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The relationship between DNA structural
variation and activities of P elements in P and
Q strains of Drosophila melanogaster

ElJI NITASAKA* & TSUNEYUKI YAMAZAKI

Department of Biology, Facuity of Science, Kyushu University, Fukuoka 812, Japan

To characterize the relationship between P element activities and their structures, we cloned P
elements from genomic libraries of three isogenic P and Q strains derived from natural populations
in Japan. These P elements were mapped with BamHI, Avall and Pszl and were classified by their
size. The majority of P elements cloned were classified as either complete or relatively small P
elements rather than medium size. The numbers of full length (2.9 kb) P elements per haploid
genome of NP280 (P), AK194 (weak P) and WY113 (Q) were at least four, five and one,
respectively. However, the 2.9 kb P element of WY113 was thought to be defective since this strain
has no transposase activity. In our previous work, we demonstrated that the ORF 3-deleted P
element is essential for P cytotype determination in WY113. A similar P element also exists in
NP280, and this may have an important role for P cytotype determination in this strain. Two and
one copies of the KP element, a deletion derivative of the P element, were found in NP280 and
AK194, respectively. One of four complete P elements in NP280 was fully sequenced, and the base
sequence was completely identical to that of pr25.1 originally derived from the U.S.A. This result
is consistent with the notion that these P elements have a relatively recent origin in Drosophila
melanogaster.
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Introduction

P elements, a class of transposable elements in Droso-
phila melanogaster, have been well studied for their
biological features. They are responsible for P-M
hybrid dysgenesis which includes mutation, chromo-
somal rearrangement, sterility and male recombination.
The transposition of P elements occurs when a male of
a P strain containing active P elements is mated with a
female of an M strain containing no P element; but it
does not occur in the reciprocal cross. This difference
is explained by assuming a state, the P cytotype, in
which a repressor is thought to exist. There are inter-
mediate P activity strains called Q strains which do not
induce gonadal (GD) sterility but have the P cytotype
(for review, see Engels, 1989),

P elements are known to be heterogeneous with
respect to size and are classified into two major types
(O'Hare & Rubin, 1983). One type is called the
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complete (autonomous) P element which encodes the
transposase catalysing transposition of P elements and
is 2.9 kb in length. There are four exons, all of which
are used to encode the transposase in germ cells
(O’Hare & Rubin, 1983; Laski et al., 1986). In somatic
cells, the complete P element makes a protein only up
to open reading frame 2 (ORF 2, exon 3) since the
third intron is not spliced {Rio et al, 1986). This
protein is thought to act as a repressor. Most Q strains
have transposase activities, but we identified a Q strain
(WY113) lacking transposase activity, and showed that
a P element having a deletion in ORF 3 (exon 4) is
essential for the determination of the P cytotype in this
strain (Nitasaka er al., 1987). It was also indicated that
artificial P elements with the same structure had weak
repression activities (Robertson & Engels, 1989; Misra
& Rio, 1990). However the molecular mechanism of
the development of the P cytotype is not yet under-
stood completely.

The other major type of P element is called defec-
tive. These are deletion derivatives of the complete P



elements. They are not completely inactive, and some
are though to act as suppressors of P transposition.
Two types of defective P elements have been charac-
terized. One is a repressor-producing P element with a
deletion in ORF 3 (see above). Another is a smaller
(1.15 kb) P element, designated the KP element, which
weakly suppresses hybrid dysgenesis and is found all
over the world (Black et al., 1987).

The number of P elements per haploid genome
varies from strain to strain. Strong P strains have
30-50 copies of P elements in their genome. The
number of complete P elements in a reference P strain,
72, was estimated as one-third of the total number of P
elements. Sequences of P elements from Drosophila
melanogaster from diverse geographical locations are
homogeneous and very similar to those of Drosophila
willistoni (O’Hare & Rubin, 1983; Iwano et al., 1984,
Sakoyama et al., 1985; Black et al., 1987; Daniels et al.,
1990; O’Hare et al., 1992). Moreover, the distribution
of P elements is restricted in Drosophila melanogaster,
and other closely related species have no P element
sequence (Brookfield et al, 1984). Therefore, it is
thought that P elements in Drosophila melanogaster
were introduced from a species of the Drosophila
willistoni group by horizonal transmission about 40
years ago (Daniels ef al., 1990; Kidwell, 1992).

In this study, we analysed three P and Q strains
derived from Japanese natural populations to study the
relationship between the structure and activity of their
P elements. The base sequence of one of the complete
P elements derived from a P strain was determined.

Materials and methods

Fly stocks

NP280 is an isogenic strain for the second chromo-
some which was derived from the Ishigaki island popu-
lation (Okinawa prefecture, 1980). AK194 is an
isogenic strain for the second and the third chromo-
somes which was derived from Akayu in 1977
(Yamagata prefecture, Yamazaki ef al., 1984; Iwano et
al., 1984), WY113 is an isogenic strain for the second
chromosome which was derived from Osaka in 1978
(Mukai & Yukuhiro, 1983; Nitasaka er al., 1987). This
stock was originally described as a P-element-free
strain by mistake (Iwano et al., 1984 ). The three strains
above were constructed using P-element-free stocks
carrying balancer chromosomes for the second (SM1,
Cy/In(2LR)bw""; for NP280 and WY113) and for the
second and the third (SM1, Cy/In(2LR)bw"'; TM3, Sb
Ser/Pr; for AK194). Female flies of these balancer
stocks were mated with males from isofemale lines so
that P element transposition might occur. Other strains
used have been described by Nitasaka e al. (1987).
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Most stocks were raised at 25°C except during GD
sterility tests (29°C in the yeast-glucose medium).

Tests for P element activities

To test the P element activity (transposase and
repressor), we employed GD sterility and singed weak
(sn™) hypermutability as indexes. Most of the methods
are described by Kidwell (1986) and Nitasaka er al.
(1987).

Repressor activity (or P cytotype) with sn” mutabi-
lity was tested as follows. Five male flies of C(1)DX,
yflsn*; 72 (Engels, 1979) were mated with five female
flies of the strain to be tested, and F, virgin females
were crossed with w sn’ m males. F, progeny were
scored for the singed bristle phenotype and the fre-
quency of sn" hypermutability was calculated by divid-
ing the number of sn® by the total number of flies
scored. sn* flies were ignored for scoring since it is
difficult to distinguish sn ™ and flies carrying wild-type
singed alleles(+ ). In all cases, at least 1000 flies were
scored.

DNA techniques

Most of the experimental methods for nucleic acids
were described by Maniatis ef al. (1982). Plasmids,
pn25.7dwc (Nitasaka er al., 1987) or pPORFO123A
(Nitasaka & Yamazaki, 1988) carrying most of the P
sequence (39-2882 bp) and no Drosophila sequence
were used as probe DNA. AEMBL3 vector was used
for the library construction and libraries were made
using BamHI which does not cut in the P element. The
obtained clones were analysed by the restriction
enzymes BamHI, Avall and Pstl. Avall cuts the full
length P element four times, including two cuts in the
right and left inverted repeats, so we were able to size
the P elements. For more precise mapping, HindIll,
EcoRl, Xhol, Sall and Ddel were also used. Ddel was
used to test whether the given P element was a KP
element (Black et al., 1987) or not. The 4 phage clones
digested with BamHI were loaded on to a 0.8 per cent
agarose gel, and those with other enzymes on a 1.5 per
cent agarose gel. For Southern hybridization, filters
were washed two times with 2 X SSC at room tempera-
ture for 5 min, 2XSSC at 68°C for 15 min and
0.5 % SSC at 68°C for 15 min.

A phage clone, ANP5.2 containing a full length P
element derived from NP280, was digested with
several restriction enzymes and ligated with pUC9.
The nucleotide sequence was determined by the
dideoxy method using Klenow enzyme (Sanger et al.,
1980; M13 sequencing kit, Takara Shuzo). Denatured
plasmid DNAs were used as templates instead of M13
phage DNA. The sequencing strategy and enzymes
used are shown in Fig. 1.
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Fig. 1 Sequencing strategy for pNP5.2.
Numbered boxes indicate P element
exons. Open and filled boxes indicate
the protein-coding and noncoding
regions, respectively. Stippled box indi-
cates the alternate coding region when
the third intron is not spliced. Light,
heavy and waved lines indicate the
introns, nontranscribed region and
Drosophila sequences, respectively.
Triangles indicate the 31 bp inverted
repeat. H, E, P, Pv and S represent the
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restriction sites of HindIIl, EcoRlI, Pstl,
Pvull and Sall, respectively. Each
arrow indicates the direction and length
of sequencing.

In situ hybridization

To test for the copy number of P elements in the strains
tested, in situ hybridization was carried out. Females of
the strains tested were crossed with males of a
P-element-free stock, Canton-S, and F, larvae were
used for slide preparation. Hybridization and detection
were done using sulfonylated probe DNA and the sec-
ond antibodies labelled with alkaline phosphatase
(DNA Chemiprobe, Orgenics). pPORFO123A was
used as a hybridization probe. Before labelling, this
plasmid was digested with Hindlll, EcoRI and Sal/l to
ease the hybridization. At least five slides per strain
were scored for testing the copy number of P elements.

Results

P element activity and cytotype of strains used

We selected three isogenic strains, NP280, AK194 and
WY113 derived from Japanese natural populations to
investigate the relationship between P element activity
and structure. Transposase and repressor (cytotype)
activities of these strains can be tested by GD sterility
and sn" hypermutability tests (Kidwell er al, 1977;
Engels, 1979, 1984). NP280, AK 194 (Yamazaki er al.,
1984) and WY113 (Nitasaka et al., 1987) were charac-
terized as a strong P, a weak P and a Q strain, respec-
tively, by GD sterility test. These results are summar-
ized in Table 1. NP280 was classified as a strong P
strain by the GD sterility test but showed a relatively
low level of sn* hypermutability. A similar strain was
reported by Engels (1984). In the sn* hypermutability
tests for transposase activity, we tested the effect of
only the second and the third chromosomes, but in the
GD sterility tests we tested for all chromosomes. How-
ever, this may not be the cause of the
disagreement between GD sterility and sn* hypermuta-

bility results because all three strains used have no P
element or few P clements on X chromosomes (see
below). All P elements on the X chromosome seem to
be defective P elements since our preliminary results
using the sn* hypermutability test showed that none of
the X chromosomes of these strains have transposase
activity (data not shown). Another interesting result is
that WY113 had no transposase activity, but had a
strong P cytotype. Therefore, the defective P
element(s) of this strain determines the P cytotype
(Nitasaka ez al,, 1987).

Copy number of P elements

All strains used are isogenic for the second (NP280
and WY113) or both the second and the third
{AK194) chromosomes. Thus their X chromosomes
were derived from balancer stocks which have no P
elements (M strain). We tested the copy number of P
elements by in situ hybridization and genomic South-
ern blot analysis. There were no (WY113) or few P
elements (NP280 and AK194) on the X chromosomes.
These P elements were thought to be transposed from
the autosomes to the X chromosomes when their
chromosomes were extracted. The copy numbers of
P elements per haploid genome in NP280, AK194
and WY113 were approximately 35, 25 and 15,
respectively (Table 1).

Cloning and mapping of P elements

To characterize the structure of P elements, we made
genomic libraries of NP280, AK194 and WY113.
Genomic DNA of each strain was partially digested
with BamHI, and was ligated with the arms of the
AEMBL3 vector (Frischauf et al, 1983). Intact P
elements can be cloned using BamHI since complete P
elements have no site for BamHI digestion. We made
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Table 1 P element activity and copy number in strains of Drosophila melanogaster

Transposase activity Repressor activity

Strains Copy number GD (%)* sn™ (%)t GD (%)* si™ (%)t
NP280 30-35 100.0 8.1 0.0 0.40
AK194 20-25 14.6 19.3 0.0 0.69
WY113 12-15 0.0 0.0 0.0 0.0

*GD sterility = (dysgenic ovaries/(dissected females x 2)) x 100.
tsn* hypermutability = ((sn* + sn®)/(sn* + sn+ sn”)) X 100.
tsn* hypermutability = (sn¢/sn*) X 100.

libraries containing approximate 107 phages per ug
DNA, and this number was sufficient for covering the
whole genome of Drosophila melanogaster. These
unamplified libraries were screened with a whole P
element probe without flanking genomic sequences
(pm25.7dwc; Nitasaka er al., 1987). We selected 50, 43
and 27 positively hybridizing phages at random from
the libraries of NP280, AK194 and WY113, respect-
ively. DNA from these phages was digested with
BamHI to cut off the vector sequences, and the sizes of
the BamHI fragments containing P elements were
determined by Southern blot analysis. These sizes are
specific for their insertional sites {or chromosomal
locations). Therefore P clones which have fragments
with the same size were thought to derive from the
same genomic positions.

Avall restriction enzyme has four restriction sites in
a complete P element and two of them are located in
the inverted repeats (IRs). Thus we can determine the
precise size of a given P element. PstI cuts the complete
P element twice and one site is located near the junc-
tion of exon 1-2 and another site near the junction of
exon 2-3. For the above reasons, P clones of NP280
and AK194 were mapped with Avall and Pstl. All
clones were tested as to whether they derived from
independent genomic positions by restriction fragment
sizing with BamHI, Avall and Pstl. P clones derived
from WY113 were mapped more precisely using the
additional restriction enzymes HindlIll, Xhol, EcoRI
and Sall.

We were able to isolate P elements in 27, 18 and 9
independent insertional sites from NP280, AK194 and
WY113 libraries, respectively. These maps are shown
in Fig. 2. These numbers roughly corresponded to two-
thirds to three-quarters of the total number of P
elements determined by in situ hybridization and
Southern blot analysis. The copy numbers of the full
length P elements (2.9 kb) for NP280, AK194 and
WY113 were at least four, five and one, respectively.
However, the 2.9 kb P element in WY113 is thought to

be defective since this strain has no transposase
activity. In our previous work, we demonstrated that
the ORF 3 deleted P element is essential for P cyto-
type determination in WY113 (Nitasaka et al,
1987). A similar P element also existed in NP280, and
it may have an important role for P cytotype determi-
nation in this strain. An interesting feature is that P
elements with the same sizes existed in several chromo-
somal positions in NP280 and AK194 (1.2, 1.1, 1.0
and 0.6 kb P elements in NP280; 1.3, 1.0, 0.9 and 0.7
kbin AK194).

We could not isolate P elements on BamHI frag-
ments over 20 kb, which exceed the cloning capacity of
the 4 phage vector. Genomic DNAs of these strains
were analysed by Southern blotting using a whole P
element probe and an ORF 2 probe (a 0.7 kb fragment
digested with Ps¢1) after BamHI digestion to examine
the copy number of P elements. There were a few
BamHI fragments containing P elements over 20 kb in
NP280, AK194 (two small P elements) and WY113
(one large and one small P element on the second
chromosome). We did not examine the structure of
these P elements on the BamHI fragments over 20 kb.

Black et al. (1987) reported that defective P
elements, designated as KP elements, invaded all over
the world and somewhat suppressed the hybrid
dysgenesis. The size of the KP element is 1154 bp, and
if it is digested with Ddel and Avall, one 423 bp and
two 478 bp and 629 bp internal fragments appear,
respectively. All P element clones ranging from 1.0 to
1.3 kb of the three strains were tested by Ddel and
Avall. P clones from two different genomic positions
in NP280, and from a single genomic position in
AK194, had fragments of the same length as the KP
element (indicated by * in Fig. 2). Ito er al. (1989) also
indicated the presence of KP elements in Japan, by
sequencing.
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Nucleotide sequence of a complete P element in
NP280

To evaluate the difference between complete P
elements from NP280 and px25.1 derived from a P
strain, 72 (U.S.A. population, Engels & Preston, 1979,
O’'Hare & Rubin, 1983), one of the complete P
elements of NP280 (pNP5.2) was fully sequenced (Fig.
1). There was no nucleotide difference between
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Fig. 2 Restriction maps of P elements derived from P and Q strains. The numbers at the left and right are total lengths of P
elements and the number of clones independently isolated, respectively. The upper figure shows the structure of a complete P
element. A, D and X indicate the restriction sites of Avall, Ddel and Xhol, respectively. Other sites are the same as in Fig. 1.
Vertical lines represent restriction enzymes used for crossing clones. Horizontal lines indicate the approximate structure of each
clone. (a) Restriction maps of P elements derived from NP280. (b) Restriction maps of P elements derived from AK194. (c)

Restriction maps of P elements derived from WY113.



Discussion

We could isolate two-thirds to three-quarters of the
total number of P elements in P and Q strains. It
appears that the copy number is roughly correlated
with the P element activity tested by GD sterility. How-
ever, considering the copy number of complete Ps and
the transposase activity measured by s#* hypermuta-
bility in NP280 and AK194, there is no clear correla-
tion between the above two parameters. In particular,
NP280 is classified as a P strain by the GD sterility test,
but showed relatively low s»* mutability. We think that
the sn* mutability test is more sensitive regarding
transposase activity than GD sterility, since the former
is P-specific and is mainly affected by transposase. We
suppose that the absence of this correlation is partly
due to the titration of transposase by many defective P
elements (Simmons & Bucholz, 1985) and the effect of
the ORF 3-deleted P element in NP280.

The copy numbers of 2.9 kb P elements were at least
four, five and one in NP280, AK194 and WY113,
respectively. Though WY113 had a 2.9 kb P element,
it must be inactive because this strain had no trans-
posase activity (Nitasaka er al., 1987). Since we could
isolate two-thirds to three-quarters of the total P
elements, the actual number of complete P elements
per haploid genome may be calculated as follows: in
NP280,4x35/27=5.2;in AK194,5x%x25/18=6.9.In

Copy Number

Fig. 3 Distribution of total lengths of P
elements vs. copy number.

({ . [T

P ELEMENTS IN D. MELANOGASTER 613

the case of a strong P strain x2, in which the numbers
of P elements are approximately 30-50, seven out of
26 P elements were complete P elements (O’Hare &
Rubin, 1983; O’Hare et al., 1992). The ratio of com-
plete P elements to total P elements is lower in NP280
and WY113. These rates may correlate with sn*
hypermutability.

All strains tested had strong P cytotypes judging
from repressor activity tests using GD sterility and s2”
hypermutability. We showed that the ORF 3-deleted P
element was necessary for determination of the P cyto-
type in WY113 (Nitasaka et al., 1987). The same type
of P element also existed in NP280 but not in AK194.
It seems that the ORF 3-deleted P element has a role in
determination of P cytotype in NP280. The KP
element which is a deletion derivative of a P element is
1154 bp in length. This element weakly suppresses the
transposition of P elements and was found in many
strains derived from all over the world (Black et al.,
1987). There are two and one KP elements with similar
length and maps in NP280 and AK194, respectively.
On the other hand, we could not detect any KP
elements in WY113. It seems that KP elements have
no role in cytotype determination in WY113. In the
case of AK194, some complete and/or small P
elements (especially KP elements) may determine the
strong P cytotype in this strain.
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As far as the lengths of P elements are concerned,
most of the P elements were classified as complete or
relatively small (<1.3 kb), and as P elements with
medium size, though these were rare. There were small
P elements with the same length in different genomic
positions {e.g. 1.1 kb elements in NP280 and 0.9 kb
elements in AK194). These results are consistent with
the notion that the small P elements multiply more
easily than large P elements and transpose to different
genomic positions, as suggested in the case of KP
elements. The smallest P element we cloned was 0.4 kb
from AK194 in spite of our cloning system being able
to detect smaller P elements. It is unlikely that we only
selected A clones with strong signals. It has been
suggested that at least 138 bp of 5’ sequence and at
least 150 bp of 3" sequence are needed for transposi-
tion (O’Hare & Rubin, 1983; Mullins et al., 1989), so
small P elements cannot transpose and multiply. Histo-
grams of P element sizes for each strain are summar-
ized in Fig. 3.

The target sequence of P element insertion of
pNP5.2 was quite different from the consensus
sequence determined by O’Hare & Rubin (1983). We
consider that P elements recognize not only the eight
target sequences but also other sequences such as the
secondary structure of DNA.

It is clear that all Avall and Ps¢l sites were con-
served in the P elements analysed (Fig. 2). Moreover
no nucleotide difference was found between the
pNP5.2 from a Japanese population and the pz25.1
(O'Hare & Rubin, 1983) from the U.S. population
throughout the whole 2907 bases. This observation
may be because of to the relatively recent history of P
elements in Drosophila melanogaster. The same result
was also reported by several researchers using P
elements derived from diverse geographical locations
(O’Hare & Rubin, 1983; Iwano e al., 1984; Sakoyama
et al, 1985; Black et al, 1987). In particular, the
sequence of a P element from Drosophila willistoni was
identical to that of pz25.1, with a single nucleotide
exception. Thus, it is now thought that P elements in
Drosophila melanogaster were introduced from a
species of the Drosophila willistoni group by horizontal
transmission about 40 years ago (Daniels ef al., 1990).
Our results also support this hypothesis.
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