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ABSTRACT

The telomeric P elements TP5 and TP6 are associated with the P cytotype, a maternally inherited
condition that represses P-element-induced hybrid dysgenesis in the Drosophila germ line. To see if cytotype
repression by TP5 and TP6 might be mediated by the polypeptides they could encode, hobo transgenes
carrying these elements were tested for expression of mRNA in the female germ line and for repression of
hybrid dysgenesis. The TP5and TP6 transgenes expressed more germ-line mRNA than the native telomeric
P elements, but they were decidedly inferior to the native elements in their ability to repress hybrid
dysgenesis. These paradoxical results are inconsistent with the repressor polypeptide model of cytotype. An
alternative model based on the destruction of P transposase mRNA by Piwi-interacting (pi) RNAs was
supported by finding reduced PmRNA levels in flies that carried the native telomeric Pelements, which are

inserted in a known major piRNA locus.

RANSPOSABLE elements are significant compo-
nents of the genomes of many organisms. These
elements can cause gene mutations and chromosome
breakage, and over evolutionary time, they can alter the
composition and structure of genomes. There is, there-
fore, considerable interest in elucidating the mecha-
nisms that foster or repress their activity. For example,
many researchers have studied the regulation of Ptrans-
posable elements in Drosophila melanogaster—a model
family of elements in a model genetic organism (ENGELS
1989; R1o 1990).

Pelements are cut-and-paste transposons whose activ-
ity is catalyzed by an 87-kDa polypeptide, the P trans-
posase, which is encoded by complete members of the
P-element family (Karess and RusIN 1984; Rio et al.
1986). This polypeptide is restricted to the germ line
because the last of the element’s three introns is
removed from P RNA only in that tissue (LASKI et al.
1986). In somatic cells, retention of this intron results in
the production of a 66-kDa polypeptide instead of the
transposase. Tissue-specific splicing is therefore an
important mechanism for controlling P-element activ-
ity. However even within the germ line, where the P
transposase is made, P-element activity is regulated.

Genetic evidence for this regulation was obtained
from early studies that defined a maternally transmitted
state called cytotype (ENGELS 1979; KipweLL 1981). The
M cytotype permits P-element activity whereas the P
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cytotype represses it. Thus, when P elements are com-
bined with the M cytotype by crossing P-bearing males to
M-cytotype females, the Pelements are mobilized in the
offspring, where they cause a syndrome of germ-line
abnormalities called hybrid dysgenesis (KIDWELL et al.
1977; ENcELs 1989). This syndrome includes gonadal
dysgenesis (GD) in both of the sexes, chromosome
breakage, and elevated mutation rates. By contrast,
crosses between P-bearing males and P-cytotype females
produce offspring that seldom show dysgenic traits.
These early studies also demonstrated that the P cyto-
type depends on the presence of Pelements themselves
(ENGELS 1979; SVED 1987); thus, the Pelement family is
autoregulated.

For many years the P cytotype has been attributed to
the 66-kDa polypeptide encoded by complete P ele-
ments through alternate splicing of P transcripts (R10o
1990; Misra and Rio 1990; RocHE et al. 1995). This
polypeptide acts as a repressor of transposase activity
and appears to be made in the germ line as well as the
soma (SIMMONS et al. 2002a). However, recent studies
have shown that incomplete P elements incapable of
encoding this polypeptide are able to evoke the P cyto-
type (MARIN ef al. 2000; STUART et al. 2002; SIMMONS
et al. 2004). These elements are located in the telomere-
associated sequences (TAS) at the left telomere of the X
chromosome. When transmitted maternally, each of
these elements represses germ-line P-element activity.

It is possible that these incomplete, telomeric P ele-
ments encode small polypeptides that, like the 66-kDa
repressor, regulate Pelement activity. Some incomplete
P elements are known to encode such polypeptides
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(BLACK et al. 1987; RASMUSSON et al. 1993; ANDREWS and
GLOOR 1995; LEE et al. 1998; SIMMONS ¢t al. 2002b) and
these types of elements are prevalent in natural popu-
lations, presumably because natural selection has
favored their spread; however, unlike telomeric P ele-
ments, repressor-producing P elements need not be
transmitted maternally in crosses to exert their effects
(BLACK et al. 1987; SIMMONS et al. 2002b). Furthermore,
although many—perhaps most—Drosophila in natural
populations have P elements inserted at the left end of
the X chromosome (AjiokA and EANEs 1989), the par-
ticular kinds of incomplete P elements found there are
not widespread (STUART et al. 2002). These observa-
tions suggest that cytotype regulation by telomeric P
elements has little to do with the ability of these ele-
ments to produce repressor polypeptides; rather, it may
involve a different class of regulatory molecules. In this
regard, BRENNECKE et al. (2007) have shown that the
TAS at the left end of the X chromosome generate small
RNAs that associate with some of the proteins involved
in RNA interference—the Piwi-type proteins. These
Piwi-interacting (pi) RNAs may therefore play a role in
regulating transposon families whose members have
inserted within or near the TAS.

To test these alternate models of cytotype regulation,
we have examined the expression and biological func-
tions of two incomplete telomeric P elements, 7P5 and
TP6, in their native positions within the TAS of the X
chromosome and in transgenes inserted elsewhere in
the genome. The polypeptide repressor model predicts
that the native telomeric Pelements, which are powerful
repressors of hybrid dysgenesis (STUART et al. 2002),
should produce coding mRNAs in the germ line; fur-
thermore, it predicts that if the transgenic counterparts
of these elements also express coding mRNAs, they too
should repress hybrid dysgenesis. By contrast, the piRNA
model predicts that the native telomeric P elements
should be underexpressed relative to the transgenic
elements because of a shift from mRNA production to
piRNA production and that only the native telomeric P
elements should be effective regulators of the P family
because they are inserted in a piRNA locus. Our data
indicate that the native telomeric P elements are under-
expressed compared to the transgenic P elements and
that only the native elements are effective repressors of
hybrid dysgenesis—findings that clearly favor the piRNA
model of cytotype regulation.

MATERIALS AND METHODS

Drosophila stocks and husbandry: The genetic markers and
special chromosomes that were used in this work are explained
in the FlyBase web site, in LINDSLEY and ZimM (1992), or in
references cited in the text. Experimental cultures were reared
on a standard cornmeal-molasses—dried yeast medium at 25°
unless stated otherwise.

RNA isolation and RT-PCR: RNA was isolated from groups
of 30 virgin females using TRIZOL reagent (Invitrogen)

according to the supplier’s instructions. RNA pellets were
rehydrated in 20 pl diethylpyrocarbonate (DEPC)-treated
water and two 4-pl aliquots from each sample were removed
for analysis. One aliquot was subjected to reverse transcription
(RT) by the ThermoScript reverse transcriptase (Invitrogen)
using an oligo-dT primer in a total volume of 20 wl according
to the supplier’s instructions. The other aliquot was added to
16 pl of DEPC-treated water to serve as a non-RT control. After
RT was completed, both RT and control samples were treated
with 1 pl RNase A (10 mg/ml) to clear them of RNA. The DNA
in 2-pl aliquots from these samples was then amplified by
polymerase chain reaction (PCR) in a total volume of 25 pl
using appropriate primers and temperature profiles (supple-
mental Table S1). Except where noted, all amplifications were
over 30 cycles. The PCR products were analyzed on 1% agarose
gels run at 70 V; 2 pl 6X tracking dye was mixed into each
reaction tube and 20 pl of the mix were inserted into the gel
for analysis. Band intensities on the gels were quantified using
Image] software (ABRAMOFF et al. 2004).

Construction of transgenes and creation of transgenic
stocks: Transgenes designed to express the TP5 and TP6 ele-
ments were constructed using (1) the hobo transformation
vector pHawN (B. CaLvl, personal communication), (2) a
cloned fragment containing the ksp70 promoter from Dro-
sophila melanogaster, and (3) PCR-amplified fragments contain-
ing the coding regions of the TP5 and TP6 elements. The
resulting transgenes (supplemental Figure S1), denoted
H(hsp/TP5) and H(hsp/TP6), contain the native promoter of
each P element as well as the hsp70 promoter, which is
positioned immediately upstream of the P sequence. They
also contain a marker gene, mini-white, situated between the 5’
and 3’ segments of the hobo element in pHawN. This gene
confers the ability to make eye pigment in stocks that are
mutant for the native white gene. Because the P elements in
each of these constructs are terminally truncated, they cannot
be excised or transposed by the action of the P transposase.

Transgenic stocks were obtained by injecting the H(hsp/TP)
constructs into embryos from the y*”** w stock following the
procedure of SIMMONS et al. (2002a). Each of the transgene
insertions was made homozygous by inbreeding and then
mapped to a specific chromosome by segregation against
dominant markers. All the insertions used in the analysis were
located on chromosomes 2 or 3. Stocks carrying autosomal
insertions of hobo transgenes containing other types of P
elements—CP (complete P), KF, or SP—were also used in
this work; all these stocks have been described previously
(StMmMONSs et al. 2002a,b).

Gonadal dysgenesis assay for P-element activity: GD was
induced by crossing females from the stocks under test to
males from Harwich, a P strain that is homozygous for a null
mutation of the white gene. The tests were carried out at 29°
according to standard procedures (SIMMONS et al. 2007a).

Mutability assay for P-element activity: The sn” allele is due
to the insertion of two incomplete P elements in the 5’
untranslated region of the singed gene (Ro1HA et al. 1988). In
the presence of the P transposase, either of these elements can
be excised at high frequency to create singed alleles that have
different phenotypes: extreme singed (sn°) or pseudo-wild
type (sn™). Because these P-excision events occur in the germ
line, the different bristle phenotypes are manifested in the
next generation, and their combined frequency can be used to
measure the amount of germ-line P-element activity. To assess
the effect of the H(hsp/P) transgenes on this activity, each of
the transgenes was crossed into a w sn” stock. Then homozy-
gous w sn”; H(hsp/P) females were crossed at 21° to males
homozygous for the stable P transposase source P(ry*,
A2-3)99B (ROBERTSON et al. 1988) to produce w sn*; H(hsp/P)/ +
sons that were heterozygous for P(ry*, A2-3)99B. These sons
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et al. 1987), SP (RasMUSSON et al. 1993), TP5 and TP6 (STUART et al. 2002). Shaded boxes indicate regions that are untranslated
or that are translated out of frame compared to the complete element. Arrows show positions of the primer binding sites (sequences

can be found in supplemental Table S1).

were individually mated at 25° to C(1)DX, y ffemales from a
P strain, and their male offspring were scored for the three
singed bristle phenotypes—weak, pseudo-wild type, and ex-
treme—as described (STUART et al. 2002). The frequency of
the last two phenotypes among all the flies counted was used
to estimate the mutability of sn* induced by P(ry*, A2-3)99B
in the presence of the H(hsp/P) transgene. Control flies with-
out the H(hsp/P) transgenes were produced by crossing w sn*,
TP5 w sn*, or TP6 w sn” females (see STUART et al. 2002) to
P(ry*, A2-3)99Bmales at 21°. The (TP) w sn*; P(ry*, A2-3)99B/+
sons were then individually crossed to C(1)DX, y ffemales from
a P strain at 25° to assess sn* mutability in the germ line.

Statistical analyses: Variances (and standard errors) were
computed empirically among data collected from replicate
cultures. Differences between the means of experimental
groups were assessed by performing ztests.

RESULTS

Expression of telomeric P elements: The transcrip-
tional units in the telomeric P elements 7P5 and TP6
and in the other P elements CP. KP, and SP are dia-
grammed in Figure 1. Each of these units was inserted
into a transgenic construct downstream of a heat-shock-
inducible promoter (hsp70); however, because each
element also has its own promoter, expression of these
transgenic elements does not require heat shock, and
none was employed in any of the experiments. The
positions of the primers that were used in the RT-PCR
analysis of P-element expression are also shown in
Figure 1. One of the primers is specific for TP5 because
it spans the deletion breakpoints in this element, and
two of them (PAO/1-d and PA2/3-u) are specific for
cDNA derived from spliced P RNA because they span
introns. The PA2/3-u primer is additionally specific for
germ-line cDNA because it spans the last Pintron, which
is removed only in germ-line cells.

Figures 2 and 3 present the results of the RT-PCR
experiments to analyze the expression of 7P5and TP6in
their native telomeric locations on the X chromosome
and in hobo transgenes inserted on either of the major
autosomes. An autosomal insertion of the CP transgene
[H(hsp/CP)2], which produces the P transposase in the
germ line (SIMMONS et al. 2002a), was included in these
experiments as a control. RNA isolated from whole adult
females carrying these P elements or transgenes was

reverse transcribed using an oligo-dT primer. Success of
the RTreaction was assessed by amplifying samples of the
products with primers located in different exons of the
aubergine (aub) gene, which is expressed in the female
germ line (BRENNECKE et al 2007). All the RT-PCRs
yielded approximately equal amounts of the 848-bp
DNA product expected from amplification of spliced
aub cDNA (Figures 2A and 3A); some of the non-RT
samples yielded traces of a 1031-bp product, indicating
the presence of contaminating genomic DNA in these
RNA isolates.

The RT and non-RT samples were then amplified with
the P-element primers P318-d and PA2/3-u, the latter
being specific for germ-line P cDNA (Figures 2B and
3B). RT-PCR with the H(hsp/CP) transgene yielded a
1550-bp product showing that fully spliced germ-line CP
cDNA was present. The RT-PCRs with the samples from
the H(hsp/TP5)and H(hsp/TP6) transgenes also yielded
germ-line cDNA products (576 bp for TP5 and 638 bp

TP5 transgenes
CP TP5N _A B C D

— 1031 bp

— 848 bp

(Germ-line — 766 bp

P mRNA) — 576bp

c — 748 bp

(Total P — 558 bp
mRNA)

F1GURE 2.—RT-PCR analysis of expression of native (N)
and transgenic (A-D) TP5 elements. The CP transgene, which
expresses P-transposase mRNA in the germ line, was used as a
control. Samples with (+) and without (—) reverse transcrip-
tion (RT) were analyzed by PCR amplification with appro-
priate primers. (A) Amplification using primers Aub-d and
Aub-u to detect aubergine mRNA. (B) Amplification using prim-
ers P318-d and PA2/3-u to detect spliced germ-line mRNA
from the CP transgene (top) and the 7P5 elements (bottom).
(C) Amplification over 23 cycles using primers P1828-d and
P2575-u to detect total Pelement mRNA.
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TP6 transgenes
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Ficure 3.—RT-PCR analysis of expression of native (N)
and transgenic (A-C) TP6 elements. The CP transgene, which
expresses P-transposase mRNA in the germ line, was used as a
control. Samples with (+) and without (—) reverse transcrip-
tion (RT) were analyzed by PCR amplification with appro-
priate primers. (A) Amplification using primers Aub-d and
Aub-u to detect aubergine mRNA. (B) Amplification using prim-
ers P318-d and PA2/3-u to detect germ-line mRNA from the CP
transgene (top) and the 7P6 elements (bottom). (C) Ampli-
fication over 23 cycles using primers P1828-d and P2575-u to
detect total Pelement mRNA.

for TP6); some of these reactions also yielded products
~190 bp longer, probably because the PA2/3-u primer
binds downstream of the 2/3 intron in unspliced cDNA
and primes DNA synthesis through it. Within each set of
results, the amounts of the germ-line cDNA product
from different samples of the TP5 and TP6 transgenes
appeared roughly similar; thus, different insertions of
these transgenes appeared to be expressed more or less
equivalently. By contrast, the native telomeric P ele-
ments were much less effectively expressed. The TP5
elementdid notyield a distinct germ-line cDNA product
at all, and the TP6 element yielded very little of this
product. The rarity of the 7P6 germ-line product was
confirmed in another PCR using the primers PAO/1-d
and PA2/3-u, which are specific for fully spliced germ-
line cDNA (supplemental Figure S2). Collectively, these
experiments indicate that in the female germ line the
native telomeric P elements are not as effectively ex-
pressed as the transgenic P elements.

We also tested the RT samples for PcDNA that retains
the 2/3 intron by performing PCR with primers in
exons 2 and 3 (Figures 2C and 3C). All the RT samples
yielded the expected 748-bp DNA product, although
it was less abundant in the samples from the native
telomeric elements than in the samples from the trans-
genic elements; the inferior expression of the native
TP6 element was confirmed in another PCR specific for
c¢DNA that lacked the first P intron (supplemental
Figure S3). Figure 2C also shows faint traces of a 558-bp
product, which represents cDNA lacking the 2/3 intron
(i.e., germ-line cDNA). This product was seen in the

samples from the TP5 transgenes A and B, butnot in any
of the other samples. Its rarity suggests that fully spliced
Pelement RNA is a minor component of the total
P-element RNA in these samples.

This RT-PCR analysis indicates that each of the
H(hsp/TP) transgenes expresses germ-line-specific and
nonspecific P RNA more abundantly than the native
telomeric P elements. On the repressor polypeptide
model of cytotype regulation, these transgenes would
logically be expected to produce more repressor P poly-
peptides than the native elements. We therefore carried
out genetic tests for repressor function in transgenic
flies. The positive controls in these experiments had a
transgene with KF, an incomplete P element that pro-
duces a 22-kDa repressor polypeptide (LEE et al. 1998),
or they had a native telomeric P element. The negative
controls had a transgene containing SP, a small P ele-
ment that does not produce a repressor polypeptide
(RasMUsSON et al. 1993), or they had no transgene at all.

Effects of H(hsp/P) transgenes on GD: Hybrid
dysgenesis occurs in the offspring of crosses between
M-cytotype females and P males, but not in the offspring
of crosses between P-cytotype females and P males.
Failure of the gonads to develop—gonadal dysgenesis—
is the most dramatic manifestation of hybrid dysgenesis.
We therefore tested the H(hsp/P) transgenes and native
telomeric P elements for repression of GD induced in
crosses between females carrying these transgenes or
elements and males from the strong P strain Harwich
(Table 1); the tests were spread over two separate
experiments.

None of the transgenic stocks (SP, KB, TP5, or TP6)
showed any ability to repress gonadal dysgenesis. In all
cases, the frequency of GD was at or near 100%, as it was
in tests with the y wstock, an M-cytotype strain that served
as a negative control. In contrast, the telomeric P stocks
TP5 and TP6 showed moderate repression (GD frequen-
cies 44-60%). Thus, although the native telomeric P ele-
ments could repress GD, the transgenic stocks—even
those carrying the KP transgene—could not.

To extend this analysis, we tested if any of the
transgenes could repress GD in combination with P
elements from M5B#I, a P-bearing strain that by itself
has weak repression ability (GD frequency 86-91%,
Table 1) but no ability to induce GD. The rationale for
these tests comes from SIMMONS et al. (2007a), who
showed that the native telomeric P elements 7P5 and
TP6interact synergistically with Pelements from M5B#1
to repress GD induced by Harwich. We used the same
experimental schemes as SIMMONS et al. (2007a). Each
transgenic strain was reciprocally crossed with M5B#1,
and the F; hybrid females were then crossed to Harwich
males to induce GD in their offspring. In the same way,
we tested the y w stock as a negative control and the
telomeric Pstocks TP5 and TP6 as positive controls.

The data from these interaction tests (supplemental
Tables S2 and S3) were collected in two experiments
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TABLE 1

Gonadal dysgenesis in the offspring of control, TF,
and H(hsp/P) stocks

No. of No. GD =+
Stock” Experiment” vials of 99 SE* (%)
Yy w 1 25 460 100.0 = 0.0
2 14 176 99.6 £ 0.4
M5B#1 1 25 433 86.4 £ 3.2
2 18 200 90.9 = 2.0
TP5-N 1 25 489 51.5 £ 54
2 23 399 60.1 + 4.2
TP6-N 1 29 289 44.2 * 6.8
2 16 161 58.1 = 8.6
SP-A 2 20 266 100.0 = 0.0
SP-B 1 25 420 100.0 = 0.0
KP-3 1 25 462 99.4 + 0.5
KP-7 2 20 268 96.1 = 1.7
KP-14 2 18 209 99.7 + 0.4
TP5-A 2 24 137 98.9 = 0.8
TP5-B 2 16 241 99.7 = 0,3
TP5-C 1 24 331 99.7 = 0.4
TP5-D 2 23 331 99.3 £ 0.5
TP6-A 1 26 373 100.0 = 0.0
TP6-B 1 25 490 100.0 = 0.0
TP6-C 1 22 287 100.0 = 0.0

“ywis an M strain and M5B#1 is an M’ strain (SIMMONS et al.
2007a). TP5-Nand TP6-N are strains with the native telomeric
P elements on the X chromosome and are the same strains
analyzed by SIMMONS ef al. (2007a); other entries are strains
with H(hsp/P) transgenes that contain the indicated P ele-
ment.

*The two experiments were carried out at different times.

“Unweighted mean percentage of GD * standard error.

carried out in conjunction with the primary tests for
repression of GD (Table 1). No interactions between any
of the transgenes and the Pelements from M5B#1 were
observed. In all cases, the frequency of GD in the Fy
females was at or near 100%—similar to the results
obtained with the negative control stock (y w). However,
in both experiments, the native telomeric P elements
showed moderate to strong abilities to repress GD when
they were combined with P elements from M5B#I.
Repression was more effective in the offspring of F,
hybrids produced by crossing 7P females with M5B#1
males (denoted cross I) than in the offspring of the
reciprocal hybrids (cross II). It was also more effective
in offspring from TP6 hybrids (<4% GD in cross I and
65-68% GD in cross II) than in those from TP5 hybrids
(35-59% GD in cross I and 82-87% GD in cross II).
However, in all cases, the level of repression was not
significantly affected by the presence or absence of a
telomeric P element in the Fo females themselves.
SiMMONS et al. (2007a) made similar observations.

To ascertain if the repression seen in the offspring
from the TP-M5B#I hybrids was due to an interaction
between the telomeric and M5B#1 P elements, we as-
sessed the level of repression in offspring from hybrids

between each of the native TPstrains and a wild-type M-
cytotype strain (Samarkand). The results (supplemental
Table S4) indicate that in this hybrid context, 7P6 was a
weak repressor and TP5was a negligible repressor. Thus,
the moderate to strong repression seen in offspring of
the TP-M5B#1 hybrids must be due to a synergism be-
tween the telomeric and M5B#1 Pelements, as observed
by StMMONS et al. (2007a). These results show that the
native telomeric P elements, TP5 and 7TP6, interact
synergistically with the M5B#1 Pelements to repress GD,
whereas the H(hsp/P) transgenes do not.

Effects of H(hsp/P) transgenes on sn* mutability: In
the germ line P elements are excised and transposed
through the action of the P transposase. Previous studies
have shown that both the KPand CP transgenes encode
repressors of this activity (SIMMONS el al. 2002a,b).
These studies made use of the sn” allele, which is un-
usually sensitive to transposase attack. In the presence of
P(ry*, A2-3)99B, a P transgene that encodes the P trans-
posase but not the 66-kDa P repressor, either of the two
P elements inserted in this allele can be excised to
produce singed alleles with different phenotypes. How-
ever, when either a KPor a CP transgene is also present,
this mutability is partially repressed.

To determine if the TP5 or TP6 transgenes could
repress sn* mutability, we tested sn”; H(hsp/TP)/ + males
that were heterozygous for the P(ry", A2-3)99B trans-
posase source. For comparison, we also tested males that
carried the native telomeric P elements or the other
H(hsp/P) transgenes. The results of all these tests, which
were spread over two separate experiments, are sum-
marized in Table 2.

In the absence of any transgene, the germ-line muta-
tion rate of the sn” allele was high: 0.557 in experiment 1
and 0.471 in experiment 2. This level of sn* mutability
was markedly reduced by the native TP5 element
(mutation rate = 0.061 in experiment 1 and 0.054 in
experiment 2), and it was moderately reduced by the
native 7P6 element (mutation rate = 0.313 in experi-
ment 1 and 0.287 in experiment 2). Among the control
transgenes, neither insertion of H(hsp/SP) reduced sn*
mutability in either experiment, but all three insertions
of H(hsp/KP) reduced it significantly in both experi-
ments (mutation rates ranging from 0.218 to 0.381).
The repressing effects of the KP transgene were there-
fore comparable to those of the native TP6 element. In
experiment 1, the mutation rates for the flies that
carried a TP5 transgene ranged from 0.424 to 0.540;
three of these rates are significantly less than the rates
seen in the negative controls (no transgene and both
insertions of the SP transgene). Thus, there is evidence
that the 7P5 transgene represses sn” mutability, al-
though less effectively than the KP transgene and much
less effectively than the native 7P5 element. In experi-
ment 2, the mutation rates for the flies that carried a TP6
transgene ranged from 0.421 to 0.450—not significantly
different from two of the negative controls in that
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TABLE 2

Repression of A2-3induced sn* mutability by telomeric P elements and H(hsp/P) transgenes

Experiment 1

Experiment 2

TP element No. of No. of Mutation No. of No. of Mutation
or transgene” vials flies rate = SE’ vials flies rate = SE’
None 48 1155 0.557 = 0.021 49 1576 0.471 = 0.019
TP5-N 38 534 0.061 = 0.015 47 1826 0.054 = 0.011
TP6-N 43 1194 0.313 = 0.032 50 1748 0.287 = 0.023
SP-A 48 1016 0.576 = 0.026 50 1667 0.553 = 0.018
SP-B 49 1056 0.591 = 0.021 45 1023 0.463 = 0.028
KpP-3 50 1273 0.218 = 0.018 49 1925 0.227 = 0.017
KP-11 49 1526 0.351 = 0.020 49 1367 0.381 = 0.019
KP-14 46 1096 0.272 = 0.024 42 1052 0.291 = 0.022
TP5-A 49 1033 0.445 = 0.023

TP5-B 50 1268 0.439 = 0.024

TP5-C 48 961 0.424 = 0.023

TP5-D 48 1047 0.540 = 0.025

TP6-A 47 1468 0.443 = 0.022
TP6-B 49 1531 0.450 = 0.023
TP6-C 50 1863 0.421 *= 0.019

“TP5-N and TP6-N are the native telomeric P elements on the X chromosome; other entries are H(hsp/P)

transgenes containing the indicated P element.

’Unweighted mean mutation rate * standard error.

experiment (no transgene and SP-B). Thus, the TP6
transgene does not appear to repress sn* mutability.

Effects of telomeric P elements on transposase
mRNA: The preceding molecular and genetic analyses
of the telomeric and transgenic P elements have shown
that the native telomeric P elements express much less
mRNA in the germ line than their transgenic counter-
parts, but they repress hybrid dysgenesis much more
strongly. This paradox is difficult to explain on the
polypeptide repressor model of cytotype regulation.
However, it can be explained on the piRNA model if
RNA transcribed from the native telomeric Pelements is
diced into small RNAs that interact with Piwi-type pro-
teins, and the resulting piRNA/Piwi complexes repress
dysgenesis through RNA interference. The simplest way
for this process to work would be for the piRNAs to
target transposase mRNA for destruction. On this idea,
we would expect to find less transposase mRNA in flies
that carry a native telomeric P element.

Evidence supporting this idea was obtained from an
experiment in which transposase mRNA levels were
assessed by RT-PCR (Figure 4). The RNA for this exper-
iment was extracted from the daughters of crosses
between females homozygous for the native 7P5 or
TP6 elements and homozygous H(hsp/CP) males. The
native TP5 element in the females came from the stock
that had been used as a positive control in the sn* mu-
tability experiment (see Table 2) after removing the
sn” mutation by recombination, and the native TP6 ele-
ment came from the stock that had been used as a
positive control in the gonadal dysgenesis experiment
(see Table 1). For comparison, we analyzed RNA from

the daughters of crosses between M-cytotype females
devoid of any P elements and homozygous H(hsp/CP)
males. Two independently isolated RNA samples from
each genotype were reverse transcribed using an oligo-
dT primer and the cDNA products were subsequently
amplified by PCR. Even though amplification with
primers for the aubergine gene indicated that aub cDNAs
were equally abundant in all the RT samples (Figure
4A), amplification with primers for germ-line P cDNA
showed that transposase mRNA from the CP transgene
was less abundant in the samples from the flies with the
native telomeric P elements and least abundant in the
two samples from the 7P5-bearing flies (Figure 4B).
This last observation is noteworthy because as this mo-
lecular analysis was underway, we tested the native
TP5 and TP6 strains for their ability to repress go-
nadal dysgenesis induced by the P strain Harwich and
found that TP5 was a much stronger repressor (GD
frequency 6% compared to 64% for TP6 and 99% for
the M-cytotype control; supplemental Table S5. Note
that the 7P5 strain used here is also a stronger repres-
sor of GD than the TP5 strain used in the experiment
summarized in Table 1). A final PCR using primers for
cDNA from the complete P element that retained the
2/3 intron (i.e., not specific to the germ line) showed
no consistent reduction of product in the presence of
the native telomeric Pelements (Figure 4C). Thus, the
diminution of CP RNA by the native telomeric P ele-
ments was apparently confined to the germ line.

To confirm these findings, we performed a similar
RT-PCR analysis in which eight independently isolated
RNA samples from TP5/+; H(hsp/CP)/ + females were
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+/+; CP/+ TP5/+, CP/+ TP6/+; CP/+
Replicate: 1 2, 1 2 1 2,
RT: + - + - + - + - + - + -
A - . Lad — 1031 bp
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F1GUrRe 4.—RT-PCR analysis of transposase mRNA expres-
sion in flies carrying the CP transgene and the native 7P5 or
TP6 elements. Replicate samples (1 and 2) with (+) and with-
out (—) reverse transcription (RT) were analyzed by PCR am-
plification with appropriate primers. (A) Amplification using
primers Aub-d and Aub-u to detect aubergine mRNA. (B) Am-
plification using primers PAO/1-d and PA2/3-u to detect
germ-line P-transposase mRNA from the CP transgene (top)
and fully spliced germ-line mRNA from the 7P6 element (bot-
tom). (C) Amplification using primers PA0/1-d and P2075-u to
detect partially spliced mRNA from the CPtransgene (top) and
the TP6 element (bottom); this mRNA retains the 2/3 intron
and is therefore not germ-line specific.

randomly paired with eight RNA samples from females
that carried an H(hsp/TP5) transgene instead of the
native 7P5 element. Each of the four insertions of the
H(hsp/TP5) transgene was represented by two indepen-
dent RNA samples. After reverse transcribing the RNA
with an oligo-dT primer, we amplified the cDNAs with
PCR using different sets of primers and then compared
the abundance of the PCR products between pairs of
samples, one from flies that had the native TP5 element
and the other from flies that had a TP5 transgene. In
these comparisons, we noted the number of pairs in
which the native TP5 sample had at least 20% less PCR
product than the transgene sample. This conservative
approach ignores nominal differences between the
paired native and transgene samples. The original data
are shown in supplemental Figure S4 and the results of
the pairwise comparisons are summarized in Table 3.
There was no tendency for the native TP5 samples to
have less product than the transgene samples in the
PCRs for the control aubergine mRNA or for CP mRNA
that retained the 2/3 intron (z.e., CPmRNA not specific
to the germ line); however, in the PCRs for the germ-line
TP5 and CP mRNA, the native 7P5 samples had less
product than the transgene samples in all eight compar-
isons. Assuming equal representation of these mRNAs
in the native and transgene samples, the probability of
this result is 0.0039 in each case. On the basis of this
nonparametric statistical test, we therefore reject the as-
sumption of equal representation and conclude that in
the germ line, the TP5 and CP mRNAs are significantly
less abundant when the native 7P5 element is present.

TABLE 3

Paired comparisons of RT-PCR products from flies with
the native TP5 element and H(hsp/TP5) transgenes

Primers mRNA detected Score*
Aub-d; Aub-u aubergine 2
TP5-d; PA2/3-u Germ-line TP5 8
PAO/1-d; PA2/3-u Germ-line CP 8
PAO/1-d; P2075-u CP with 2/3 intron 4

“Number of pairs in which the sample with the native TP5
element had at least 20% less PCR product than the sample
with the 7P5 transgene. A total of 8 pairs were tested.

DISCUSSION

The standard model for the P cytotype postulates
that P activity is regulated by P-encoded repressor
polypeptides—in particular, the 66-kDa repressor pro-
duced from complete P elements by alternate splicing
of their transcripts in the germ line (R1o 1990; RocHE
et al. 1995; ASHBURNER et al. 2005; LEwIN 2007). How-
ever, this polypeptide cannot account for repression
of hybrid dysgenesis by the telomeric P elements 7P5
and TP6 because neither of these elements has the
coding potential to produce it. The P cytotype of the
TP5 and TP6 strains must therefore have some other
explanation.

One possibility is that like the KP element, 7P5 and
TP6 produce smaller polypeptides that repress P-ele-
ment activity. However, transgenes containing either
TP5 or TP6 have little or no ability to repress hybrid
dysgenesis—certainly less than that of the KP transgene.
In addition, the 7P5 and TP6 transgenes do not affect
the phenotypes of repressor-sensitive P-insertion muta-
tions, either in the germ line or in the soma, whereas the
KP transgene does (SIMMONS et al. 2004; K. NEWMAN
and M. J. SiMMoONSs, unpublished data). These observa-
tions cast doubt on a model in which cytotype regulation
of the P-element family is mediated by repressor poly-
peptides produced by elements such as 7P5 and TP6.

However, one of these elements—TP5—does seem to
be capable of encoding a repressor polypeptide because
three of the four insertions of the TP5 transgene
repressed sn* mutability modestly. The putative TP5
polypeptide would be 113 amino acids long, and the
first 95 of these amino acids would be identical to those
of the P transposase. This polypeptide would therefore
be shorter than the KP polypeptide, which has 207
amino acids and contains the first 199 amino acids of the
transposase. In wvitro studies have shown that the KP
polypeptide represses transposase activity in a concen-
tration-dependent manner by binding competitively to
specific sequences in a target Pelement (LEE et al. 1996,
1998). ADNA-binding domain near the amino terminus
of the polypeptide is essential for this repression, and
two dimerization domains located between amino acids
101 and 207 facilitate it. Furthermore, a polypeptide
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that consists of the first 88 amino acids of the KP
polypeptide—and therefore that has the DNA-binding
domain but lacks both of the dimerization domains—
represses in vitro transposase activity only about one-
sixth as effectively as the entire KP polypeptide (LEE
et al. 1998). Thus, the TP5 polypeptide, which would
have the DNA-binding domain but lack the dimeriza-
tion domains, would be expected to be a weaker re-
pressor than KP—a prediction borne out by the in vivo
data, which show a 25% reduction in sn* mutability by
the TP5 transgene compared to a 40-60% reduction by
the KP transgene.

It is unlikely that the weak repressor function of the
putative TP5 polypeptide explains the strong repression
abilities of the native 7P5 element. In its telomeric posi-
tion, TP5 reduces P excisions from sn* by 90%. It also
represses gonadal dysgenesis—something not done by
any of the transgenes, even H(hsp/KP), and this re-
pression is strengthened when 7P5 is combined with P
elements from the M5B#1 strain; however, none of the
TP5 transgene insertions shows this synergism with
M5B#1. It might be argued thatin its telomeric position,
TP5 produces more repressor polypeptide than it does
in a H(hsp/TP5) transgene. However, our RT-PCR
analysis indicates that less germ-line mRNA is produced
by the native TP5 element than by any of the transgenic
TP5 elements. This expression paradox, also seen with
the TP6 element, is inconsistent with a model of cyto-
type on the basis of vigorous production of repressor
polypeptides by telomeric P elements. It is, however,
consistent with a model in which the telomeric P ele-
ments generate piRNAs at the expense of mRNAs. This
shift to piRNA generation might be so great that little or
no mRNA is produced by the telomeric P element.
Indeed, the piRNAs might be derived primarily from
antisense transcription of the P element.

Many loci in the Drosophila genome produce piRNAs,
and the TAS array at the left end of the X chromosome is
one of the major producers (BRENNECKE ¢t al. 2007). A P
elementinserted in the TAS would therefore be expected
to contribute to piRNA production, as would P’s inserted
in other piRNA loci, and once made, these RNAs could
target transposase mRNA for destruction by an RNA in-
terference mechanism. Indeed, we have shown that the
abundance of this mRNA is decreased in flies that carry
P elements inserted in the TAS. The efficiency of this
targeting/destruction process is not known, although it is
not 100% efficient because some transposase mRNA sur-
vives. This surviving mRNA might, however, not be trans-
lated because it is bound by Piwi-type proteins that are
associated with P piRNAs. Thus, transposase synthesis—
and ultimately, Pelement activity—would still be repressed.

The piRNA model is consistent with the establishment
and maintenance of cytotype regulation in the female
germ line—paternally inherited telomeric Pelements do
not confer it (SIMMONS et al. 2004)—and the prominent
expression of the Piwi proteins, which bind piRNAs, in

that tissue (BRENNECKE ¢t al. 2007). In addition, genetic
studies have shown that cytotype regulation is disrupted
by mutations in aubergine, a gene that encodes one of the
Piwi proteins involved in RNA interference (REi1ss et al.
2004; StMMONS et al. 2007b). Related genetic studies have
demonstrated that P-lacZ transgenes inserted in the TAS
silence the germ-line expression of P-lacZ transgenes
inserted elsewhere in the genome (RocHE and Rio 1998;
RONSSERAY et al. 1998), and, importantly, that this silenc-
ing is suppressed by mutations in several genes whose
products have been implicated in RNA interference (JOSSE
et al. 2007). Other analyses have implicated repeat-
associated small interfering RNAs, which may be the
same as piRNAs, in the regulation of diverse trans-
posons, including those that insert specifically at the
ends of Drosophila chromosomes (VAGIN et al. 2006).
Cytotype regulation of P elements may therefore be a
special case of a general mechanism that represses
transposable elements by RNA interference.
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