpositions from 
this exogenous DNA into the host chro- 
mosomes might take place at  high fre- 
quency. 

Several classes of transposable ele- 
ments have been identified in the 
genome of the fruit fly, Drosophila rnel- 
anogaster (2 ) .  The properties of one 
class, the P elements (3) ,  recommend it 
as  a possible gene transfer vector; these 
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quent chromosomal aberrations and, in 
extreme cases, the failure to produce any 
mature germ line cells. Dysgenesis oc- 
curs when males of a P (paternally con- 
tributing) strain are mated with females 
of an M (maternally contributing) strain, 
but usually not when the reciprocal cross 
is performed. 

P strains are distinguished genetically 
from M strains by virtue of multiple 
genetic elements, the P factors, which 
are dispersed over all the major chromo- 
some arms. The P factors do not produce 
dysgenesis within P strains, but do so 
only when placed in the maternally de- 
rived background of an M strain [M 
cytotype ( 3 1 .  Moreover, the stability of 
mutations arising in dysgenic flies ap- 
pears to be under the same control sys- 
tem as all other manifestations of hybrid 
dysgenesis; they do not revert when 
maintained in a P strain (P  cytotype), but 
they may revert a t  high frequencies 
when placed in the M cytotype. 

These and other observations led to 
the proposal that hybrid dysgenesis re- 
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absent from M strains. When chromo- 
somes carrying P factors are placed in 
the M cytotype, it is proposed that these 
elements become derepressed and trans- 
pose at  high rates. Among other effects, 
P factors would then induce mutations 
by inserting into and disrupting genetic 
loci. Such dysgenesis-induced mutations 
would be expected to be stable in the P 
cytotype, where P factor transposition is 
repressed, but unstable in the M cyto- 
type where they could revert by excision 
of the P factor. 

Recent molecular and genetic data 
strongly support the basic features of 
this model. Several mutations arising in 
dysgenic crosses between P and M 
strains have been shown to be due to  the 
insertion of members of a single family of 
transposable elements, named P ele- 
ments, which are found in the chromo- 
spmes of P strains but are  absent from M 
strains (3). Although the P element inser- 
tions that cause these mutations are ho- 
mologous in sequence, they are hetero- 
geneous in size, ranging from 0.5 to 1.6 
kilobases (kb). The small size and het- 
erogeneity of the P elements suggest that 
they would be incapable of encoding 
the genetic functions attributed to  the P 
factor. Thus, the transposition of the 
small P elements would require the pres- 
ence elsewhere in the genome of the P 
factor, which is proposed to encode a P 
elemerit-specific transposase. (We use 
the term "transposase" although the 
biochemical mechanism of this trans- 
acting product is unknown.) Genetic 
data supporting this view of the P ele- 
ments as a two-element system have 
been obtained [see (6) and below]. Such 
a transposable element system would 
then be analogous to two element sys- 
tems in prokaryotes (7) and in maize (8). 

A candidate for the P factor has been 
isolated (9). This 3-kb P element is pres- 
ent in several nearly identical copies in 
the genomes of P strains. DNA sequence 
analysis revealed that the smaller hetero- 
geneous P elements could have been 
derived from this larger element by inter- 
nal deletions (9). Both the 3-kb P element 
and the smaller elements contain the 
same 31 base pair (bp) perfect inverted 
repeat a t  their termini; it is likely that 
this DNA sequence is the site of action 
of the putative P element-specific trans- 
posase. Moreover, the presence of three 
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long open reading frames for translation factor, it should be capable of providing 
within the 3-kb element suggests that it the functions required both for its own 
may have the capacity to encode the transposition and for transposition of the 
transposase and regulatory product (or smaller P elements when placed in M 
products) expected for the P factor. cytotype. Consequently, we tested the 

If the 3-kb element is indeed the P ability of a cloned P element to transpose 

Fig. 1. Injection of DNA into a Drosophila 
embryo. The length of the embryo is approxi- 
mately 0.5 mm. The tip of the needle is 
located in the posterior pole of the embryo, 
the site of germ cell formation. 

pn25.1 microinject -0 s_nW M cytotype Fig. 2. Protocol for P element 
GO embryo transformation. DNA is mi- 

croinjected into an embryo 
Go adult X M cytotype dd or attached X ?? from the snw strain prior to / 

G I  (select =+and ~e males) X M cytotype  attached X 99 pole cell Isee (lo) 
i for detailsl. After develoo- 
d2 ment is completed, the ad& 

(GO) is mated to snw M males o r  attached->( females. When males are mated at attached->( 
bearing females, the only male progeny carry the paternal X chromosome. Therefore regardless 
of the sex of the injected embryo, their male progeny (GI generation) will contain an X 
chromosome which was present in the germ cells of the injected embryo. To  avoid introducing a 
chromosomal source of P elements the strains used for mating to the GO adults totally lacked P 
elements in their genomes and were therefore of the M cytotype. As a control for possible 
contamination. the chromosomes of the host strain were also homozygous for recessive 
mutations. The X chromosome was marked with yellow, chromosome 2 with bron~n. and 
chromosome 3 with scarlet. Flies homozygous for all three mutations have yellow body color 
and white eyes. Any contamination of the host stock would have been revealed by the loss of 
these recessive phenotypes. 

Table 1. Microinjection of p ~ 2 5 . 1  DNA into snW(M) embryo\. 
-. - - -- . - - - - - -- - . - - 

~ ~ 2 5 . 1  Mutable 
DNA Injected Hatched Eclosed Fertile -- -- 
( I d  (NO.) (NO.) (NO.) (NO.) Per- No. 
ml) cent+ 

0* 183 72 48 34 0 0 
0.1 184 57 34 30 0 0 

10 397 93 60 43 2 5 
100 363 110 77 56 27 48 

lo00 522 173 123 100 2 2 
- - - - - - -- 

*Embryos in this experiment received DNA lacking 3-kb P elements at 1000 &ml. +Percent of fertile 
adults which were mutable. 

Table 2. Phenotype of male progeny of injected embryos displaying germ line mutability. The sn 
phenotype of the G1 male progeny of 31 mutable GO adults is shown. Embryos 101 and 102 
received DNA at 10 pglml; embryos 201 to 227 received 100 kg/ml; and embryos 301 and 302 
received 1000 u,g/ml. 

Progeny phenotype (20) 
Embryo -- 

sn + snw .sne 

Progeny phenotype (20) 
Embryo - 

sn + snw .we 

after introduction into embryonic cells. 
We now demonstrate that the 3-kb ele- 
ment can provide the functions required 
for its own transposition from exoge- 
nously introduced DNA into the chro- 
mosomes of germ line precursor cells. 
These results provide the basis for the 
development of vectors for efficient 
DNA-mediated gene transfer in Dro- 
sophila. 

Experimental Design 

Our approach is based on mimicking 
the events that take place during a dys- 
genic cross between P and M strains. In 
such a cross, P factors enter the M 
cytotype egg with the sperm. These P 
factors and other P elements are thereby 
induced to transpose at high frequency. 
We reasoned that an analogous situation 
might occur if DNA containing the 3-kb 
P element were introduced by microin- 
jection into an M cytotype embryo short- 
ly after fertilization. Early in Drosophila 
embryonic development, the nuclei of 
the embryo go through several rounds of 
synchronous division before they are 
compartmentalized into cells. At com- 
pletion of the ninth nuclear division 
about a dozen nuclei migrate to the pos- 
terior pole of the egg where they form 
the germ line precursor cells, or pole 
cells. To maximize the chance that the 
injected plasmid DNA enters the germ 
line precursor cells, we introduced 
DNA, by microinjection, into the poste- 
rior end of the egg (10) just before pole 
cell formation (Fig. I ) .  

Because of the multiplicity of germ 
line precursor cells, P element DNA 
transferred into the genome of a single 
pole cell will be inherited by only a 
fraction of the progeny of that embryo. 
Therefore all the progeny of the injected 
embryo would have to be tested individ- 
ually for the presence of the injected 
DNA sequences. Since this entails 
screening large numbers of flies, an as- 
say based on a change in a visible pheno- 
type, rather than a biochemical assay for 
the physical presence of the DNA se- 
quence, was devised. 

Our assay was based on the properties 
of an unusual allele of the singed (sn) 
locus, an X-linked genetic locus that 
controls the morphology of the bristles 
and hairs on the cuticle of the adult fly. 
This allele, singed-weak (snw), arose in 
an individual undergoing hybrid dysgen- 
esis ( 1 0 ,  and available evidence suggests 
that the mutant phenotype results from 
the insertion of one or two small P ele- 
ments into the sn locus. In a fly strain 
that carries only these small P elements 
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at sn and no P factors in its genome, the 
snW allele is phenotypically stable even 
though the cytotype is M (6). We refer to 
this strain as the snw M strain. When 
females from this strain are mated to P 
males, however, the snw allele mutates 
at very high rates in the germ line of their 
dysgenic progeny. These mutations be- 
come visible in the progeny of these 
dysgenic individuals; only about half dis- 
play the parental snw phenotype, the 
others are divided between a more se- 
vere allele, singed-extreme (sne), and 
wild type (sn'). This hypermutability 
depends on the introduction of P factors 
into the strain; the same snw mutation is 
completely stable when maintained in 
the snw M strain. Thus the induction of 
snw mutability provides a convenient ge- 
netic assay for the presence of functional 
P factors. The most likely explanation 
for the behavior of the snw mutation is 
that the P elements at the sn locus are 
incapable of catalyzing their own trans- 
position but are able to respond to trans- 
posase produced by P factors. 

Our experimental protocol for detect- 
ing P element transposition is dia- 
grammed in Fig. 2. Host embryos from 
the snw M strain were injected with DNA 
of the plasmid p.rr25.1, which contains a 
3-kb P element and about 1.8 kb of 
flanking Drosophila DNA, cloned in the 
Escherichia coli plasmid vector pBR322. 
Adult flies derived from injected embry- 
os (GO males and females) were mated to 
attached-X females, or to snW M males. 
The bristles of male progeny of these 
crosses (G1 males) were examined to 
determine which allele of sn they car- 
ried. 

The GI males displaying either the sn' 
or sne phenotype provide evidence that 
the 3-kb P element carried on the inject- 
ed plasmid DNA was capable of direct- 
ing the synthesis of a transposase that 
destabilized the small P elements resi- 
dent at the snw locus in the germ line of 
the GO host. (Since hybrid dysgenesis 
does not destabilize snW in somatic tis- 
sues, the phenotype of the GO flies them- 
selves cannot be used to assay for trans- 
posase activity.) Such a transposase 
might also be able to catalyze the trans- 
position of the 3-kb element from the 
injected plasmid DNA into the chromo- 
somes of the injected egg. The destabili- 
zation of the P elements at sn and the 
transvosition of the 3-kb element are 
separate events. Since they would re- 
quire the same transposase function, 
however, we would expect them to be 
highly correlated. If a 3-kb P element 
became integrated and its putative trans- 
posase gene remained functional, the 
singed locus might continue to be unsta- 

ble in subsequent generations. Thus by 
examining the singed phenotypes of the 
G2 males we could genetically assay for 
the heritability of the injected P element. 
The results of these genetic assays could 
then be confirmed by direct physical 
measurements of the location and struc- 
ture of any P element now resident in the 
genome. 

Fig. 3. P element DNA sequences in stable 
and mutable GI lines. DNA from 200 to 300 
males of each GI line derived from embryos 
301 and 101 was prepared. (DNA was pre- 
pared separately from the sn+ and sne males 
of the 101-3 mutable line.) Each DNA (2 pg) 
was digested with Hind I11 plus Sal I, fraction- 
ated by electrophoresis on a I .O percent gel, 
partially depurinated, and transferred to nitro- 
cellulose paper. The probe consisted of equal 
amounts of the 0.84-kb Hind 111 fragment and 
the 1.5-kb Hind Ill-Sal I fragment of p ~ 2 5 . 1  
indicated in the diagram, which had been 
labeled with 32P by nick translation. A linear 
map representing the circular plasmid p ~ 2 5 . 1  
is shown. The solid bar indicates the position 
of the 3-kb P element. The thin line represents 
flanking Drosophila genomic DNA sequences 
from cytogenetic locus 17C and the open bar 
depicts pBR322 vector sequences. Bands of 
about 0.8 kb and 0.6 kb were labeled by the 
probes in DNA from the snw host strain. They 
are presumed to derive from the P elements 
present in the vicinity of singed. One of these 
bands (0.6 kb) was absent in all the lines 
tested that had undergone mutation to sne. 
This correlation is consistent with the idea 
that snw mutability is the result of changes in 
the arrangement of P element sequences. A 
second band (0.8 kb) was present in all lines 
tested except 101-3. The change in this band 
did not correlate with a changed singed phe- 
notype. 

Injected P Elements Induce snW 

Mutability 

The results of injecting a constant vol- 
ume of p.rr25.1 DNA at various concen- 
trations into embryos according to the 
scheme shown in Fig. 2 are summarized 
in Table 1. The approximate percentage 
of the injected embryos which hatched 
as larvae, eclosed from the pupal case, 
and which were fertile did not vary sig- 
nificantly with the concentration of the 
injected DNA (12). However, the frac- 
tion of GO organisms showing germ line 
mutations at the singed locus was highly 
dependent on the concentration of inject- 
ed plasmid DNA. When embryos were 
mock-injected, or injected with a dilute 
solution of DNA (0.1 microgram per 
milliliter) no mutable flies were obtained. 
At higher concentrations, however, in- 
jected flies producing sn+ or sne G1 
progeny were observed. Injection of the 
P factor-containing plasmid at a concen- 
tration of 100 pg/ml produced the highest 
frequency (48 percent) of mutable indi- 
viduals (12). 

The induction of singed mutability by 
the injection of the p.rr25.1 plasmid sug- 
gested that the injected DNA produced 
transposase that acted at the singed lo- 
cus in the chromosomes of one or more 
germ line cells. Table 2 illustrates that 
the appearance of sn+ or sne GI offspring 
from the mutable parent sometimes oc- 
curred in clusters. This argues that the 
snw mutations induced by the injected 
DNA can take place premeiotically, as 
they do under the conditions of hybrid 
dysgenesis studied previously ( l l ) ,  and 
as would be expected if transposase is 
produced relatively early in germ line 
development. The data are also compati- 
ble with the occurrence of some snw 
mutations during meiotic or postmeiotic 
stages. 

To determine whether the ability to 
induce snw hypermutability was inherit- 
ed by the progeny of GO mutable flies, 
sn', sne, and some snw male GI progeny 
of each of the 3 1 mutable GO individuals 
were mated to attached-X M females 
(Fig. 2). Table 3 summarizes the sn phe- 
notypes of the G2 males generated from 
these crosses. In the majority of cases at 
least one of the GI progeny of each 
mutable fly also demonstrated germ line 
mutations at the sn locus. Thus, levels of 
transposase adequate to cause snw muta- 
bility were found not only in the germ 
cells of the injected embryo but in the 
germ cells of some of its progeny. In all 
cases tested, snw mutability continued to 
be observed in subsequent generations 
when males from a G1 mutable stock 
were mated to attached-X M females. 
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In this respect, therefore, these strains 
behave as  if they carried chromosomal P 
factors. 

one G1 male progeny of GO embryo 101 
was mutable (101-3) and two were stable 
(101-2 and 101-4). DNA was prepared 
from the snw M host strain and from the 
G2 male progeny of these six G1 males. 
The presence of one or more complete P 
elements was assayed by digesting the 
DNA's with Hind I11 and Sal I, transfer- 
ring the digests to nitrocellulose paper 
after agarose gel electrophoresis, and 
hybridizing with two subcloned frag- 
ments internal to  the P element (Fig. 3). 
The absence of 0.84- and 1.5-kb bands in 
host DNA confirmed that no complete P 

elements are present in the snw strain. 
Neither line 301-2, 101-2, nor 101-4, 
which were phenotypically stable, 
showed the presence of any bands not 
observed in host DNA. However, DNA 
from the unstable lines 301- 1, 301-3, and 
101-3 showed strong bands of hybridiza- 
tion at  0.84 kb and 1.5 kb, consistent 
with the presence of one or several com- 
plete P factors. This correlation between 
continued mutability and the presence of 
new P element sequences was verified 
by similar experiments on the progeny of 
eight other injected embryos (13). 

To determine whether this genetic be- 
havior was indeed the result of the inte- 
gration of one or  more P factors from the 
injected DNA into the chromosomes of 
the host germ line, the DNA from sever- 
al of the mutable strains was analyzed 
(Fig. 3). Two of the G1 male progeny of 
the mutable GO embryo 301 (301-1 and 
301-3) showed continued mutability 
while a sibling male (301-2) was pheno- 
typically stable (see Table 3). Likewise, 

Table 3. Induction of sn mutability by individual male G1 progeny of mutable GO adults. The sn phenotypes of G2 progeny males derived from in- 
dividual G1 males (see Table 2) by crossing them to attached-X females are shown. GI male progeny of the same GO injected fly are numbered 
consecutively using the same identifying number as in Table 2. Abbreviations: e ,  sne; W, snw; +, snC.  

Progeny phenotype Progeny phenotype Progeny phenotype 

Indi- sn Indi- sn Indi- sn 

Pheno- snC sn" sne Pheno- sn+ snw sne Pheno- sn+ snw sne 
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Mutable Lines Contain Chromosomally 

Integrated P Elements 

To see whether the additional P ele- 
ment sequences in the unstable lines 
were present at specific chromosomal 
loci, polytene salivary gland chromo- 
somes were prepared from the 301 
strains and hybridized in situ with 
p1r25.1 sequences. Only two sites were 
labeled in chromosomes from the host 
snw strain, or in the stable G1 lines (Fig. 
4). Grains were detected at 17C (14) 
because the Drosophila DNA flanking 
the 3-kb P factor in p1r25.1 is derived 
from this region. The vicinity of the 
singed gene, 7D, was also labeled, be- 
cause of the presence of small P element 
(or elements) associated with the snw 
allele. Both of the unstable lines 301-1 
and 301-3 contained an additional strong 
site of hybridization on the X chromo- 
some at 12F (Fig. 4). The continued snw 
instability and the presence of internal P 
factor restriction fragments in the 301-1 
and 301-3 strains are therefore most sim- 
ply explained by the integration of P 
factor sequences derived from the inject- 
ed p1r25. I DNA into the X chromosome 
at chromosomal site 12F. Figure 5 sum- 
marizes similar studies on chromosomes 
from progeny of 23 of the 31 mutable 
embryos. In all the cases examined, 
strains showing continued snw mutability 
in the germ line of the G1 generation 
contained from one to five sites of in situ 
hybridization not present in the snw host 
(15). No new sites of labeling were de- 
tected in 12 stable strains examined. The 
sites in the unstable strains were widely 
distributed on all the chromosome arms. 
P factors are known to be capable of 
inserting at a wide variety of sites (16). 
The number of grains at the new sites 
was consistent with the insertion of one 
complete element per site, usually about 
twice the number present at 17C on the 
same slide. However, in a few cases the 
hybridization at a chromosomal site was 
less than expected relative to 17C. Light- 
ly labeled sites may be the location of 
small P elements resulting from transpo- 
sition of elements resident at snW or 
deriving from a 3-kb P element by a new 
deletion event. 

Integration Occurs by Transposition 

If the integration of P element se- 
quences in the mutable lines occurs by 
transposition, genomic DNA from these 
lines should contain the entire 3-kb P 
element sequence but lack the flanking 
Drosophila and pBR322 vector se- 
quences in ~ 2 5 . 1 .  These expectations 

were verified by hybridizing DNA's 
from several mutable strains with specif- 
ic probes containing p~25.1 sequences 
(Fig. 6). DNA from the snw host and 
from five independently derived snw mu- 
table lines was digested with Hind I11 
and Sal I. After separation on a 1.0 
percent agarose gel, duplicate filters 

were prepared which contained each of 
the six DNA's. One of the filters was 
hybridized with 32~-labeled ~1~25.1 DNA 
(Fig. 6A) while the second (Fig. 6B) was 
hybridized to a pS25.1, a plasmid probe 
that contained the same chromosomal 
Bam HI fragment as ~1~25.1  but lacked 
the inserted 3-kb P element. [This Bam 

Fig. 4. Chromosomal sites complementary to pa25.1 DNA sequences. Polytene salivary gland 
chromosomes were prepared from larvae of the snw M strain (A), and the 301-2 GI line (B). In 
situ hybridization was carried out (21) with 'H-labeled RNA complementary to pa25.1 DNA as 
probe. Only two sites were labeled in the host snW M strain chromosomes: the site of the unique 
chromosomal sequences flanking the 3-kb P element in pn25.1 [17C (14)], and the site of the snw 
locus (7D). which contains small P elements complementary to pa25.1. Besides these two sites, 
one additional site (12F) was labeled in 301-2 chromosomes. 
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Fig. 5. Sites of P element integration. Polytene chromosomes from mutable G2 lines were 
hybridized in situ with pa25.1 complementary RNA sequences as described in Fig. 4. Examples 
of the sites of hybridization observed are shown in (A to F). The chromosomal distribution of all 
38 sites observed is represented in panel G. Each of the five major chromosomal arms is 
indicated, and the positions of centromeres are shown by filled circles [see (14)l. The 
karyotypes of these salivary gland cells were usually normal, but chromosome rearrangements 
were observed in some lines (19). 
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fragment was cloned from the Canton S 
strain, which does not have a P element 
at 17C (9).1 The structure of these probes 
is shown in Fig. 6. Multiple Hind III-Sal 
I fragments were labeled by p.rr25.1 in 
each of the mutable strain DNA's, in- 
cluding the expected 0.84-kb and 1.5-kb 
fragments internal to the P element (Fig. 
6A). The top band seen in Fig. 6, A and 
B, must correspond to the chromosomal 
sequences surrounding the P element in 
~ 2 5 . 1  since it was the only fragment 
labeled by the pS25.1 probe in DNA 
from the host strain. Since no additional 
fragments were labeled by pS25.1 in 
DNA from any of the mutable strains, 
the additional bands labeled by p.rr25.1 
must contain only P element sequences. 
The presence of as little as 100 bp of 
flanking Drosophila DNA or pBR322 se- 
quences would probably have been de- 
tected in these experiments. These re- 
sults are also inconsistent with the pres- 
ence of free p.rr25.1 plasmid DNA in 
these strains. Further evidence for the 
presence of one or more complete 3-kb P 
elements in the mutable lines was pro- 
vided by analyzing the same DNA's di- 
gested with Ava 11. These digests were 
probed with the 0.84-kb Hind 111 and 1.5- 
kb Hind III-Sal I fragments of p.rr25.1. 
All the Ava I1 fragments present in the 3- 
kb P element were labeled in each of the 
mutable lines (Fig. 6C). Together these 

Ava I1 fragments comprise the entire 
element except for 22 bp within each 
terminal repeat (9). These experiments 
suggest that the entire P element, but no 
other DNA sequence from p.rr25.1, is 
present in each of the mutable lines. 

Concluding Remarks 

These experiments demonstrate that P 
element sequences tranpose with high 
efficiency from plasmid DNA into the 
chromosomes of germ line cells at di- 
verse sites after injection of the DNA 
into early Drosophila embryos. At least 
one of the injected P elements in each of 
the mutable lines is functional as evi- 
denced by the induction of snw hypermu- 
tability. While the transposition of many 
prokaryotic transposable elements from 
a plasmid into the host chromosome has 
been demonstrated, such transpositions 
in a eukaryotic organism have not been 
previously described. 

Although much remains to be learned 
about the mechanism by which transpo- 
sitions occur, presumably the following 
events must take place. (i) The injected 
plasmid DNA is taken up into germ line 
cells; (ii) some of the injected sequences 
enter the nuclei of these cells where they 
are transcribed; (iii) element-coded RNA 
reaches the cytoplasm and is translated 

g ~ n ~ N m  g o n c u m  - 
N 0 0 A 2 $ 2 7) Fig. 6. Mutable lines 

Z G C O O -  
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A B C factors, but lack 
F *- - '  flanking and vector 

sequences from 
pn25. I. DNA from 
the host snw M strain - - and five independent 
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mutable snw GI lines 
was digested with 
Hind I11 and Sal 1 (A 
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trophoresis and hy- 
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o r 2 5  I , Hind 111 and 1.5-kb 

1 

Hind IlISal I frag- 
ments of pn25.1 were 

[ 4 R , 5 4 ,  1 8  1 - used. Linear maps 
I ~b representing the cir- 

- - 
1 

- cular plasmids pn25.1 
I 
E 5 and ~ S 2 5 . 1  are 

m 
p S 2 5  I .  -I shown. The solid bar 

indicates the vosition . ~ - - - - -  

of the 3-kb P element in pn25. I. The thin lines represent flanking Drosophila genomic DNA 
sequences from the cytogenic locus 17C and the open bar depicts pBR322 vector sequences. As 
shown in the diagram below, these probes differ only in the presence of a 3-kb P element in 
pn25.1. Sequence analysis verified that pS25.1 would detect all sequences in pn25.1 outside the 
3-kb P element. The outermost Ava I1 sites within the 3-kb P element were shown to lie within 
the 31-bp inverted terminal repeats (9). 

into one or more factors (transposase) 
required for transposition; (iv) transpos- 
ase enters the nucleus where it catalyzes 
the insertion of one or more elements 
into the cellular chromosomes; (v) extra- 
chromosomal copies of the injected 
DNA are eventually lost; (vi) inserted 
sequences are faithfully replicated and 
expressed in the injected organism and in 
those progeny that inherit them, giving 
rise to snw mutabilitv. 

Our experiments demonstrate several 
interesting points concerning hybrid dys- 
genesis and P element function. P strains 
are characterized by the induction of 
hybrid dysgenesis when crossed to M 
strains. Hybrid dysgenesis is a syndrome 
of genetic traits, including sterility, the 
induction of mutations, snw destabiliza- 
tion, chromosome rearrangements, male 
recombination, segregation distortion, 
and nondisjunction. It is likely that all 
these disparate effects result from the 
production of P element coded transpos- 
ase in the germ line cells of dysgenic 
embryos and its subsequent action on 
the P elements resident in their genomes. 
The genetic determinants of hybrid dys- 
genesis, the P factors, are present in P 
strains at multiple chromosomal sites. 
Combinations of element-containing 
chromosomes from such strains are 
more effective in producing the dysgenic 
syndromes of sterility (17) or snW hyper- 
mutability (6, 11) than any single chro- 
mosome, suggesting that the number of 
active elements present in a dysgenic 
embryo may influence the frequency of P 
element transposition. Since lines con- 
taining a single P factor have never been 
described, it is not known whether the 
presence of a single P factor is sufficient 
to induce all the phenotypic manifesta- 
tions of dysgenesis or whether some of 
them require the concerted action of 
multiple chromosomal P factors. 

Our results indicate that the cloned 3- 
kb P element carried by p.rr25.1 was itself 
sufficient to induce snw mutability and P 
element transpositions. Thus, the 3-kb P 
element may be identical to the geneti- 
cally defined P factor; all the information 
required for the hybrid dysgenesis syn- 
drome may be contained on this element. 
We also have demonstrated that the 
presence of a single P element in the 
chromosomes of a strain is sufficient to 
cause it to behave as a P strain in its 
ability to induce snw hypermutability. 
Whether strains bearing one or a few 
elements can attain the P cytotype re- 
mains to be tested. 

These observations provide the basis 
for developing an efficient, controlled 
system of gene transfer in Drosophila. 
DNA segments of interest might be 
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transposed into germ line chromosomes 
along with a P element into which the 
segment had been ligated in vitro. The 
accompanying article (18) demonstrates 
that highly efficient transfer of exoge- 
nous DNA's can indeed be accomplished 
with this approach. 

References and Notes 

1. J .  Shapiro, Ed.,  ~Wobile Genetic Elements (Aca- 
demic Press, London, in press). 

2. A. C.  Spradling and G. M. Rubin, Annu. Rev. 
Genet. 15, 219 (1981). 

3. G. M. Rubin, M. G. Kidwell, P. M. Bingham, 
Cell 29, 987 (1982); P. M. Bingham, M. G. 
Kidwell, G. M. Rubin, ibid., p. 995. 

4. M. G. Kidwell, J .  F. Kidwell, J .  A. Sved, 
Genetics 86, 813 (1977); J. C. Bregliano and M. 
G. Kidwell, in (I);  W. R. Engels, Cold Spring 
Harbor Symp. Quant. Biol. 45, 561 (1981). 

5. The transpositional activity of P factors can be 
controlled with the rules of inheritance of cyto- 
type [W. R. Engels, Genet. Res. 33, 137 (1979)J. 
Briefly, the P cytotype, which corresponds to 
the quiescent state of P elements, appears in 
strains where the genome contains many P fac- 
tors. This state is thought to represent the 
presence of a P encoded repressor of transposi- 
tion. Strains lacking P factors have the M cyto- 
type-presumably the lack of this repressor. 
Once the P or M cytotype has been established, 
it tends to be maintained intact through the 
female line, thus showing partial independence 
of chromosomal constitution. Therefore, cyto- 
type can be predicted for a particular individual 
by taking account of both the individual's geno- 
type and its mother's cytotype. 

6. Hypermutability of snw requires, in addition to 
the M cytotype, the presence of P factors some- 
where in the same cell. This additional require- 
ment was seen when the snw allele was isolated 
from its original P strain background (and the 
incidental chromosomal rearrangement sur- 
rounding the gene) by a series of recombination 
steps. The resulting strain (designated "snw M") 
had no P derived material except in the immedi- 
ate vicinity of the singed locus, and the snw gene 
was observed to be entirely stable despite the M 
cytotype. However, it returned to its hypermu- 
table condition whenever a P derived chromo- 
some was crossed back into the genome. (The 
crosses had to be done in such a way as to 
preserve the M cytotype, of course.) Either 
major autosome or the X chromosome was 
sufficient to produce this effect, and only those 
chromosomes derived from P strains could func- 
tion in this way. It was concluded that the 
element at snW could be acted on by a trans- 
acting function provided by other P factors 
anywhere in the same genome, but that the snw 
element could not produce this function itself. 
Furthermore, the snW M strain stably maintained 
the M cytotype, implying that the snw element 
did not have the cytotype-switching ability as- 
cribed to other P factors (W. R. Engels, in 
preparation). 

7. N. Kleckner, Annu. Rev. Genet. 15, 341 (1981). 
8. J. R. S. Fincham and G. R. K. Sastrv. ibid. 8. , . 

15 (1974). 
9. K. O'Hare and G. M. Rubin, in preparation. 

10. Techniques for microinjection of Drosophila 
embryos are discussed by E. B. Van Deusen [J .  
Embryol. Exp. ~Worphol. 37, 173 (1976)l and by 
S. Germeraad [Nature (London) 262, 229 
(1976)l. A brief description follows. Supercoiled 
plasmid DNA's are prepared by ethidium bro- 
mide-CsCI gradient centrifugation. After re- 
moval of ethidium bromide (Dowex AG50W-X8 
chromatography), the DNA is precipitated with 
ethanol and centrifuged. The pellet is washed 
several times with 70 percent ethanol in 0.2M 
NaCl and once with 70 percent ethanol. It is 
resuspended in injection buffer, which is 5 mM 
KC1 and 0.1 mM NaH2P0,, pH 6.8. Injection 
needles are pulled from 25-kl Drummond Micro- 
caps which have been siliconized prior to use. 
Low heat and high solenoid force are used to 
produce sharply tapered needles with tip diame- 
ters of less than 1 km. Just prior to use, a needle 
is back-filled with DNA solution with the use of 
a 100-p1 capillary pipette that has been drawn 
out in a flame. The DNA solution should be 
centrifuged (3 minutes in an Eppendorf centri- 
fuge) just before loading the needle, to minimize 
clogging. Since we are using an air-filled injec- 
tion system, air can remain on both sides of the 
DNA solution in the needle. The needle is 
mounted in the instrument holder and attached 

22 OCTOBER 1982 

to the micromanipulator while embryos are pre- 
pared for injection. Embryos aged 0 to 90 min- 
utes (that is, prior to pole cell formation) are 
used. Eggs are collected on lightly yeasted col- 
lection plates for 1 hour and then transferred to 
18"C, the temperature used for subsequent 
steps. Eggs are gently transferred from the tray 
to a strip of double-stick tape on a microscope 
slide with a damp fly brush. Chorions are re- 
moved by lightly stroking the embryos with 
watchmaker's forceps under a dissecting micro- 
scope. After each shell is removed, the embryo 
is transferred to a small piece of double-stick 
tape on a cover slip (22 by 40 mm). Dechoriona- 
tion and transfer of the embryos is facilitated by 
the use of a small ball of double-stick tape 
stickum held in the tip of the forceps. The 
embryos should be aligned on their sides with 
the posterior tip extending off the tape. Proper 
desiccation is determined empirically by the 
response of the embryos to injection. Excessive 
cytoplasmic leakage results from insufficient 
drying, while excessive desiccation results in a 
wrinkled embryo. Placement of a cover slip 
containing about 20 embryos (mounted over a 
10-minute period) in a petri dish containing 
Drierite for 5 to 15 minutes is usually adequate. 
Desiccated embryos are immediately covered 
with halocarbon oil and mounted on the stage of 
an inverted microscope. A sharp point with a 
diameter of a few micrometers is obtained by 
lowering the needle into the oil and breaking off 
its extreme tip by running it into the double-stick 
tape while observing through the microscope. 
By means of a 10-ml syringe connected to the 
microinstrument holder and needle by air-filled 
plastic tubing, air is expelled from the needle 
until the DNA solution begins to flow out into 
the oil. The mounted embryos are injected by 
piercing the posterior end, drawing the needle 
tip as far back as possible while it is still inside 
the embryo, and expelling DNA solution. The 
DNA solution can be seen to enter the embryo. 
An amount appropriate to the level of desicca- 
tion of the embryo, about 1 to 5 percent of the 
egg volume, is expelled and the needle is rapidly 
withdrawn. After all of the embryos have been 
injected, damaged and improperly aged embryos 
are removed under a dissecting microscope and 
the cover slip is placed in a moist chamber. 
Hatched larvae are removed from the oil and 
transferred to standard food at 25'C. 

11. The snw allele arose in the progeny of a dysgenic 
hybrid [W. R. Engels, Proc. Natl. Accrd. Sci. 
U.S.A. 76, 4011 (1979)l. In the M cytotype, snW 
was found to mutate to two alternative states, 
sne and sn ' at total frequencies from 40 to 60 
percent, depending on the particular sublines 
used. In the P cytotype, this allele became 
completely stable, suggesting that its hypermu- 
tability is controlled in the same way as the 
activities of P factors in general, and therefore 
that snw itself might carry an inserted P element 
[W. R. Engels, Genetics 98, 565 (198111. Other 
studies revealed that snw also served as a recur- 
ring breakpoint for dysgenesis-induced chromo- 
some rearrangements [W. R. Engels and C. R. 
Preston, Cell 26, 421 (198111, and its mutational 
changes were shown to be associated with the 
occurrence of lethal mutations elsewhere in the 
genome [J. D. Raymond and M. L. Simmons, 
Genetics 98, 291 (1981)l. Our hybridization (by 
Southern blot) studies support the previously 
postulated presence of one or more defective P 
elements at the singed locus in the snw strain. 
The DNA from snw strains that had mutated to 
sne always showed an altered Hind 111-Sal I 
fragment complementary to p~r25.1. 

12. The observed lethality and sterility probably 
resulted from damage to the embryo caused by 
the injection procedure. The spectrum of visible 
defects observed was consistent with this inter- 
pretation. Most involved genital or abdominal 
structures; sterility usually resulted from an 
absence of germ line cells in the gonads. All 
these defects can result from abnormal develop- 
ment in the posterior region of the embryo-the 
site of injection. An embryo (volume: 2 nl) 
injected with an estimated 40 pl of DNA solution 
would therefore receive about 4 x lo-' kg of 
plasmid at the optimum concentration, corre- 
sponding to 4 x lo5 molecules, or an amount of 
DNA equivalent to that present in about ten 
embryonic cells. The reason for the decreased 
rate of mutability at high DNA concentrations is 
unknown. One possibility is that the large num- 
ber of P element termini compete with the 
termini of the integrated defective elements at 
snw for binding of a limited amount of transpos- 
ase. Alternatively, large numbers of injected P 
elements might produce sufficient repressor to 
change the cytotype of the host embryo to P. 

13. The correlation between mutability and the 

presence of complete P element sequences was 
verified in seven of these eight cases. Several 
progeny from embryo 102 contained complete P 
element sequences by the above test, but did not 
show mutability. These flies displayed an unusu- 
al singed phenotype intermediate between snw 
and wild type. The lack of mutability in this one 
case is probably due to the loss or rearrange- 
ment of one of the defective P elements located 
at the sn locus, which results in both the altered 
phenotype and the loss of hypermutability. A 
less likely alternative is that the P element in this 
strain could have been defective, despite the 
presence of intact 0.84-kb and 1.5-kb internal 
fragments. 

14. For an explanation of cytogenetic nomenclature 
see C. B. Bridges [J. Hered. 26, 60 (1935)l. 

15. The chromosomal locations of P factors in sev- 
eral G2 lines derived from a single injected 
embryo were compared. In some cases the sites 
of p~r25.1 hybridization in such sibling strains 
contained one or more sites in common, as 
expected for premeiotic transposition events 
followed by normal meiotic segregation. In oth- 
er cases sites did not overlap but, since only two 
to three larvae from each line were analyzed, 
autosomal inserts present on only one homolog 
may not have been detected. Both the sne line 
301-1 and the snW line 301-3 contained the 12F 
insert, demonstrating that the snw mutation 
could occur subsequent to P element integra- 
tion. The analyses were limited by our ignorance 
of the timing and frequency of P element trans- 
position in the injected strains. It will be impor- 
tant to determine: (i) How many independent 
transpositions from plasmid to chromosome oc- 
cur in the germ cells of an injected embryo? (ii) 
To what extent is site multiplicity the result of 
the secondary transposition of chromosomally 
integrated elements? That secondary transposi- 
tion can occur was demonstrated by the detec- 
tion of a P factor in the attached-X chromosome 
used to balance one of the transformed lines. 
This attached->( chromosome was not present in 
the injected embryo. (iii) How many pole cells 
initially take up and integrate P element DNA? 
(iv) To what extent is snw mutability correlated 
with P element transposition? 

16. Genetic data suggest that P factors insert more 
frequently at some sites than others [M. J .  
Simmons and J. K. Lim, Proc. Natl. Acad. Sci. 
U.S.A. 77, 6042 (198011. In our experiments, P 
element inserts at the sites of the two major "hot 
spots" of hybrid dysgenesis-induced mutations, 
singed and Beadex, could not be detected unam- 
biguously, because of the presence of sequences 
homologous to the p~r25.1 probe near singed 
(7D) and Beadex (17C) in the snw host strain. 
The distribution of sites in Fig. 5, while diverse, 
may not be random as evidenced by the cluster- 
ing of sites in the proximal part of the X chromo- 
some, for exampie. 

17. W. R. Engels, Genet. Res. 33, 219 (1979). 
18. G. M. Rubin and A. C. Spradling, Science 218, 

148 f 1982). . . ~ 

19. Occasional chromosome rearrangements were 
observed in salivary gland chromosomes from 
the GI lines, but were not detected in the host 
strain. Rearrangements could have been in- 
duced in the germ line cells of the injected 
embryos or might have occurred in later genera- 
tions in lines carrying intact P elements. Since 
detailed analysis and comparison between sib- 
ling G1 lines was not carried out, it is not known 
whether lines carrying one or a few P elements 
underu ent frequent ~hromosome rearrange- 
ment, Dur~ng normal d\',genes~s. chromosome 
rearrangemess take place preferentially at the 
sites of resident P factors [W. R. Engels and C. 
R. Preston, in ( l l ) ] .  Furthermore, the 3-kb P 
element cloned in p ~ 2 5 . 1  is derived from cyto- 
genetic locus 17C in the T~ strain. Chromosome 
rearrangements with breakpoints at this site are 
observed at high frequency in this strain, sug- 
gesting that the sequences in p~r25.1 may be 
competent to induce rearrangements in viva. No 
association of chromosome rearrangement 
breakpoints and P factor sequences was ob- 
served in these experiments, however. 

20. The sn+ phenotype observed in many of the snw 
derivatives could be separated from true wild 
type since in a population of such sn+ flies a fly 
containing a single bristle with an acute bend 
(usually one of the scutellars) would frequently 
be observed. 

21. A. C.  Spradling, Celi 27, 193 (1981). 
22. We thank Dr. William R. Engels for providing 

the snw M strain and for comments on this 
manuscript. Dr. Spyros Artavanis-Tsakonas and 
Dr. Amanda Simcox gave us advice and instruc- 
tion in microinjection techniques. This manu- 
script was submitted for publication 14 June 
1982. 




