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ABSTRACT
We have previously shown that the activity of functional I retrotransposons (I factors) introduced into

Drosophila devoid of such elements can be repressed by transgenes containing an internal fragment of
the I factor itself and that this repressing effect presents the characteristic features of homology-depen-
dent gene silencing or cosuppression. Here we show that the same transgenes can induce silencing of a
nonhomologous reporter gene containing as the sole I-factor sequence its 100-bp promoter fragment.
Silencing of the nonhomologous reporter gene shows strong similarities to I-factor cosuppression: It does
not require any translation product from the regulating transgenes, sense and antisense constructs are
equally potent, and the silencing effect is only maternally transmitted and fully reversible. A search for
genomic I-like sequences containing domains with similarities to those of both the regulating and the
reporter transgenes led to the identification of four such elements, which therefore could act as intermedi-
ates—or relays—in the cosuppression machinery. These results strongly suggest that ancestral transposition-
defective I-related elements, which are naturally present in the Drosophila genome, may participate per
se in the natural conditions of I-factor silencing.

THE I factor is a Drosophila LINE-like retro- gations, as it most probably involves features that are
transposon that transposes in a replicative manner, common to all transposon/host interactions. Since trans-

through the reverse transcription of an RNA intermedi- position can be highly mutagenic, mobile elements are
ate (Jensen and Heidmann 1991; Pélisson et al. 1991). actually severely repressed in all living species, possibly
It is present in most Drosophila melanogaster strains that as a biological requisite to ensure stability of species
it invaded during the twentieth century, but there still and individuals.
exist some strains (called reactive strains) lacking func- Although the molecular mechanisms involved in this
tional I elements, mainly as a result of their sequestra- taming process are still far from being completely under-
tion in laboratories after they had been caught in the stood, in vivo genetic analyses have proven to be ex-
wild several decades ago. Such strains provide a remark- tremely potent tools for their study. For instance, it has
able in vivo model to analyze the effect of transposable been shown, in Caenorhabditis elegans, that some mutants
elements on “virgin” genomes and the events leading for RNA interference (RNAi, see discussion) are defec-
to the final “taming” of the transposon. Actually, intro- tive for repression of their transposable elements (Tabara
duction of I factors by crossing into Drosophila ge- et al. 1998; Ketting et al. 1999), thus demonstrating
nomes devoid of such elements results in high-fre- a direct link between RNA interference and transposon
quency transposition of the incoming transposon, high taming. In Drosophila, it was previously shown that
mutation rate, chromosome nondisjunction, and fe- transgenes containing part of the I element confer to
male sterility, a syndrome referred to as I-R hybrid dys- the corresponding transgenic Drosophila resistance to
genesis (Picard and L’Héritier 1971; reviewed in Brég- subsequent invasion by functional I elements intro-
liano et al. 1980; Brégliano and Kidwell 1983; duced by crossing (Jensen et al. 1995, 1999a,b; Chabois-
Finnegan 1989; Bucheton 1990). However, high-fre- sier et al. 1998; Gauthier et al. 2000; Malinsky et al.
quency transposition is only transient, as the number 2000). The protective effect is transgene copy number
of I elements reaches a finite value and transposition dependent, depends on the length of the I fragment,
ceases after a few generations (Pélisson and Brégliano requires transcription of the regulating transgene (but
1987). The physiology and underlying molecular events see Chaboissier et al. 1998), and does not require any
of this taming process are the subject of intense investi- translatable sequence. The ability of the transgenes to

repress I-element activity develops in a generation-
dependent manner, via the germline transmission—
only by females—of a silencing, still unidentified, ef-1Corresponding author: CNRS UMR 1573, Institut Gustave Roussy,

94805 Villejuif Cedex, France. E-mail: heidmann@igr.fr fector. We also showed that “sense” and “antisense” con-
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2�/S]pA, and hsp[i1-2�/AS]pA constructs are also referredstructs identically trigger I-factor silencing, suggesting
to as the hsp[. . .]pA constructs. The transgene copy numbersymmetry of the effector molecule (most probably dou-
was assessed by Southern blots as in Jensen et al. (1999a). The

ble-stranded RNAs, see discussion; Jensen et al. 1999b). 2.5.1, 5.1.1, 5.2.1, 5.3.1, 5.5.1, 6.22.1*, and T43.1 lines derive
Altogether, these results established that I elements are by the loss of one transgene from the multiple-copy lines 2.5,

5.1, 5.2, 5.3, 5.5, 6.22*, and T43, respectively ( Jensen et al.prone to homology-dependent gene silencing (HDGS)
1999a,b). All transgenes are marked with the miniwhite geneor cosuppression, a repressing process first discovered
as an indicator for transgenesis.in plants (reviewed in Vaucheret et al. 1998; Wassen-

Measurements of the level of I-factor activity: The level of
egger and Pélissier 1998; Grant 1999; Selker 1999) I-element activity was assessed as described in Jensen et al.
and then demonstrated in animals (Pal-Bhadra et al. (1999a). Groups of 15 females were mated with 20 w1118 males
1997; reviewed in Birchler et al. 2000). (containing functional I elements), when �4 days old. The

first 20 females and 20 males born from each batch of testIn an attempt to characterize further these repressing
crosses were collected and allowed to mate. When �4 dayseffects and dissect the in vivo regulation of I elements,
old, these flies were transferred to an egg collector. Sixteenwe have now used a reporter gene for the I element hours later, five batches of 40 eggs were deposited as 4 � 10

(I-CAT; Udomkit et al. 1996), composed of the self- matrices, thus allowing unambiguous counting (a further 48
transcribed I promoter driving the expression of the hr later) of hatched and nonhatched (dead) embryos. The

temperature was kept at 22� � 1� throughout the experiments,chloramphenicol acetyltransferase (CAT) gene, intro-
as the intensity of the hybrid dysgenesis syndrome is influ-duced as a transgene in Drosophila. Here we show that
enced by temperature changes. The transgenic strains wereI-CAT expression is regulated by the I-containing trans- controlled (in parallel to the CAT assays) for the absence of

genes in a manner similar to what was observed for contamination by functional I elements as in Jensen et al.
the regulation of functional I factors, in a maternally (1995), by crossing transgenic males with reactive wK females.

Maternal/paternal transmission assays were carried out as intransmitted, reversible, and transgene copy-number-
Jensen et al. (1999b). The test for reversibility following trans-dependent manner. However, a paradoxical feature of
gene removal is described in Jensen et al. (1995).the observed cosuppression is that no sequence homol-

Measurements of the level of I-CAT activity: For standard
ogy exists between the regulating and the reporter trans- and maternal transmission assays, 20 strain 179 males were
genes. These results are analyzed in relation to (i) the crossed with 15 transgenic females (�4 days old) containing
previous finding by Pal-Bhadra et al. (1999) that non- potentially silencing hsp[. . .]pA constructs, or control

hsp-pA, or promoterless pA�[i1-2�]pA constructs. For paternalhomologous transgenes can be mutually cosuppressed,
transmission assays, 15 strain 179 females (�4 days old) wereprovided that an endogenous sequence that discloses
crossed with 20 transgenic males containing the potentiallysimilarities to both transgenes exists, and (ii) the identi- silencing hsp[. . .]pA or control hsp-pA constructs. For a posi-

fication—via a systematic screening of the Drosophila tive control of I-CAT downregulation, 20 strain 179 males were
genome database—of I-related elements acting as possi- crossed with 15 w1118 females. Females from each batch of test

crosses were then allowed to mate with their brothers andble intermediates for the presently observed cosuppres-
their ovaries were dissected to test CAT activity when �5 dayssion. The role of these I-related sequences, which corre-
old. For each sample, 25 pairs of ovaries were homogenizedspond to pericentromeric ancestral I elements present in 500 �l 0.25 m Tris-HCl, pH 8.0. The homogenate was passed

in all Drosophila strains (Crozatier et al. 1988), is dis- through five freeze-thaw cycles and then heated to 60� for 15
cussed. These elements are likely to be involved in the min to inactivate proteins that interfere with the CAT assay.

The extract was then centrifuged at 13,000 rpm, 4�, to pelletso-called “level of reactivity” of the Drosophila strains
the debris. Protein concentration was measured by the Brad-devoid of functional I factors and its modulation by
ford (1976) method (Sigma-Aldrich). Three micrograms ofepigenetic factors (e.g., aging and temperature changes;
extract was mixed with 0.5 �l d-threo-[dichloroacetyl-1,2-

Bucheton 1979), as well as in the rate and extent of 14C]chloramphenicol (50 �Ci/ml; New England Nuclear, Bos-
the taming process subsequent to invasion by functional ton) and 0.25 m Tris-HCl, pH 7.6, to a final volume of 27.5
incoming I factors. �l. To start the reaction, 12.5 �l 4 mm N-acetyl-coenzyme A

was added prior to incubation at 37� for 1 hr. The reaction
was stopped and extracted by vortexing with 200 �l of ethyl-
acetate for 1 min. The organic phase was separated by centrifu-MATERIALS AND METHODS
gation at 13,000 rpm, 4� for 5 min and was transferred to a
new tube and the ethyl-acetate was allowed to evaporate forDrosophila strains: Flies were raised at 22� � 1� on standard
45 min on the bench. Twenty-five microliters of fresh ethyl-medium, and strains were maintained by using only young
acetate was added and vortexed, let stand for 10 min, andflies, as described in Jensen et al. (1995). The w1118 (Hazelrigg
vortexed again. Acetylated and unacetylated forms of chloram-et al. 1984) and the reactive wK (Lüning 1981) strains were
phenicol were separated by silica gel TLC on Macherey-Nagelgifts from D. Coen and C. McLean. The “179” strain containing
(Duren, Germany) TLC silica matrix. CAT activity was mea-a single copy of an I-CAT reporter gene composed of the 100-
sured using PhosphorImager technology (FLA-3000 scanner)bp I promoter (nucleotides 1–100 in Fawcett et al. 1986)
and normalized with respect to the mean value of two indepen-followed by the chloramphenicol acetyltransferase gene was
dent control assays, i.e., CAT activity measured from ovariesa gift from D. J. Finnegan and is described in Udomkit et al.
of the F1 progeny from crosses of strain 179 males with hsp-(1996). The hsp[i2�]pA and hsp[i2�*]pA, the control hsp-
pA females. CAT activity was expressed as a percentage ofpA, and the promoterless pA�[i1-2�]pA constructs and the
activity of this mean control value.derived transgenic lines are described in Jensen et al. (1999a);

For the reversibility assay of I-CAT downregulation, 15 fe-the hsp[i1-2�/S]pA sense and the hsp[i1-2�/AS]pA antisense
males of the five tested hsp[. . .]pA strains were crossed withconstructs and the derived transgenic lines are described in

Jensen et al. (1999b). The hsp[i2�]pA, hsp[i2�*]pA, hsp[i1- wK males (the initial nontransgenic strain from which all the
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transgenic lines are derived). From the F1 progeny, 20 females
were crossed with 20 of their brothers to generate the outcross
line, 15 females were crossed with 20 w1118 males to test I-element
activity in the hybrid progeny (see above), and 20 females
were crossed with strain 179 males to test CAT activity in the
ovaries of the female progeny as described above. In F2 flies
from the outcross line, nontransgenic white-eyed flies were
obtained, from which 20 females and 20 males were crossed
together to perpetuate the outcross line, while both transgenic
(red- or orange-eyed) and nontransgenic (white-eyed) flies
were separately tested for I-element activity and CAT activity.
In F3 and subsequent generations, only nontransgenic Dro-
sophila were obtained, from which 20 females and 20 males
were crossed together to perpetuate the outcross line, while
others were tested for I-element activity and CAT activity.
When transgenic and nontransgenic flies were obtained from
the I-activity test cross, the percentages of dead embryos they
laid were determined separately. And similarily, when from
the CAT-activity test cross flies were born that contained or
did not contain the hsp[. . .]pA transgene (they all contained
the I-CAT transgene since the strain 179 fathers were homozy-
gous for this transgene), they were analyzed separately when
possible (no phenotypical difference could be detected for
the 3.1 strain, because of the extremely low expression level
of the transgenesis miniwhite marker gene). Figure 1.—Structure of the regulating and reporter I-con-

Search for ancestral I-related sequences in the Drosophila taining transgenes. Structures of the full-length I factor with
genome database: Sequences homologous to the I factor were its two ORFs, of the hsp[i1-2�/S]pA and hsp[i1-2�/AS]pA con-
extracted from the Drosophila genome database (GenBank; structs containing part of the I element in either sense or anti-
Adams et al. 2000) by standard nucleotide-nucleotide BLAST sense orientation, and of the hsp[i2�]pA and hsp[i2�*]pA con-
search at the NCBI web page (http://www.ncbi.nlm.nih.gov), structs containing part of the I-element ORF2, with an inserted
using the whole I-factor sequence from the whiteIR3 insertion 20-bp sequence with stop codons in all three reading frames
(deduced from Fawcett et al. 1986 and Abad et al. 1989). (asterisk) for the latter construct are shown. The four I-frag-
Occurrence in the wK strain of the identified sequences ment-containing constructs are referred to as the hsp[. . .]pA
(Ip2918, contained in GenBank accession no. AE002918; transgenes, with transcription (schematized with arrows) un-
Ip3172, in GenBank accession no. AE003172; Ip2862, in Gen- der the control of the hsp70 promoter (hsp) and the Actin5C
Bank accession no. AE002862; Ip3036, in GenBank accession polyadenylation signal (pA). The control construct has the
no. AE003036), as well as the completeness of their promoter same structure as the hsp[. . .]pA constructs, with no I-element
(Ip3172, Ip2862, Ip3036), was verified by PCR on wK genomic insert. In the promoterless construct, the hsp70 promoter has
DNA. The primers used for PCR were, for Ip2918, P30 (5�-ACG been replaced by the hsp70 polyadenylation sequence (pA�).
TTACAAGACGGACCCACTATC-3�) with P32 (5�-GTCAGTG The reporter I-CAT transgene (Udomkit et al. 1996) contains
GTTGCCACAATTAGGAC-3�) in the 5�- and 3�-flanking DNA, a 100-bp I fragment with promoter activity controlling expres-
respectively; for Ip3172, P17 (5�-CAGTACCACTTCAACCTCC sion of the chloramphenicol transferase gene (CAT), followed
GAAGA-3�, nucleotides 1–24 in the I factor; Fawcett et al. by the SV40 polyadenylation sequence [pA(SV40)]. All these
1986) with P37 (5�-CGTCCGGTCTTATCGTGGAGTTAG-3�, constructs had been introduced into the reactive wK strain of
in the foreign insert of Ip3172), and P36 (5�-GAACTCATCT Drosophila (devoid of functional I elements) by P-mediated
GAACGCGCATAGTC-3�, in the foreign insert of Ip3172) with transgenesis (Udomkit et al. 1996; Jensen et al. 1999a,b).
P38 (5�-TGGTTAGCTGGAACTCTGGATCAC-3�, 3�-flanking
DNA of Ip3172); for Ip2862, P17 with P40 (5�-ATACAGAGGC
GACAACGAGGTGAC-3�, in the foreign insert of Ip2862); for tional I elements introduced by crossing into Drosophila
Ip3036, P17 with P44 (5�-TACAGACAGACGGAAATAGAC lacking such elements could be silenced by the prior intro-AGT-3�, 3�-flanking DNA of Ip3036). The 3� region of Ip2862

duction through transgenesis of transgenes containingtogether with its 3�-flanking DNA was amplified by inverse
transcribed internal parts of the I element, either translat-PCR, following SpeI and PstI restriction of wK genomic DNA

and self-ligation, using P34 (5�-TGACCACAAGCACCTTATT able or not (Jensen et al. 1999a,b). We have now tested
CTGTT-3�) and P40. Fragments obtained by PCR were cloned whether an I-CAT reporter transgene (Udomkit et al.
in pGEM-T Easy Vector (Promega, Madison, WI) and se- 1996) containing the first 100 bp of the I factor, whichquenced (see accession numbers in Figure 6 legend). The

correspond to the self-transcribed promoter of the Ipercentage of similarity between the ancestral I-related se-
factor, followed by the chloramphenicol acetyltransfer-quences and the I factor was evaluated using the Wilbur-Lip-

man DNA alignment program. Multiple alignments were per- ase gene, can be silenced by the same transgenes. The
formed using the Clustal W multiple sequence alignments transgenes used for this study are schematized in Figure
program (Thompson et al. 1994) at Infobiogen (http://www. 1. The hsp[. . .]pA transgenes contain fragments of the
infobiogen.fr). I factor inserted between the hsp70 promoter and the

Actin5C polyadenylation signal: hsp[i1-2�/S]pA and
hsp[i1-2�/AS]pA contain a 2318-bp fragment containing

RESULTS
open reading frame (ORF)1 and a 969-bp fragment corre-

Transgenic lines and rationale of the assay: We have sponding to the 5� part of ORF2 inserted in the sense
and antisense orientation, respectively; hsp[i2�]pA andpreviously shown that the transpositional activity of func-
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hsp[i2�*]pA contain only the ORF2 fragment, with a derived from the 5.2 strain), consistent with the notion
that the threshold level for repression of I-CAT shouldlinker containing stop codons in all three reading

frames inserted downstream of the ATG initiation co- be higher than that for repression of functional I fac-
tors. Along this line, it should be recalled that the si-don for the latter construct; the 2318-bp fragment was

also inserted in a promoterless construct with a polyade- lenced I-CAT transgene contains only a 100-bp-long I
sequence on which the silencing machinery can exertnylation signal inserted in place of the promoter. These

constructs, as well as a control construct without any in- its effect, while I factors are 5375 bp long. Finally, and
as expected, the promoterless construct (at least forsert, had been introduced into a reactive strain of Droso-

phila (the wK strain, devoid of functional I elements) by the 5/5 transgenic lines tested) and the control con-
struct without any I fragment inserted (for the 4/4P-mediated transgenesis, leading to several independent

transgenic strains for each construct (Jensen et al. transgenic lines tested) have no effect on the I-CAT
reporter gene.1999a,b). The integrity of the transgenes and the trans-

gene copy number (one to three copies per haploid The silencing effect acting on the I-CAT transgene is
maternally transmitted: We have previously shown thatgenome) were assayed by Southern blots prior to the

I-CAT silencing assays. Their ability to downregulate homology-dependent silencing of I-factor activity by
I-fragment-containing transgenes was only maternallyI-factor activity was verified for all transgenic lines used

in the assay as described in Jensen et al. (1999a), by transmitted (Jensen et al. 1999a,b). We have therefore
tested whether the silencing effect acting on the I-CATmeasuring the amount of dead embryos in a dysgenic

cross. All hsp[. . .]pA transgenes repressed I-factor activ- reporter gene followed the same rule for its transmis-
sion. Silencing of I-factor activity and of the I-CAT re-ity with variable efficiency consistent with our previous

data (Jensen et al. 1999a,b), while the control and pro- porter transgene was assayed in parallel, following either
maternal or paternal introduction of the repressingmoterless constructs had no effect on I-factor activity.

The single-copy I-CAT transgene in strain 179 had no hsp[. . .]pA transgenes. To test I-CAT silencing in mater-
nal and paternal transmission assays, the five repressingeffect on I-factor activity (data not shown), most proba-

bly because of the short length of the I-homologous hsp[. . .]pA strains and a control strain containing a
transgene without I fragment were crossed with individ-fragment (100 bp). Our previous unpublished data have

also shown that even a 186-bp fragment encompassing uals from the I-CAT transgenic 179 strain, introducing
the repressing transgenes or the control construct eitherthe 5� end of the I element was not sufficient to provoke

a detectable protection against incoming functional I maternally or paternally (Figure 3A, left). The ovaries
of the resulting female progeny, containing both theelements (assayed for transgene copy number up to

four). Taking advantage of the absence of regulating repressing transgene(s) and the I-CAT reporter gene,
were isolated to test CAT activity. The results (Figureeffect for this short fragment, we have used the trans-

gene of the 179 strain as a “neutral” reporter gene. 3B, left) clearly show that the I-CAT silencing effect is
maternally transmitted for all five repressing strains,Silencing of the I-CAT reporter gene by I-element-

derived transgenes: The ability of the I fragment con- with no significant silencing effect in the paternal trans-
mission assays. As expected, the control construct showstaining hsp[. . .]pA transgenes, and of the control and

promoterless constructs, to repress the I-CAT reporter no I-CAT repression upon either maternal or paternal
transmission. To assay the silencing of I-factor activitygene was tested for several independent transgenic

strains by introducing them maternally into the I-CAT in parallel, the five repressing strains and the control
strain were crossed with wK individuals to introduce the179 strain, thus generating individuals that are heter-

ozygous for both the regulating transgene(s) and the transgenes either maternally or paternally, and the re-
sulting heterozygous transgenic F1 females were crossedI-CAT reporter gene (see scheme in Figure 2A). The

F1 females were dissected to isolate the ovaries and test with w1118 males, thus introducing functional I factors,
the activity of which was then quantitated by measuringCAT activity. The results in Figure 2B show that five

strains among those tested are clearly able to repress the percentage of dead embryos from the resulting F2

females (Figure 3A, right). Embryo lethality was mea-the I-CAT reporter gene: Three strains correspond to
transgenes with the 969-bp ORF2 I fragment (two of sured separately for transgenic and nontransgenic F2

females. The results (Figure 3B, right) again clearly show,them containing the mutated untranslatable version
with stop codons, i.e., strains 6.8* and 6.10*), and two as has already been established (Jensen et al. 1999a,b),

that I-factor silencing is essentially maternally transmit-strains correspond to transgenes with the 2318-bp I frag-
ment inserted in either sense or antisense orientation ted for the five I-CAT-regulating transgenic lines. No

silencing is observed for the control strain, as expected.(strains 2.4 and 3.1, respectively). The other strains,
containing the same transgenes but at different loca- Reversibility of the silencing effect acting on the I-CAT

reporter gene: We have previously shown that silencingtions, disclose no or very limited repression of the
I-CAT gene. Actually, the I-CAT-repressing strains corre- of I-factor activity by homologous transgenes is fully

reversible by crossing out the transgenes (Jensen et al.spond to those that have the strongest silencing effect
on I-factor activity (see Jensen et al. 1999a,b; 5.2.1 being 1995, 1999b). To determine whether silencing of the
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Figure 2.—Transcribed
I-fragment-containing trans-
genes repress the I-CAT re-
porter. (A) Mating scheme
and rationale of the assay.
To assay downregulation of
I-CAT activity by the hsp
[. . .]pA, control, or promot-
erless transgenes, females of
the corresponding trans-
genic strains (or of the w1118

inducer strain as an addi-
tional control) were crossed
with males from the I-CAT
strain 179 (Udomkit et al.
1996). The F1 females from
these crosses were allowed
to mate and their ovaries
were isolated to extract pro-
teins for CAT assays. (B)
CAT activities are expressed
relative to the mean value
of two control assays per-
formed systematically in the
same series of assays (100%).
The transgenic lines used in
the test cross, the names of
the corresponding trans-
genes, and the transgene
dosages are indicated. Strains
containing stop codons in
the I sequence of the trans-
gene are marked by an as-
terisk. The data are the
mean values for 2–16 assays
(�SD when more than two
assays were performed), cor-
responding to at least two in-
dependent crosses.

I-CAT reporter gene by nonhomologous I-related trans- still present in their mothers). This difference is clearly
visible when looking at the levels of repression forgenes is similarly reversible, repressing transgenes were

crossed out following the scheme depicted in Figure hsp[. . .]pA-containing G1 females vs. their sisters de-
void of the hsp[. . .]pA transgene(s), with the former4A. Females of these strains were first crossed with males

of the initial, nontransgenic wK strain from which all of still repressing I-CAT activity but not the latter. A simple
explanation for this difference might be that the thresh-the transgenic strains are derived. At each generation,

silencing capacity of the I-CAT gene was tested by cross- old for repression of I-CAT is much higher than that
for repression of I-factor activity, as already mentioneding the resulting F1 females with strain 179 I-CAT trans-

genic males and assaying CAT activity from the ovaries of and consistent with the observation in Figure 2B that
not all strains regulating I-factor activity regulate I-CATthe resulting female F2 progeny. In parallel, we assayed

I-factor silencing capacity by crossing other F1 females (but only those with the highest repressing effect).
Search for endogenous sequences homologous to bothwith w1118 males and measuring embryo lethality of the

female F2 progeny from these crosses. Results are given the I-CAT reporter gene and the repressing I-fragment-
containing transgenes: Repression of the I-CAT reporterin Figure 4, B and C, for silencing of the I-CAT reporter

and for repression of I-factor activity, respectively. As by the I-containing transgenes, following rules that are
common to the previously characterized cosuppressionobserved for the repression of I-factor activity, repres-

sion of the I-CAT gene by nonhomologous I-fragment- of functional I factors by the same transgenes is, act-
ually, paradoxical: Indeed, as illustrated in Figure 1,containing transgenes is fully reversible. It is noteworthy

that, while I-factor silencing may persist for up to three there is no sequence identity between the I-CAT re-
porter and the I-containing regulating transgenes. Inter-generations in nontransgenic females from outcrosses,

no I-CAT silencing is observed as soon as the repressing estingly, Pal-Bhadra et al. (1999) have shown that even
nonhomologous transgenes can silence each other intransgene is absent in the tested females (even if it was
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Figure 3.—Maternal inheritance of
I-CAT repression. (A) Mating schemes
for the maternal and paternal trans-
mission of the regulating and control
transgenes and rationale of the assay for
transmission of I-CAT silencing (left)
and I-element activity repression (right).
Left: hsp[. . .]pA or control transgenes
were introduced maternally or pater-
nally by crossing the corresponding
transgenic females or males (solid sym-
bols) �30 generations after transgen-
esis, with strain 179 I-CAT flies (open
symbols); the resulting heterozygous fe-
males (half-solid symbol) were allowed
to mate with their brothers and their
ovaries were isolated to extract proteins
for CAT assays. Right: Females or males
containing hsp[. . .]pA or control trans-
genes (solid symbols) were crossed with
wK flies (open symbols); the resulting
heterozygous females were crossed with
w1118 males to introduce active I ele-
ments. I-element activity was quantitated
by measuring the percentage of dead
embryos laid by the transgene-con-
taining (half-solid symbol) or transgene-
free (open symbol) female progeny. (B)
Results for maternal (top) and paternal
(bottom) transmission of the hsp[. . .]pA
or control transgenes. Strain names are
indicated at the top (with an asterisk for
strains containing a mutated transgene).
Left: I-CAT activities are expressed rela-
tive to that for maternal transmission of
the control transgene in the T9 strain
(100%). Standard deviations are indi-
cated when two assays from independent
crosses were performed. Right: I-ele-
ment activity (percentage of dead em-
bryos), with values for transgene-free F1

females indicated with shaded bars and
those for transgene-containing F1 fe-
males with solid bars.

Drosophila, provided that an endogenous sequence ho- ing length disclosing �95% similarity to the I factor, but
still giving a BLAST score �300. Eight of the latter I-relatedmologous to both transgenes exists in the genome; this

endogenous sequence then plays the role of a relay sequences are located in or near pericentromeric—most
probably heterochromatic—regions, four are in euchro-between the mutually nonhomologous transgenes. Ac-

cordingly, we searched for endogenous sequences contain- matic regions, and for 12 of them the localization is
unknown. The results of this search are consistent withing domains common to both the I-CAT and I-containing

transgenes (see Figure 5), which then could act as a the fact that the Drosophila strains used in the Drosoph-
ila genome sequencing program are “inducer” I-factor-relay in the cosuppression process as observed in Pal-

Bhadra et al. (1999) in the case of the endogenous Adh containing strains, thus accounting for the sorting out of
functional I elements (and of 5�-truncated I elements).gene and mutually exclusive, Adh fragment-containing

transgenes. A search of such homologs in the Drosophila Then, the 24 I-related sequences most probably corre-
spond to previously identified “ancestral” I elements,genome database revealed six full-length I factors (and

possibly two additional, not fully sequenced, copies), seven localized by in situ hybridization of salivary gland chro-
mosomes in the pericentromeric heterochromatin5�-truncated I elements of various length disclosing 99–

100% homology to the I factor, and 24 sequences of vary- (Bucheton et al. 1984). These elements were found in
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Figure 4.—I-CAT silenc-
ing is fully reversible. (A)
Mating schemes. Homozy-
gous hsp[. . .]pA transgenic
females were crossed with
wK males to generate hetero-
zygous individuals from
which were derived non-
transgenic flies. I-CAT activ-
ity and I-factor activity si-
lencing were determined at
each generation (G0–G7)
by crossing the resulting fe-
males with either homozy-
gous strain 179 males or
w1118 males and measuring
in the corresponding female
progeny either the germ-line
CAT activity or the percent-
age of dead embryos, respec-
tively; light-red- or orange-
eyed females, containing only
one type of transgene, ei-
ther I-CAT (in the I-CAT ac-
tivity test) or hsp[. . .]pA (in
the I-factor activity test), are
noted [w	]; dark-red-eyed
females, having both types
of transgenes, are noted
[w		]; white-eyed (non-
transgenic) females are
noted [w
]. (B) I-CAT activ-
ity for dark-red-eyed fe-
males containing both the
haploid I-CAT and the hsp
[. . .]pA transgenes (solid
bars) and for orange-eyed
females that contain only
the I-CAT reporter gene
and no hsp[. . .]pA trans-
gene (lightly shaded bars).
The hsp[. . .]pA transgene
in strain 3.1 confers only an
extremely light orange eye
color, making it impossible,
in the presence of the 179
transgene, to distinguish be-
tween G1 individuals with
or without this transgene
(results for this mixed pop-
ulation are indicated with a
dark shaded bar). (C) I-fac-
tor activity as measured by
the percentage of dead em-
bryos from the transgenic,
hsp[. . .]pA-containing, fe-
male progeny of the test
cross (solid bars) and from
the nontransgenic female
progeny (shaded bars).

all Drosophila strains, either inducer or reactive (i.e., sion of Drosophila by I-like factors distinct from the
present-day I factor. These elements diverge from func-devoid of functional I factors, as is the wK strain from

which all transgenic strains used in this work are de- tional I factors in that they are highly mutated and
often rearranged and can be distinguished by specificrived), and most probably derive from an “ancient” inva-
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Figure 4.—Continued.

signatures (Vaury et al. 1990, and see below and Figure quenced. To ascertain (i) that these four sequences
indeed exist in the wK genome and (ii) that Ip3172,6). Among the numerous ancestral I-related elements

found in the database, four were possible candidates Ip2862, and Ip3036 also possess the 100-bp promoter
region, a PCR search was performed using wK genomicfor acting as relays in the observed cosuppression (Fig-

ure 6A). These four elements contained sequences simi- DNA and appropriate primers indicated in Figure 6A,
leading to the cloning and complete sequencing oflar to the i2� region, which is common to all the pres-

ently used regulating transgenes; one of them was these elements (Figure 6). Two of these elements,
Ip2862 and Ip3036, disclose large (423 and 534 bp)already fully sequenced and also contained a sequence

similar to the promoter region present in I-CAT deletions in the ORF1 region, and two, Ip3172 and
Ip2862, have foreign inserts (288 and 240 bp long, re-(Ip2918); for the others (Ip3172, Ip2862, Ip3036), the

database disclosed only partial sequences, their 5� spectively) in the i2� region (Figure 6A). Sequence
alignments show that they all contain signatures of an-ends—including the promoter region—being not se-
cestral I elements (conserved nucleotidic positions that
are common to all ancestral I-like elements and different
from the I-factor sequence), both in the 100-bp pro-
moter and the i2� regions (Figure 6B), and similarly
in the ORF1 region (data not shown). Similarity with
the I factor is in the 91–95% range for the promoter
region and in the 80–94% range for the i2� region
(values after exclusion of the foreign inserts; for detail
see Figure 6A and legend). According to the database,
Ip2918 is localized in the pericentromeric heterochro-
matin (cytogenetic localization 40B–40D), while the local-
izations of Ip2862, Ip3172, and Ip3036 are unknown.

Figure 5.—Minimal sequence requirements for an endoge-
nous I-related homolog potentially acting as an intermediate
for I-CAT silencing by the hsp[. . .]pA transgenes. The putative DISCUSSION
endogenous intermediate for I-CAT silencing should contain
domains with sequence similarities to the 100-bp 5� end of Silencing of the I-CAT reporter gene by nonhomologous
the I factor present in the I-CAT reporter transgene and with I-related transgenes: role of ancestral I-like sequences: In
the i2� internal I fragment (or at least part of it) present in this study, we show that hsp[. . .]pA transgenes containing
all the hsp[. . .]pA regulating transgenes. The I factor and

short (969 bp) or long (2318 bp) I fragments, in eithertransgenes are schematized as in Figure 1, with the hatched
sense or antisense orientation, translatable or not, aredomains in the putative endogenous homolog representing

regions with required sequence similarities. able to repress a nonhomologous I-CAT reporter gene
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Figure 6.—Characteriza-
tion of ancestral I-like se-
quences disclosing sequence
requirements for being po-
tential intermediates in
I-CAT silencing by the non-
homologous hsp[. . .]pA
transgenes. (A) Structure of
four identified ancestral
I-like sequences with se-
quence similarities to the I
fragment present in the
I-CAT reporter gene and to
the i2� fragment present in
all the silencing hsp[. . .]pA
transgenes. Four possible in-
termediates in the I-CAT si-
lencing process were identi-
fied by BLAST search in the
Drosophila genome data-
base. They contain a sub-
stantial part of i2� and cor-
respond to ancestral I-like
sequences. Their presence in
the wK strain was verified by

PCR. Sequencing of the regions that were not in the genome database (dotted lines) established that they also contain the entire
100-bp I fragment from I-CAT. Primers for PCR amplification and subsequent cloning are indicated, as well as the SpeI restriction
site that was used to amplify (by reverse PCR) the 3� part of Ip2862. Ip2862 and Ip3036 disclose 423- and 534-bp deletions, respectively
(dashed lines), and Ip3172 and Ip2862 have non-I-related 288- and 240-bp inserts (triangles). On the right are indicated the
percentages of similarity to the I factor in the regions corresponding to the 100-bp promoter fragment present in the I-CAT
transgene and to the 969-bp i2� fragment present in the silencing transgenes (values after exclusion of the foreign inserts). Ip3172
discloses only 79.9% similarity with the whole i2� region, while the 545-bp region between the 288-bp insert and the deleted
part of i2� shows 93.1% similarity (in parentheses). (B) Sequence alignments of the identified ancestral I-like sequences and
the I factor. Two domains are shown, nucleotides 1–100 (Fawcett et al. 1986), present in the I-CAT transgene, and the i2�
region common to all silencing transgenes (delineated by brackets), i.e., nucleotides 1516–2484. The positions of the non-
I-related 288- and 240-bp inserts in Ip3172 and Ip2862 are shown. Nucleotides that are not identical to the I-factor sequence,
as well as insertions and deletions, are indicated in gray. Nucleotides that are identical in the four ancestral I-like sequences but
different from the I-factor sequence (signatures of ancestral I-like elements) are indicated by an asterisk below the sequences.
Sequence of primer P17 (nucleotides 1–24), which served for PCR amplification of the 5� ends of Ip3172, Ip2862, and Ip3036,
is in italic. GenBank accession numbers for newly sequenced parts are as follows: Ip3172, AY135216; Ip2862, AY135213 and
AY135214; Ip3036, AY135215.

containing a 100-bp I fragment with promoter activity, Adh-related transgenes involving the endogenous Adh
gene, which played the role of a relay or intermediatein a genetic background devoid of functional I elements.

As observed for the homology-dependent silencing of in the cosuppression process. In our study, we identify
in the wK strain—from which the transgenic strains areI-factor activity, (i) no protein from the I element is

required for silencing of I-CAT; (ii) the control con- derived—at least four endogenous I-related sequences
that could play the role of intermediates between thestruct without any I fragment inserted and the promot-

erless I-fragment-containing construct have no silencing I-CAT and the hsp[. . .]pA transgenes. These ancestral
I-like sequences disclose sequence similarities to botheffect on I-CAT, indicating that the presence of a tran-

scribed I fragment is required; and (iii) the repressing the silenced I-CAT reporter gene and the silencing hsp
[. . .]pA transgenes, which range from 91 to 95% foreffect acting on the I-CAT reporter gene is maternally

transmitted and fully reversible upon transgene re- the 100-bp promoter region and for at least 450 bp of
the i2� region. Homology-dependent gene silencingmoval. In addition, the I-CAT-silencing strains corre-

spond to the strains that also have the strongest silencing or cosuppression has been shown to be genetically
linked—at least in part—to RNAi (Catalanotto et al.effect on I-factor activity. Altogether, these data strongly

suggest that the repression of the I-CAT reporter gene 2000; Ketting and Plasterk 2000) and to be triggered
by small interfering double-stranded RNAs (siRNA,is related to that of the I-factor activity and relies on

the same mechanism, i.e., homology-dependent gene 21–25 nucleotides long; Hamilton and Baulcombe
1999), resulting from the degradation of long double-silencing. However, the I-CAT and regulating trans-

genes have no I sequence in common. This situation is stranded RNA molecules by specific enzymes (Dicer;
Bernstein et al. 2001). Boutla et al. (2001) have furtherreminiscent of that in Pal-Bhadra et al. (1999, 2002),

who demonstrated cosuppression of nonhomologous shown that the silencing machinery responsible for
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Figure 6.—Continued.

RNAi does not require perfect sequence identity, since A model for I-factor cosuppression: The data pre-
sented strongly suggest that homology-dependent si-introduction of point mutations in siRNA had only

moderate effect. Analysis of the sequence similarities lencing of I-factor activity could be achieved along two
different pathways, as illustrated in Figure 7: a pathwaybetween the I factor and the four identified ancestral

I-related elements (Figure 6B) shows that many of the where the repressing transgene would act directly by
homology-dependent gene silencing on the I factors andsiRNAs that could be generated from either sequence

would display perfect identity or would differ only by an indirect pathway where the transgene would have an
effect on homologous relay sequences, leading in turnsingle-point mutations. Accordingly, homology between

the transgenes and the ancestral I-like sequences should to the silencing of I factors and/or I-related sequences
(e.g., the I-CAT transgene). These intermediate sequencesbe sufficient to account for I-CAT repression.
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Figure 7.—Model for I-factor and I-CAT silenc-
ing. The I-fragment-containing hsp[. . .]pA trans-
genes silence I factor and I-CAT reporter gene
activity by a homology-dependent process: by a
direct silencing effect when the transgene is homol-
ogous to the gene to be silenced (e.g., the I fac-
tor) and/or by an indirect silencing effect when
a pericentromeric I-like sequence, with sequence
similarities to both the silencing and the silenced
(e.g., the I-CAT reporter) transgenes, plays the
role of an intermediate or relay. Transcriptional
activation and/or chromatin changes at the level
of such ancestral I-like sequences might be re-
sponsible for silencing of the I factor and I-CAT
reporter transgene, as well as, possibly, for the
effect of aging and heat treatments on the level
of reactivity (Bucheton 1979) of strains devoid
of functional I factors.

would correspond to the ancestral I-related sequences heterochromatic genes such as rolled and light in Dro-
sophila indicate that these genes have fundamentallypresent in all D. melanogaster strains. These elements are

located essentially in heterochromatic regions. Ances- different regulatory requirements compared to those
typical of euchromatic genes (Hearn et al. 1991; Lu ettral I-like sequences are transcribed in the soma and

seem to be silent in the adult germ line (cf. data in al. 2000). Clearly, investigation of the transcriptional
status of the ancestral I-like sequences and/or of theirChaboissier et al. 1990), and thus at least some of them

should have an active and an inactive state. Among chromatin state specifically in the germ line should now
be undertaken. Finally, as illustrated in Figure 7 (left),the four ancestral I-like sequences that we identified as

possible intermediates in I-CAT silencing, one (Ip3172) silencing by cosuppression not requiring pericentro-
meric I-like sequences might also take place, providedis 100% homologous to an expressed sequence tag

(EST) from adult head RNA (EST GH20531, Rubin et that “direct” sequence similarities exist between the
I-containing transgenes and/or I factors. This directal. 2000) and thus is clearly transcribed in the soma.

In the proposed model, a euchromatic I-containing silencing, as well as the second step in the “indirect”
pathway, is likely to be mediated by dsRNA and siRNAtransgene would activate some of the pericentromeric

ancestral I-like elements in the adult germ line (or main- production, leading posttranscriptionally to degrada-
tion of homologous mRNAs, as now classically demon-tain an activated state possibly existing early in develop-

ment). Once activated, these elements would in turn strated in RNA interference (Fire et al. 1998; reviewed in
Ambros 2001; Hammond et al. 2001), although transcrip-be responsible for a silencing effect acting on euchro-

matic I-containing sequences, e.g., the I factor or the tional silencing cannot be definitely excluded.
An important feature of I regulation, which concernsI-CAT reporter gene in our experiments. Activation of

the ancestral I-like sequences most probably involves an both I-factor and I-CAT activities and has to be ac-
counted for by the model, is the cumulative, maternallyRNA molecule since we presented evidence that tran-

scription of the regulating transgenes is required and transmitted, generation dependence of the repressing
effect. As suggested above, one possible explanationthus could be due to RNA-DNA interactions resulting

in chromatin remodeling. Actually, chromatin changes involves the progressive increase of ectopic transcription
of genomic I-containing sequences (e.g., the pericen-might be directed by homologous RNAs and/or siRNAs,

as suggested by the data of Wassenegger et al. (1994) tromeric I-like sequences and/or the I-containing regu-
lating transgenes) from one generation to the next, viaand Mette et al. (2000; reviewed in Matzke et al. 2001).

In contrast to the resulting silencing effect observed by chromatin changes that would be transmitted to the
next generation like “imprinting” in mammals—in thethese authors on the promoter sequences of euchro-

matic genes, in the case of the ancestral I-like elements, present case only by females. These chromatin changes
could be mediated by dsRNA (or siRNA) moleculeschromatin remodeling would result in an activation,

leading to “ectopic” transcription of the relay sequence produced by the transgene itself, which would in turn
potentiate dsRNA production along a positive feedbackas proposed by Pal-Bhadra et al. (2002) for the cosup-

pression of nonhomologous Adh-related transgenes. Ac- loop. The possible involvement of such progressive
chromatin remodeling is further strengthened by thetivation instead of silencing might be due to the fact that

RNA-DNA interactions apply to nonpromoter sequences fact that aging, which has been suggested to be corre-
lated with a net loss in heterochromatinization and to beand/or to the heterochromatic location of the I-related

relay sequences. Along these lines, data on expressed at the origin of significant changes in gene expression
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et al., 1980 Hybrid dysgenesis in Drosophila melanogaster. Science(reviewed in Villeponteau 1997), is also known to in-
207: 606–611.

duce changes of the so-called “reactivity level” of Dro- Bucheton, A., 1978 Non-mendelian female sterility in Drosophila
melanogaster : influence of aging and thermic treatments. Part I.sophila; i.e., it reduces the activity of functional I ele-
Evidence for a partly inheritable effect of these two factors. Hered-ments introduced by crossing. This age-dependent
ity 41: 357–369.

effect has the same characteristic features as those pres- Bucheton, A., 1979 Non-mendelian female sterility in Drosophila
melanogaster : influence of ageing and thermic treatments. Partently observed: It is generation dependent upon re-
III: cumulative effects induced by these factors. Genetics 93:peated crosses of aged Drosophila, it is fully reversible,
131–142.

it follows maternal inheritance, and this is in the absence Bucheton, A., 1990 I transposable elements and I-R hybrid dysgene-
sis in Drosophila. Trends Genet. 6: 16–21.of any functional I factor or I-related transgene in the

Bucheton, A., R. Paro, H. M. Sang, A. Pelisson and D. J. Finnegan,aging Drosophila (Bucheton 1978, 1979).
1984 The molecular basis of I-R hybrid dysgenesis in Drosophila

Pericentromeric I-related elements as “memory ef- melanogaster : identification, cloning, and properties of the I factor.
Cell 38: 153–163.fectors” for resistance to invading I factors: In conclu-

Catalanotto, C., G. Azzalin, G. Macino and C. Cogoni, 2000sion, pericentromeric ancestral I elements appear to be
Gene silencing in worms and fungi. Nature 404: 245.

necessary relays in the cosuppression of definite Chaboissier, M.-C., I. Busseau, J. Prosser, D. J. Finnegan and A.
Bucheton, 1990 Identification of a potential RNA intermediateI-element-derived constructs. They also most probably
for transposition of the LINE-like element I factor in Drosophilaact as regulators/enhancers of the repressing effect to
melanogaster. EMBO J. 9: 3557–3563.

invading functional I elements, being as such master Chaboissier, M.-C., A. Bucheton and D. J. Finnegan, 1998 Copy
number control of a transposable element, the I factor, a LINE-genes for the regulation of the reactivity level of Dro-
like element in Drosophila. Proc. Natl. Acad. Sci. USA 95: 11781–sophila. Accordingly, and to extend the already noted
11785.

homology between cosuppression and the immune re- Crozatier, M., C. Vaury, I. Busseau, A. Pélisson and A. Bucheton,
1988 Structure and genomic organization of I elements in-sponse (Voinnet 2001), one might speculate that these
volved in I-R hybrid dysgenesis in Drosophila melanogaster. Nucleicancestral elements, which are remnants of “old” inva-
Acids Res. 16: 9199–9213.

sions, play a role closely related to that of the memory Fawcett, D. H., C. K. Lister, E. Kellet and D. J. Finnegan, 1986
Transposable elements controlling I-R hybrid dysgenesis in D.cells of the adaptive immune system: The latter are
melanogaster are similar to mammalian LINEs. Cell 47: 1007–1015.generated upon an initial encounter of the host with

Finnegan, D. J., 1989 The I factor and I-R hybrid dysgenesis in
a parasitic element and allow the triggering of a very Drosophila melanogaster, pp. 503–517 in Mobile DNA, edited by

D. E. Berg and M. M. Howe. American Society for Microbiology,efficient and rapid answer upon a subsequent invasion
Washington, DC.by the same—or a related—parasite. Ancestral I-related

Fire, A., S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver et
elements might play a similar role—a sort of genetic al., 1998 Potent and specific genetic interference by double-

stranded RNA in Caenorhabditis elegans. Nature 391: 806–811.vaccination—allowing an enhanced/regulated rate and
Gauthier, E., C. Tatout and H. Pinon, 2000 Artificial and epige-extent of the host response to—not necessarily strictly

netic regulation of the I factor, a nonviral retrotransposon of
identical—invading I elements. Drosophila melanogaster. Genetics 156: 1867–1878.
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Vaucheret, H., C. Béclin, T. Elmayan, F. Feuerbach, C. Godonmethylation triggered by double-stranded RNA. EMBO J. 19:
et al., 1998 Transgene-induced gene silencing in plants. Plant5194–5201.
J. 16: 651–659.Pal-Bhadra, M., U. Bhadra and J. A. Birchler, 1997 Cosuppres-

Vaury, C., P. Abad, A. Pélisson, A. Lenoir and A. Bucheton, 1990sion in Drosophila: gene silencing of Alcohol dehydrogenase by
Molecular characteristics of the heterochromatic I elements fromwhite-Adh transgenes is Polycomb dependent. Cell 90: 479–490.
a reactive strain of Drosophila melanogaster. J. Mol. Evol. 31: 424–Pal-Bhadra, M., U. Bhadra and J. A. Birchler, 1999 Cosuppres-
431.sion of nonhomologous transgenes in Drosophila involves mutu-

Villeponteau, B., 1997 The heterochromatin loss model of aging.ally related endogenous sequences. Cell 99: 35–46.
Exp. Gerontol. 32: 383–394.Pal-Bhadra, M., U. Bhadra and J. A. Birchler, 2002 RNAi related

Voinnet, O., 2001 RNA silencing as a plant immune system againstmechanisms affect both transcriptional and posttranscriptional
viruses. Trends Genet. 17: 449–459.transgene silencing in Drosophila. Mol. Cell 9: 315–327.

Wassenegger, M., and T. Pélissier, 1998 A model for RNA-medi-Pélisson, A., and J. C. Brégliano, 1987 Evidence for rapid limita-
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