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PIWI proteins and their bound PIWI-interacting RNAs

(piRNAs) form the core of a gonad-specific small RNA

silencing pathway that protects the animal genome

against the deleterious activity of transposable elements.

Recent studies linked the piRNA pathway to TUDOR

biology as TUDOR domains of various proteins bind sym-

metrically methylated Arginine residues in PIWI proteins.

We systematically analysed the Drosophila TUDOR protein

family and identified four previously not characterized

TUDOR domain-containing proteins (CG4771, CG14303,

CG11133 and CG31755) as essential piRNA pathway

factors. We characterized CG4771 (Vreteno) in detail and

demonstrate a critical role for this protein in primary

piRNA biogenesis. Vreteno physically and/or genetically

interacts with the primary pathway components Piwi,

Armitage, Yb and Zucchini. Vreteno also interacts with

the Tdrd12 orthologues CG11133 (Brother of Yb) and

CG31755 (Sister of Yb), which are essential for the primary

piRNA pathway in the germline and probably replace the

function of the related but soma-specific factor Yb.
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Introduction

The PIWI-interacting RNA (piRNA) pathway is an animal-

specific small RNA pathway that silences selfish genetic

elements such as transposons in gonads (Malone and

Hannon, 2009; Khurana and Theurkauf, 2010; Senti and

Brennecke, 2010). At the core of this pathway act Argonaute

proteins from the PIWI clade and their bound small RNAs,

generally referred to as piRNAs. Mutations in PIWI proteins

or in factors involved in piRNA biogenesis or piRNA-

mediated silencing lead to de-silencing of transposons, to

widespread DNA damage and ultimately result in sterility.

The analyses of piRNA populations from vertebrates and

invertebrates have provided genuine insight into the genomic

origin of piRNAs (Aravin et al, 2006, 2007, 2008; Girard et al,

2006; Lau et al, 2006; Vagin et al, 2006; Brennecke et al, 2007;

Li et al, 2009; Malone et al, 2009; Robine et al, 2009; Saito

et al, 2009). The three major piRNA sources are long RNAs

originating from discrete genomic loci typically enriched in

transposon sequences (piRNA clusters), transcripts from

active transposons and finally mRNAs from numerous en-

dogenous genes.

The genetic and mechanistic principles of piRNA biogen-

esis are only poorly understood but sequence analyses of

piRNA populations indicated that two modes of piRNA

biogenesis exist (reviewed in Senti and Brennecke, 2010).

On the one hand, during primary piRNA biogenesis presum-

ably single-stranded precursor transcripts are processed in a

seemingly random manner into 23–30 nt primary piRNAs

(Lau et al, 2009; Li et al, 2009; Malone et al, 2009; Saito

et al, 2009). On the other hand, transposon sense transcripts

(typically from active elements) and antisense transcripts

(typically from piRNA clusters) participate in the process of

secondary piRNA biogenesis: Here, piRNA-mediated cleavage

of the target transcript triggers the production of a novel

piRNA with the reciprocal polarity (Brennecke et al, 2007;

Gunawardane et al, 2007). Hallmarks of this so-called ping-

pong amplification of piRNAs are conserved from sponges to

mammals (Aravin et al, 2007; Grimson et al, 2008).

The existence of two distinct piRNA biogenesis branches is

particularly evident in the Drosophila ovary. Within ovarian

germ cells, the three PIWI proteins Piwi, Aubergine and

Argonaute 3 (Ago3) are co-expressed and piRNAs are gener-

ated via the primary and secondary pathways. The two major

players of the secondary ping-pong pathway are Aubergine

and Ago3 with Aubergine binding primarily cluster derived

antisense piRNAs, while Ago3 is primarily complexed with

transposon mRNA-derived sense piRNAs (Brennecke et al,

2007; Gunawardane et al, 2007; Li et al, 2009; Malone et al,

2009). In contrast, the surrounding follicle cells (somatic

origin) express exclusively Piwi and piRNAs are produced

only via the primary pathway (Lau et al, 2009; Li et al, 2009;

Malone et al, 2009; Saito et al, 2009).

As all three PIWI proteins are expressed in germline cells,

accurate systems must be in place to guarantee controlled

piRNA biogenesis and PIWI loading. Several recent studies

indicate that modular interactions between PIWI proteins and

TUDOR domain-containing proteins are part of this control

system (Chen et al, 2009; Kirino et al, 2009, 2010; Nishida
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et al, 2009; Reuter et al, 2009; Vagin et al, 2009). The TUDOR

domain is a member of the TUDOR ‘royal family’, which

among others also contains Chromo, plant Agenet, MBT and

PWWP domains (Maurer-Stroh et al, 2003). The core TUDOR

domain spans B60 amino acids and folds into a strongly bent

anti-parallel b-sheet with five strands forming a barrel-like

fold (Sprangers et al, 2003; Chen et al, 2009; Friberg et al,

2009; Liu et al, 2010a, b). A key function of this domain is to

facilitate protein–protein interactions, which often depend on

the post-translational methylation of Lysine or Arginine

residues in target proteins. Indeed, several methylated

Arginine residues have been identified in PIWI-family pro-

teins and at least in some cases specific interactions between

PIWI and TUDOR proteins require the symmetric di-methyla-

tion of Arginine residues (sDMAs) in PIWI proteins (Kirino

et al, 2009, 2010; Nishida et al, 2009; Reuter et al, 2009; Vagin

et al, 2009; Huang et al, 2011b). Based on the observed

specificity of PIWI–TUDOR interactions, it is possible that

an intricate sDMA code allows the controlled recruitment of

selected TUDOR domain-containing proteins at specific

points of the life cycle of PIWI–piRNA complexes.

In Drosophila, six (Tudor, Spindle-E, Krimper, Tejas, Yb

and Papi) out of the roughly 20 proteins implicated in the

piRNA pathway contain TUDOR domains (Boswell and

Mahowald, 1985; Gillespie and Berg, 1995; Lim and Kai,

2007; Malone et al, 2009; Nishida et al, 2009; Olivieri et al,

2010; Patil and Kai, 2010; Qi et al, 2010; Saito et al, 2010; Liu

et al, 2011). We therefore decided to systematically analyse all

fly TUDOR domain-containing proteins for an involvement in

the piRNA pathway. This led to the identification of four

novel TUDOR proteins as essential piRNA pathway factors.

We characterized in detail the role of CG4771 (Vreteno), a

tandem TUDOR domain-containing protein. Vreteno localizes

to Yb bodies in follicle cells and to nuage in germline cells

and is required for primary piRNA biogenesis in both cell

types. Vreteno interacts with the three fly Tdrd12 proteins Yb,

CG11133 (Brother of Yb) and CG31755 (Sister of Yb), which

have partially overlapping functions in the somatic and

germline piRNA pathways.

Results

Identification and classification of TUDOR domain-

containing proteins in Drosophila

We mined the Drosophila melanogaster proteome for TUDOR-

clan domains (Pfam CL0049) using sensitive sequence–pro-

file (HMMer) and profile–profile comparison methods

(Soding et al, 2005). Supplementary Table SI lists all identi-

fied proteins and specifies the individual subclasses (see also

Figure 1A). For further analysis we focused on the TUDOR-

clan domains TUDOR and SMN, which both have been

reported to bind sDMA residues (Selenko et al, 2001;

Sprangers et al, 2003; Cote and Richard, 2005; Liu et al,

2010a, b). This resulted in 22 proteins containing at least one

TUDOR/SMN domain.

An alignment of all TUDOR/SMN domains contained in

this set indicates three subgroups (Supplementary Figure S1).

Groups A (Smn, CG13472 and CG17454) and B (Otu, CG3251)

show similarity only to the B60 amino-acid TUDOR core. All

other sequences cluster together in group C and share sig-

nificant similarity also N- and C-terminal to the TUDOR core.

Characteristic for group C are two 100% conserved amino

acids, an Arginine in b4 and an Aspartate in the loop linking

b5 and b6 of the extended TUDOR structure (Supplementary

Figure S1; marked in green in Figure 1B; Liu et al, 2010a).

Based on structural studies, group C sequences represent

extended TUDOR domains, which are characterized by a

core TUDOR domain tightly interacting with an OB-fold that

consists of the N-terminal and C-terminal extensions (Liu

et al, 2010a, b). So far, every TUDOR domain-containing

protein that has been linked to the piRNA pathway belongs

to the extended TUDOR group.

To further characterize the set of proteins harbouring ex-

tended TUDOR domains, we annotated all additionally con-

tained protein domains and searched for the corresponding

mouse orthologues (Figure 1A; Supplementary Figure S2).

Most of the fly proteins exhibit strong similarity to their

mouse counterparts and the listed pairs in Supplementary

Figure S2 are supported by multiple independent orthology

assignment methods. CG14303 was linked to Rnf17 based on

automated orthology identification (Inparanoid, Compara,

OMA) and similarities in the TUDOR domains and an N-

terminal B-Box C-terminal domain. We note that the N-termi-

nus of CG14303 is not annotated in FlyBase (lack of EST data),

indicating that the similarities between CG14303 and Rnf17

might also include the RING-type zinc finger found in Rnf17.

Notably, an N-terminal RING finger could be identified in the

Apis and Bombyx CG14303/Rnf17 orthologues. Murine

Tdrd12 was assigned to CG11133 and CG31755 based on

OrthoMCL (v2:OG2_82474 and v4:OG4_21213). Since both of

these proteins share a similar domain composition with the

piRNA pathway protein Yb, it appears that Tdrd12 has

radiated in Drosophila into three proteins. Indeed, all three

fly proteins are more related to each other than to the single

mouse or human Tdrd12 proteins. Less obvious was the

assignment of Tdrd1, a 4�TUDOR domain protein with an

Figure 1 Characterization of the Drosophila TUDOR proteins. (A) Cartoon showing all Drosophila melanogaster proteins containing TUDOR/
SMN domains (blue boxes). All other significant protein domains identified via HHpred searches are indicated with coloured boxes and their
identity is given to the right from N to C (ZnF: zinc finger; RRM: RNA recognition motif; BBC: B-Box C-terminal domain; DEAD: DEAD-Box
RNA Helicase; Hel-C: Helicase C-terminal; HA2: Helicase associated domain; OB: oligo-nucleotide binding; CS: HSP20-like domain; DSRM:
double-stranded RNA binding; TM: trans-membrane domain; KH: K homology; SNase: Staphylococcus nuclease; DUF: domain of unknown
function; UBA: ubiquitin-associated domain). TUDOR proteins implicated in the piRNA pathway (including the ones from this study) marked
with a black dot (left). The scale indicates amino-acid positions. The identified mouse orthologues (see Supplementary Figure S1), the number
of identified TUDOR domains in fly (mouse) and the expression bias towards gonads in adult flies are shown to the right. Proteins with similar
domain composition are grouped together. For CG14303, the ‘??’ indicate the non-annotated N-terminus. (B) The secondary structure cartoon
(blue indicates b-strands, red a-helices) denotes the extended TUDOR domain and is based on Liu et al (2010a) (see also Supplementary Figure
S1). The core TUDOR domain (SMART definition) is shown as an alignment for all identified TUDOR domains (‘e’ and ‘h’ above the alignment
indicate b-strands and a-helices, respectively). The conserved Arginine and Aspartate residues present in all extended TUDOR domains are
highlighted in green, aromatic cage residues in red, the Asparagine involved in sDMA binding in orange and a strongly conserved glycine in
grey. To the left, the predicted likelihood of a domain to bind sDMA residues (based on the aromatic cage residues) is indicated with black
(likely binder) and grey (potential binder) circles.
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N-terminal MYND-type zinc finger. Based on domain compo-

sition, Tdrd1 might be the single mammalian counterpart of

fly CG9925, CG9864 and CG4771, all of which encode besides

multiple TUDOR domains also a MYND zinc finger (CG4771

contains in addition an RRM domain). Fly proteins with no

assignable mouse counterparts are Krimper as well as the two

testes specific proteins CG15042 and CG15930 (the two

TUDOR domains of Krimper and CG15042 are highly similar,

potentially suggesting a common ancestor). Finally, mouse

Tdrd8 seems to lack a detectable fly orthologue.

TUDOR/SMN domains often bind peptides with sDMA

residues in target proteins. The sDMA-binding pocket resides
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Tud_1     LLIPGTFCIFKNINGPAPGDVEYRRIRVVSADLE------GQSMRAEIDFVDFGYKRTVD-SHDLMFPKQPK--LL
Tud_2     APELGTACVARFSE-----DGHLYRAMVCAVYA----------QRYRVVYVDYGNSELLS-ASDLFQIPP----EL
Tud_3     QLILGAPCIVKC-------DQEWYRAEILRVDD-----------SVIVRHVDFGYEQNVK-RHLIGHIAEK----H
Tud_4     QLKVGSTVVVRQRK-----DNAILRATVTACNH--------MMRKYRVFCVDTGSLITVT-SEDIWQLEQ----RF
Tud_5     --------------------GQQIRGKFTSIRD---------MTSFKVQF-DYGNNVNFL----CTYDDA---KFV
Tud_6     KFDVGQICAVRSS------DGNWYRARISGKDS--------NAACFEVFYIDYGNTEEIK-RDDIKALDA---KFY
Tud_7     NVVNGADCVSMYSV-----DKCWYRAKIIDAE------------LMVLLFIDYGNTDCVS---DATDIKE---SMW
Tud_8     GFEKGLIVAALFED-----DELWYRAQLQKELP---------DSRYEVLFIDYGNTSTTS---KCLMLS----EEI
Tud_9     KAAVDDMCVVQFAD-----DLEFYRSRILEVLE---------DDQYKVILIDYGNTTVVD---KLYELP----QEF
Tud_10    DPTTNSNGVCYSQE-----DACYYRCSIKSVLD--------PSQGFEVFLLDYGNTLVVP---EVWQLP----QEI
Tud_11    DLKEGALCVAQFPE-----DEVFYRAQIRKVLD---------DGKCEVHFIDFGNNAVTQ---QFRQLP----EEL
CG9925_1  GVREDTLVAISV-------GDKVHRGHVLTVCQ--------KKQEANVRMIDHGQIVATP-FRDIYTIV----PKM
CG9925_2  FPEQKSIFFAATRT-----KNGYRRAFLLDHIMK-------PRPTYLVYEMDEGRVSIAT---DLSRIP----SEL
CG9925_3  DVSVGSIVLVVSK------QMGHFRGEILSKDS----------GLFEVMNVDTGATQKVE-LAEIRSSC----RFL
CG9925_4  VPNVGELCLAIYSE-----DKNWYRGVCQEVKD----------NMVKILFCDFGNTEYVA-VRHVKPIS-----QD
CG9684_1  NPPPNRLCLVHF-------NGMYVRAKMCKKLR----------EVSHLFLVDLGIKHSGP-FFDFKDIN----DEL
CG9684_2  KPVVREYVLARF-------EGSWYRGKVEQIIVV-----PRQQTKYRVMYLDYTNVEDIT-EMDIRRYP-----LD
CG4771_1  TPVCGQIVLYKF-------EGHMSRAMVLNVDN---------IKEIYVVFIDFGSVEVTQ-LERLYECS----SYL
CG4771_2  APPINELCIAKY-------EGKWRRGLSVELVG---------DGYPSILFIDYGNIVPTH-VTDIRPYPP----QF
CG14303_1 TIVVGQNYIIHHKD-----KDRYYRALVSQKLT--------NENLYNVFLTDIGVHLHVR-CSDFRVVP----ERI
CG14303_2 NIFLGQLHLGCVLQS----GGQWKRASIEQILP---------DGYVLVHLVDEGPSQKVF-WDQLFVLP-----QK
CG14303_3 DWQVGDMCYARVQANC-DSQALWYRGVVTGVIP---PGITCPIVRYQVHLRDLGELIDDVHSSSLANID----EAD
CG14303_4 TYKVGQAVVVTYHM-----DNMIYRGIVQRLEN--------NHNEYTVYYVDYGNMELVK-ADEMLPYA-----PF
CG14303_5 EPKVGDLCLARYSR-----DKQWYRANIKEISP----ILSPTSEQVTVFYIDFHDTEKVS-FNHLKVMP----SQL
Spn-E_1   AIAKGMMVLAKR-------DSYFQRATVIRPEN-----QSNRQPMFYVRFIDYGNCTLLP-MQLMRLMPRELTEQY
Yb_1      NPVPGEMAVVKN-------INRYERVHIVSVES---------NVMVLVQLLDTSTECFSYKTSQLYSCDK----IF
CG11133_1 PPVAGAICMYHT-------TFTKERVRVLKVAAIKNTNIVQSDLTVKLQALDVDTRIFSTNCGKLFECP----EAL
CG31755_1 VYVEDERVIVRYQRWS---PPKLVRGVVRRRQN----------EEYLVWILDYGFNLCCS-VWDLWPLP----DHL
CG31755_2 PCKINDVCFVQH-------KELLSRVRIVDNPA---------RPQVTVQLMDYGTELLQVKASQLLECP----EQF
Tej_1     LITTDHLCVVRC-------TSGWERAKVLGYRS------SNNKMTIEVELVDIGDIIRVS-QQNVKFLI----KPF
CG8920_1  KPYAQEVYLVEM-------PDGWNRVRAISVDE--------ETRSGRYHFIDFGDVAMFH-SEDLFHCP----PQF
CG8920_2  LLHDRHIFVCDETVDGV---KQWFRGRLVTRPLN------PDEESFDVYYVDDGRQRKAH-ISNIYRLEANN-RAL
CG8920_3  QLAIGEAYAAPDS------EGVYHRVSIHKIYD----------EIIHVRFVDVGDDGVIA-CDQLKTLN----PEL
Krimp_1   LPDYGDIFAVLDSI-----NNIITRITINSSSA---------GGGYDAYLIDFGEHIHFDGNETIFKLP----DDI
Krimp_2   KPRLLDIVLALYS------DGCFYRAQIIDEFP----------SEYMIFYVDYGNTEFVP-LSCLAPCE----NVD
Papi_1    APYVGQIVAAVFKF-----DEKWYRAEIVDIMPNQYN---PKEQVIDLYFVDYGDSEYIS-PADICELR----TDF
Yu_1      SLELSAVCVIPI-------NDVWYRVQIVDTDP-------EDEERCVIKFLDFGGYMNVG-FNTLRQIR----TDF
Tud-SN_1  TPKRGDLVAAQFTL-----DNQWYRAKVERVQG----------SNATVLYIDYGNKETLP-TNRLAALP----PAF
CG15042_1 LPDYGEIFAFYDKA-----ENRISRIAINAPVH---------PMGYCAYMIDAAKYTNMSGMERIFALP----DDL
CG15042_2 DFRVWDIVLAPY-------QGRYHRAKIVDIFR----------CRYRVYFLDFGITEYTS-KKNLTFCY----ELE
CG15930_1 FYKEGYICAAYS-------ECGWRRAMVLVTAP-------LDAQCVNIEYVDHALSVTLA-PNHLRFLP----LSF
CG13472_1 MWQKGDLCMAKYWD-----DGRYYEAEITGVSE----------KTCVVFFMGYGNHEEVL-KVDILPITD------
Smn_1     SFKVGDYARATYV------DGVDYEGAVVSINE--------EKGTCVLRYLGYENEQEVL-LVDLLPSWG------
CG17454_1 IWKKGDKCQAKWKE-----DRQYYDATIEDISS---------TGEVNVIFDAYQNRSTTH-VNELRERTI------

SMART definition of TUDOR domain

β1 β2 β3 β4 β5 β6 β7 β8 β9 β10αA αB αC αD

TUDOR domain-containing proteins in Drosophila
D Handler et al
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within the TUDOR core. It consists of four aromatic residues

(Figure 1B, marked in red), whose aromatic rings form a

cuboid cage and complex the di-methylated guanidine group

(Selenko et al, 2001; Sprangers et al, 2003; Cote and Richard,

2005; Liu et al, 2010a, b). An additional conserved Asparagine

(Figure 1B, marked in orange) interacts with the sDMA

residue via a hydrogen bond (Liu et al, 2010a, b). In sDMA-

binding TUDOR domains, the aromatic cage residues are

highly conserved and are critical for sDMA binding. We

inspected the Drosophila extended TUDOR domains for aro-

matic cage residues. The alignment in Figure 1B indicates

that while a set of TUDOR domains harbours all of these

important residues at the exact same position, numerous

TUDOR domains seemingly lost the ability to bind sDMA

residues due to multiple amino-acid exchanges at critical

positions. Nevertheless, many of the identified proteins

contain at least one TUDOR domain with an intact aromatic

cage and therefore likely interact with sDMA residues.

We finally analysed the RNA expression pattern of all

TUDOR/SMN genes via the adult Drosophila Fly Atlas

(Chintapalli et al, 2007). This showed a strong bias for

genes with extended TUDOR domains to be expressed in

ovaries and/or testes, further suggesting a link to piRNA

biology (Figure 1A; Supplementary Figure S3).

Defining the set of TUDOR proteins with critical roles in

the ovarian piRNA pathway

The implication of several TUDOR proteins in piRNA biology

and their often gonad-specific expression prompted us to

genetically test all proteins with extended TUDOR domains

for their involvement in the piRNA pathway. Defects in the

piRNA pathway lead to sterility and to a substantial accumu-

lation of transposon transcripts in ovaries. We therefore

assayed these phenotypes in females where individual

TUDOR domain-containing proteins were knocked down

via RNAi specifically in the ovarian soma (marked in green

in Figure 2A and B) or in the germline (marked in beige

in Figure 2A and B).

RNAi in the follicular epithelium (soma), where only the

primary piRNA pathway is active, was based on tj-GAL4

driven dsRNA-hairpin constructs (hp-lines) from the VDRC

(Vienna Drosophila RNAi Centre) library (Dietzl et al, 2007;

Olivieri et al, 2010). For the germline we expressed short

hairpin constructs (sh-lines) with the germline-specific MTD-

GAL4 driver, which allows robust knockdowns (Haley et al,

2008; Ni et al, 2011). In addition, we took advantage of

the observation that VDRC hp-lines induce potent RNAi in

the germline if expressed in conjunction with Dicer-2 (Sidney

Wang and Sarah Elgin, personal communication). Figure 2B

illustrates specificity and efficacy of the soma and germline-

specific knockdowns using the piRNA biogenesis factor

Armitage as an example.

Integrity of the somatic piRNA pathway was monitored via

a gypsy-lacZ construct that accurately reports piRNA-

mediated silencing in follicle cells (Figure 2C; Sarot et al,

2004; Olivieri et al, 2010). Integrity of the germline piRNA

pathway was monitored via the steady-state RNA levels of the

two transposons HeT-A and blood (Figure 2D). In addition,

we determined female fertility rates (percentage of hatched

eggs) for all knockdowns (Figure 2E). The two germline

knockdown approaches yielded in nearly all cases identical

results. We attribute the three exceptions (CG9925-hp, yu-sh,

CG14303-sh; Figure 2D and E) to off-target effects or non-

functional RNAi lines.

Seven TUDOR proteins scored as putative piRNA pathway

components (CG4771, CG11133, Tejas, CG14303, Spindle-E,

Krimper, Yb). All four factors that had previously been shown

to be essential pathway members (Spindle-E, Krimper, Tejas,

Yb) were identified. In agreement with the literature, Spindle-

E, Krimper and Tejas scored only in the germline knock-

downs while Yb scored only in the soma assay (Lim and Kai,

2007; Malone et al, 2009; Szakmary et al, 2009; Olivieri et al,

2010; Patil and Kai, 2010). Papi and Tudor—though previously

implicated in the pathway—did not result in transposon de-

silencing or sterility. This is in agreement with the literature

as both proteins are dispensable for fertility and correspond-

ing mutant ovaries contain no or only slightly elevated

transposon RNA levels (Nishida et al, 2009; Liu et al, 2011).

We note that the grandchild-less phenotype for Tudor

(Boswell and Mahowald, 1985) is recapitulated in the Tudor

germline knockdowns.

In addition to the known factors, germline knockdowns of

three uncharacterized proteins (CG14303, CG4771, CG11133;

Figure 2D and E) resulted in sterility and transposon silencing

defects. Out of these, CG4771 was also identified as an

essential component for the somatic piRNA pathway

(Figure 2C) and we therefore decided to characterize this

factor in more detail.

Vreteno (CG4771) is an essential piRNA pathway factor

CG4771 is localized on the third chromosome (Figure 3A) and

encodes a protein with two extended TUDOR domains

(Figure 3B). The C-terminal TUDOR domain might possess

sDMA-binding activity (Figure 1B) and the relevant aromatic

cage residues are conserved in distantly related Drosophila

species (Figure 3B). In addition, CG4771 harbours an N-

terminal RRM domain and a highly conserved zinc finger

belonging to the MYND family (C2C4HC).

To verify that CG4771 is a piRNA pathway factor, we

obtained genetic alleles of this gene. Females homozygous

for the P-insertion HP36220 (Bloomington), which is inserted

into the 50UTR of CG4771 (Figure 3A) were sterile and laid

eggs that exhibited defects in dorso-ventral patterning as

evidenced by a high percentage of fused dorsal appendages.

This is a common phenotype of piRNA pathway mutants and

stems from the activation of the Chk2 DNA damage pathway,

presumably caused by widespread DNA damage originating

from uncontrolled transposon activity (Chen et al, 2007;

Klattenhoff et al, 2007). However, in HP36220 mutants only

the blood element was de-repressed, although germline-

specific and soma-specific knockdowns of CG4771 clearly

de-repressed also HeT-A and ZAM, respectively (Figure 3C).

This suggested that HP36220 is a hypomorphic allele. Indeed,

nuclear Piwi localization in the mutant was impaired, yet to a

lesser degree than in armitage or Yb mutants (Figure 3D;

Olivieri et al, 2010).

We therefore generated an additional allele by mobilizing

the HP36220 element. Out of 280 analysed excision events,

one line (CG4771[D1]) exhibited a more pronounced pheno-

type as homozygous females failed to lay eggs. The ovarian

morphology of CG4771[D1] mutants strongly resembled those

of armitage or zucchini null ovaries (Pane et al, 2007; Olivieri

et al, 2010). In some egg chambers, we observed besides the

oocyte nucleus a single giant nurse cell nucleus, indicating
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(blue) in egg chambers expressing RNAi constructs in a tissue-specific manner (left: wild type; middle: soma knockdown via tj-GAL44hpRNA;
right: germline knockdown via MTD-GAL44shRNA or NGT-GAL44Dcr-2þhpRNA). Monochrome panels show only the anti-Armitage
channel. (C) Bright field images of ovarioles stained for b-GAL activity. The individual genotypes represent soma-specific knockdowns of the
indicated genes in the background of the gypsy-lacZ sensor described in Sarot et al (2004). zucchini knockdown serves as a positive control and
spindle-E as negative control. Of all TUDOR knockdowns, only those against CG4771 or Yb resulted in sensor de-repression. (D) Changes in
steady-state levels of HeT-A and blood transposon transcripts upon knockdown of individual TUDOR proteins in the germline with the shRNA
(black/gray) or the hpRNA (red/rose) knockdown systems (normalized to no-hairpin controls via rp49; log scale; n¼ 3; error bars indicate
s.d.). Identity of knocked down genes identical to the legend in (E). (E) Fertility rates of females with germline-specific knockdown of indicated
TUDOR proteins using the shRNA (black) and the hpRNA (red) systems (B200 eggs per experiment; n¼ 3; error bars indicate s.d.).

TUDOR domain-containing proteins in Drosophila
D Handler et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 19 | 2011 3981



severe defects in cytokinesis. Based on the morphology

of these egg chambers (Figure 3E), we initially named

CG4771 ‘avocado’. While this work was under review,

CG4771 was named ‘vreteno’ in FlyBase by the Lehmann

group (‘vreteno’ means ‘spindle’ in Bulgarian, referring

to the spindle class phenotype of eggs laid by CG4771

mutants) and we therefore adopted this name for consistency

reasons.
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In vreteno[D1] homozygous ovaries, germline- and soma-

specific transposons were severely de-repressed, indicating

the stronger nature of this allele (Figure 3F). This was

paralleled by a more pronounced defect in nuclear Piwi

accumulation (compare Figure 3G and D). To verify that the

vreteno[D1] phenotype is due to defects in the CG4771 locus,

we restored fertility (not shown), transposon silencing

(Figure 3F) and nuclear Piwi localization (Figure 3G) to

wild-type levels by introducing a genomic rescue construct

that expresses GFP-tagged Vreteno under its endogenous

regulatory regions (Figure 3A). As this rescue construct also

contained the complete loci for HP1c and CG6985, we mea-

sured steady-state RNA levels of all three genes in ovaries of

vreteno[D1] mutants and of the GFP–vreteno rescued animals

(Figure 3H). This confirmed the specificity of the D1 allele for

the vreteno locus. Immunofluorescence analysis with an

antibody recognizing the Vreteno N-terminus further indi-

cated that also the protein is essentially not detectable in

ovaries from vreteno[D1] mutants (Figure 3I).

We also analysed the requirement of vreteno for the piRNA

pathway in males. Towards this end, we measured steady-

state levels of the transposons mdg1 and copia as well as of

the repetitive Stellate locus that is under control of the piRNA

pathway in testes. This indicated a requirement of vreteno for

copia and Stellate silencing, supported by the observation

that silencing was fully restored in males expressing a GFP–

vreteno rescue construct (Supplementary Figure S4). Taken

together, vreteno encodes a novel piRNA pathway factor that

is essential for the ovarian and testes piRNA pathways.

Vreteno is required for primary piRNA biogenesis

in soma and germline

Defects in primary piRNA biogenesis (e.g. in armitage or

zucchini mutants) result in a collapse of piRNA populations

in follicle cells, in a severe reduction of most germline piRNA

species and in defects in Piwi’s nuclear accumulation accom-

panied by a significant loss of Piwi protein (Pane et al, 2007;

Malone et al, 2009; Haase et al, 2010; Olivieri et al, 2010; Saito

et al, 2010). Delocalization and decreased levels of Piwi were

also observed in the vreteno[D1] mutant (Figure 3D and G).

We therefore analysed the effects of loss of Vreteno on PIWI-

family proteins and on piRNA populations in the ovarian

soma and germline.

Similar to an RNAi-mediated Armitage knockdown,

knockdown of Vreteno in follicle cells led to an almost

complete loss of Piwi protein in these cells (Figure 4A),

indicating defects in primary piRNA biogenesis. Indeed,

analysis of small RNA populations obtained from

vreteno[D1] mutant ovaries showed that piRNAs originating

from the flamenco cluster, which gives rise to primary

piRNAs in follicle cells (Lau et al, 2009; Li et al, 2009;

Malone et al, 2009), were almost entirely lost in

vreteno[D1] mutants (Figure 4B). Highly similar profiles

were obtained from ovaries mutant for armitage, zucchini

or Yb, the only known factors involved in primary piRNA

biogenesis. In contrast, piRNA populations from spindle-E

mutant ovaries showed no impact, in agreement with

spindle-E functioning exclusively in the germline pathway

(Figure 4B; Malone et al, 2009). Very similar results were
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obtained when piRNAs mapping to individual soma-specific

transposons such as Tabor or ZAM were analysed

(Supplementary Figure S5).

Knockdown of Vreteno in the germline resulted in a near

complete loss of Piwi protein, again pheno-copying the

Armitage germline knockdown (Figure 5A). In addition,
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piRNA populations mapping to the germline-specific piRNA

cluster 42AB or to the transposon Rt1b, whose piRNA popu-

lations depend on primary piRNA biogenesis (Malone et al,

2009), were severely reduced in vreteno mutant ovaries as

well as in spindle-E, armitage or zucchini mutant ovaries

(Figure 5B and C). No significant changes were observed in

Yb mutant ovaries consistent with this gene acting in somatic

follicle cells only. We also observed a severe disruption of the

nuage localization of Aubergine and Ago3 in germline cells

depleted of Vreteno (Figure 5A). This is significant, as loss of

the primary biogenesis factor Armitage does not impact the

subcellular localization of Aubergine and Ago3 (Figure 5A).

Also in armitage null mutants, Aubergine and AGO3 localiza-

tion to nuage was not significantly perturbed (not shown),

indicating that the observed differences cannot be attributed

to insufficient knockdowns.

To characterize piRNA populations from vreteno mutants

in more detail, we mapped small RNAs isolated from ovaries

mutant for vreteno, armitage, zucchini, Yb or spindle-E as

well as small RNAs isolated from their respective heterozy-

gote controls to annotated transposon families (Jurka et al,

2005; Supplementary Table S2). While the spindle-E libraries

were taken from the literature (Malone et al, 2009), armitage,

zucchini and Yb libraries were prepared for this study (pre-

vious libraries were based on unfavourable genetic alleles in

the case of armitage, or suffered from inaccurate genotyping

in the case of zucchini; Malone et al, 2009). All heterozygote

libraries were scaled to 1 million repeat-derived small RNAs

(23–30 nt in length). Each mutant library was then normal-

ized to its respective heterozygote library using non-transpo-

son-derived endo-siRNA populations.

Figure 6A displays the levels of small RNAs that mapped to

annotated transposons in sense or antisense orientation as a

function of their length. The mutant small RNA profiles could

be grouped into three classes: (1) Yb is a soma-specific factor

essential for primary piRNA biogenesis (Olivieri et al, 2010;

Qi et al, 2010; Saito et al, 2010). Accordingly, the majority of

ovarian piRNAs were unchanged in this mutant. Only a slight

decrease (preferentially in antisense piRNAs) was seen, in

agreement with soma piRNAs exhibiting an extreme anti-

sense bias (Malone et al, 2009). (2) Spindle-E is required for

the germline-specific ping-pong cycle but is dispensable for

primary piRNA biogenesis (Malone et al, 2009). Accordingly,

spindle-E mutant piRNA profiles showed a severe collapse

in piRNA populations, with a subpopulation of piRNAs

(nearly exclusively antisense) remaining. These showed a

pronounced bias towards a 50 terminal Uridine, lacked the

characteristic ping-pong signal (see below) and therefore

represent primary piRNAs (not shown). (3) The vreteno,

armitage and zucchini mutant libraries strongly resembled

each other. They exhibited a severe depletion of piRNAs,

with more pronounced losses in antisense populations, in-

dicative of these factors being required for primary piRNA

biogenesis.

The described classification of the analysed pathway mu-

tants was supported by the changes in transposon-specific

piRNA populations (Figure 6B and C). We focused on a set of

37 transposon families that has been well characterized

previously (Malone et al, 2009). These transposons can be

grouped into three cohorts (Figure 6B) depending on whether

piRNAs targeting them are predominantly found in germline

cells (germline dominant), in somatic cells (soma dominant)

or in both cell types (intermediate). Transposons shown in

Figure 6B were ranked according to their ping-pong signature

in the average heterozygote library (blue heatmap). This

correlated strongly with the previously reported extent

of maternal piRNA inheritance (yellow/red heatmap) as

maternal deposition is only possible for germline piRNAs,

which typically participate in the ping-pong cycle (Malone

et al, 2009).

We mapped piRNAs to the selected transposon families

and calculated the log2 fold ratios of the respective hetero-

zygote/mutant pairs. In agreement with the genetic data,

piRNA populations from Yb and spindle-E mutants were

essentially anti-correlated (Figure 6B). While Yb mutations

affected soma-dominant elements, spindle-E mutations af-

fected germline-dominant elements. A scatter plot of the

log2 fold het/mut ratios underlines this further (Figure 6C;

r¼�0.52; Pearson correlation). In contrast, libraries ob-

tained from vreteno, armitage or zucchini mutants exhibited

nearly identical losses of piRNA populations mapping

to soma, intermediate or germline-dominant elements

(Figure 6B; Pearson correlations: r(armi/zuc)¼ 0.80;

r(armi/avo)¼ 0.76; r(zuc/avo)¼ 0.87). The soma-dominant

elements were the most consistently affected group, in agree-

ment with all of them depending on primary piRNA biogen-

esis. Within the germline-dominant group, some transposons

showed only very mild losses of piRNAs (e.g. protoP-A, Doc,

F-element). This pattern was observed in all three libraries

(see e.g. the bottom scatter plot in Figure 6C), further under-

lining the hypothesis that all three factors participate in a

common step of piRNA biogenesis.

We finally analysed the impact of the five mutants on the

ping-pong cycle (Figure 6D). While ping-pong collapsed in

spindle-E mutants (Malone et al, 2009), it was unaffected in

Yb mutants, consistent with this factor being soma specific.

Interestingly, vreteno, armitage or zucchini mutants showed

no defects in ping-pong signatures. On the contrary, for many

elements, the ping-pong signal was elevated in comparison to

the wild-type situation. This trend was particularly evident

for the intermediate group of transposons, especially in

armitage and zucchini mutants. Of note, ping-pong was still

efficient in vreteno mutants despite the fact that the key

players Aubergine and Ago3 were delocalized from nuage

(Figure 5A). This indicates that nuage localization per se is

not required for ping-pong.

Figure 6E shows sense and antisense piRNA populations

mapping to the F-element, which is a particularly interesting

case. piRNA populations for this element were highly sensi-

tive to perturbations in the ping-pong cycle (spindle-E

mutant), but not to defects in primary piRNA biogenesis

(vreteno, armitage, zucchini mutants). The increased ping-

pong signal in primary pathway mutants suggests that in

these mutants, the pool of primary piRNAs (lacking ping-

pong signatures) is eliminated, thereby leaving only ping-

pong pairs. For the Rt1B element (also a germline-dominant

element), this is different as piRNA populations in this case

evidently depend on ping-pong amplification as well as on

primary piRNA biogenesis (Figure 5C). Nevertheless, the

small pool of remaining Rt1B piRNAs in primary pathway

mutants still displays strong ping-pong signatures. We spec-

ulate that these element-specific differences are related to the

maternally transmitted piRNA pool (Brennecke et al, 2008).

For unknown reasons, the F-element ping-pong might be
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maintained by maternally transmitted piRNAs, whereas this

is not the case for elements such as Rt1B.

In summary, our analysis shows that Vreteno is essential

for primary piRNA biogenesis and that the ping-pong cycle

can operate independently of primary piRNA biogenesis in

Drosophila as suggested previously (Malone et al, 2009).

Vreteno accumulates in Yb bodies and physically

interacts with Piwi, Armitage and Yb

In follicle cells and in cultured somatic stem cells (OSCs; Niki

et al, 2006; Saito et al, 2009), Armitage and Yb are enriched in

discrete foci termed Yb bodies, which presumably are sites of

primary piRNA biogenesis as Piwi transits through these
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bodies (Olivieri et al, 2010; Qi et al, 2010; Saito et al, 2010). To

better understand at which step Vreteno acts during

primary piRNA biogenesis, we performed genetic epistasis

experiments in ovarian follicle cells as well as in OSCs. A

GFP–Vreteno fusion protein expressed under the endogenous

control regions localized to the cytoplasm of somatic and

germline cells in the ovary (Figure 7A and B). Intriguingly,

Vreteno was enriched in discrete foci in follicle cells and in

nuage in germline cells, highly reminiscent of an Armitage–

GFP fusion protein. A more detailed analysis of the subcel-

lular localization in follicle cells revealed that the majority of

Vreteno and Armitage foci precisely overlapped (Figure 7B).

Also in OSCs, Vreteno localized to the cytoplasm and accumu-

lated in distinct foci, which typically were Armitage positive

(Supplementary Figure S6). In some cases, however, Vreteno

and Armitage foci seemed to directly flank each other and in

several cells we observed accumulation of Vreteno in large

cytoplasmic domains that showed no Armitage accumulation

(Supplementary Figure S6). Typically, these cells lacked dis-

cernable Armitage foci, potentially suggesting that Yb bodies

undergo remodelling at specific stages.

We next analysed the subcellular localization of Vreteno in

cells lacking known primary biogenesis factors using mitotic

follicle cell clones in flies or RNAi in OSCs. Vreteno localiza-

tion to Yb bodies was dependent on Armitage and Yb

(Figure 7C). Strikingly, loss of Zucchini, a phospho-lipase

or putative nuclease localizing to the outer mitochondrial

membrane (Pane et al, 2007; Saito et al, 2010; Watanabe et al,

2011; Huang et al, 2011a) resulted in the accumulation of

Vreteno in massive Yb bodies, similar to what has been

observed previously for Armitage (Figure 7C; Olivieri et al,

2010). In contrast, Vreteno localization was unperturbed in

cells lacking Piwi (Supplementary Figure S7). Furthermore,

Armitage and Yb still localized to Yb bodies in cells lacking

Vreteno (Supplementary Figure S7). Comparable results were

obtained in OSCs upon knockdown of individual factors

(Figure 7D shows Yb and Zucchini knockdowns; Yb and

zuc mRNA levels were reduced to 7.2% and 13.6%, respec-

tively, resulting in 19-fold (Yb) or eight-fold (zuc) elevated

mdg1 transposon levels).

We obtained further support for a role of Vreteno in

primary piRNA biogenesis by co-immunoprecipitation (co-

IP) experiments from OSC lysate. This indicated that

Armitage and Vreteno reside in a common complex (sup-

ported by reciprocal co-IP experiments). In addition, both

proteins were also found to physically interact with Yb and

Piwi (Figure 7E).

Taken together, Vreteno is a novel Yb-body component that

interacts with Armitage, Yb and Piwi. Vreteno localization

depends on Armitage and Yb and in zucchini mutant cells it

accumulates together with Armitage and Yb in large cyto-

plasmic aggregates.

The Tdrd12 proteins CG11133 and CG31755 interact

with Vreteno and are essential primary piRNA pathway

factors in the germline

Vreteno is besides Piwi, Armitage and Zucchini the fourth

known factor required for primary piRNA biogenesis in the

ovarian soma and germline. In contrast, the Tdrd12-like

protein Yb is an essential piRNA biogenesis factor but acts

only in somatic cells (Olivieri et al, 2010; Qi et al, 2010; Saito

et al, 2010). The Drosophila genome contains two additional

Tdrd12-like proteins (CG11133, CG31755; Figure 8A), both

of which are also specifically expressed in gonads

(Supplementary Figure S3; FlyAtlas). Since Vreteno physi-

cally interacts with Yb, we reasoned that it might also interact

with CG11133 and CG31755. We performed IP experiments

from ovaries expressing GFP–Vreteno instead of the endo-

genous protein and from wild-type control ovaries using a

monoclonal GFP antibody followed by quantitative mass

spectrometry analysis. Strikingly, CG11133 and CG31755

were among the five most enriched proteins in the

GFP–Vreteno IP (besides Vreteno, Hsp27 and CG9281;

Supplementary Table S3).

To further characterize the fly Tdrd12 family, we analysed

expression and localization of GFP-tagged Yb, CG11133 and

CG31755 in ovaries (all proteins were expressed under their

respective endogenous control regions). While CG31755 was

expressed at comparable levels in follicle and germline cells,

Yb was expressed specifically in follicle cells and CG11133

predominantly in germline cells (Figure 8B). Remarkably, the

subcellular localizations of the three proteins were highly

reminiscent of the Armitage or Vreteno localizations. Double

labelling experiments confirmed the co-localization of

Armitage with Yb and CG31755 in follicle cells (Figure 8B).

Also for CG11133, though present only at very low levels,

localization to Armitage foci in follicle cells was observed

(not shown). In germline cells, CG31755 localized to peri-

nuclear clouds that were also positive for Armitage, while

CG11133 was enriched in nuage, where Armitage was also

present (Figures 7A and 8B).

Given the follicle cell expression and Yb-body localization

of CG31755 and CG11133, we investigated their somatic

piRNA pathway involvement in OSCs by knocking them

down, individually or in combination with RNAi. Depletion

of CG31755, but not CG11133 resulted in a strong increase of

mdg1 transposon levels, similar to what has been observed

for zuc, armi or Yb knockdowns (Figure 8C; Saito et al, 2010).

Figure 6 Vreteno, Zucchini and Armitage are essential primary piRNA biogenesis factors but are dispensable for the ping-pong cycle.
(A) Length profiles of all repeat-derived (transposon and satellite repeats) small RNAs (18–30 nt) isolated from ovaries of the indicated mutants
and their respective heterozygous controls (all heterozygote libraries normalized to 1 million repeat-derived 23–30 nt RNAs). Sense
populations are in blue and antisense populations are in red. The fold decrease in the respective populations (23–30 nt only) is indicated.
(B) Bar diagram indicating the changes of normalized piRNAs mapping antisense to the indicated transposons (left) in the indicated mutant
ovaries compared with the respective heterozygous control ovaries (het/mut ratios are given as log2 values). Grey bars indicate values below 1
(less than two-fold changes). Identity of the analysed mutants is given at the bottom. Transposons are grouped into germline-dominant (red),
intermediate (yellow) and soma-dominant (green) based on Malone et al (2009). The heatmaps indicate degree of maternal piRNA inheritance
(yellow: strong; red: weak) and ping-pong signature (blue: strong; white: absent) of each individual element. (C) Scatter plots of the log2
values plotted in (B), where individual transposons are colour coded as in (B). (D) Ping-pong signatures of the individual transposons
(classification and order as in (B) in the average heterozygote (het.) and the indicated mutants as a heatmap ranging from strong signals
(dark blue) to no signal (white). The F-element is indicated with an arrow. (E) Normalized piRNA profiles (sense and antisense) mapping to the
F-element. Compared are populations from heterozygotes (black) to the indicated mutants (red). Ping-pong signatures (basis for the heatmap
in (D) are shown to the right of each plot.
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Double depletion of CG31755 and CG11133 led to an addi-

tional, but small increase in mdg1 transcript levels, suggest-

ing a minor role for CG11133 in the somatic piRNA pathway.

We performed a similar analysis in germline cells.

The initial survey of TUDOR proteins already indicated that

CG11133 was critical for transposon silencing in the germline,

while CG31755 was not (Figure 2D and E). We analysed

silencing of the HeT-A and blood elements in ovaries depleted

for CG31755 and/or CG11133 via the shRNA system

(Figure 8D). While knockdown of CG31755 had no significant

impact on HeT-A/blood silencing, a nearly 10-fold increase in

blood levels was measured in CG11133 knockdown ovaries
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Figure 7 Vreteno is a novel Yb-body component. (A) Subcellular localization of GFP-tagged Vreteno or Armitage (optical section of egg
chambers) expressed under the respective endogenous regulatory regions. (B) Confocal section through the follicular epithelium of a GFP–
Vreteno (green) expressing egg chamber stained for Armitage (red) and DNA (blue). (Right panel) Merge of all three channels (co-localization
of Vreteno and Armitage results in yellow). (C) Immunostaining of Vreteno (green), Piwi (red) and DNA (blue) in egg chambers, where clones
of cells mutant for the indicated genes (left) have been induced in the follicular epithelium (clone borders are indicated with a yellow line).
(D) Co-immunostaining of Vreteno (left) and Armitage (right) in OSCs transfected with siRNAs against EGFP (top), Yb (middle) or zucchini
(bottom). (E) Co-IPs of Armitage and Vreteno from OSC lysate. Western blots against Armitage, Vreteno, Piwi and Yb. For the Armitage western
blot (Armi-IP), only 1/15th compared with all other blots was loaded in the IP-lanes. Beads lacking antibody (IP-beads) served as control.
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(Figure 8D). Strikingly, double depletion of CG31755 and

CG11133 de-silenced HeT-A and blood to levels comparable

to verified piRNA pathway mutants (Figures 2D and 8D).

The observed silencing defects correlated with defects in

Piwi levels and localization (Figure 8E). In the single

knockdowns, most egg chambers displayed wild-type Piwi

levels and localization. In about 3–5% of egg chambers,

however, we observed reduced Piwi levels or cytoplasmic

Piwi localization (representative images in Figure 8E).

Strikingly, double depletion of CG11133 and CG31755

resulted in an almost complete loss of germline Piwi

(Figure 8E). Based on these observations and the correlation

between defects in nuclear Piwi accumulation and defects in

primary piRNA biogenesis (Olivieri et al, 2010; Saito et al,

2010), we conclude that CG11133 and CG31755 function

together in primary piRNA biogenesis in germline cells.

We therefore named CG11133 ‘Brother of Yb’ and CG31755

‘Sister of Yb’.

Discussion

The set of TUDOR domain-containing proteins

in Drosophila

Whereas Tudor, the founding member of TUDOR domain-

containing proteins was genetically identified 425 years ago

as a grandchild-less gene in Drosophila (Boswell and

Mahowald, 1985), the link between TUDOR domains and

the piRNA pathway has only recently emerged: On the one

side, PIWI proteins have been shown to contain sDMA

residues, docking sites for TUDOR domains. In selected

cases, sDMA-dependent interactions between TUDOR do-

mains and PIWI proteins could indeed be shown (Nishida

et al, 2009; Vagin et al, 2009; Kirino et al, 2010; Huang et al,

2011b). On the other hand, 10 out of the 17 identified proteins

in Drosophila that contain an extended TUDOR domain have

been directly linked to the piRNA pathway (including the

genes identified in this study). We emphasize that our RNAi-

based assays could only score those genes, which are indivi-

dually required for the ovarian piRNA pathway and which

perform essential roles in it. Figure 1A suggests that several

TUDOR domain-containing genes could act redundantly

(in particular yu and papi, CG9925 and CG9684, Tejas and

CG8920, CG11133 and CG31755) or specifically in testes

(CG15042, CG15930). Double knockdowns of these gene

pairs might identify their possible involvements in the path-

way.

What could be the role of this surprisingly large set of

proteins in the piRNA pathway? The protein domain cartoon

of the Drosophila TUDOR family (Figure 1A) suggests

that numerous effector domains such as helicase domains,

RNA-binding domains, zinc-finger domains, etc. are targeted

to PIWI proteins via modular sDMA–TUDOR interactions.

Several reports indicate that the sDMA–TUDOR affinity is

influenced by the peptide sequence harbouring the sDMA

residue (Nishida et al, 2009; Liu et al, 2010a, b; Huang et al,

2011b). This might allow for highly specific and ordered

interactions between methylated target proteins and subsets

of TUDOR proteins. As many TUDOR proteins contain

multiple TUDOR domains, a second scenario is that these

multi-domain proteins act as scaffolds (Nishida et al, 2009;

Huang et al, 2011b) to bring different effector proteins such as

Aubergine and Ago3 into close physical proximity, a likely

prerequisite for the efficient functioning of the ping-pong

cycle.

It is, however, critical to mention that many of the identi-

fied TUDOR domains in Drosophila (similar results emerge in

vertebrates) carry mutations in aromatic cage residues,

indicating that they lost the ability to interact with sDMA

residues. For example, mouse Tdrd12 as well as the three

Drosophila counterparts Yb, CG11133 and CG31755 lack

nearly all aromatic cage residues. Nevertheless, a genetically

identified Yb allele that carries a mutation in the ultra-

conserved Arginine residue in b4 of the extended TUDOR

domain is a strong loss of function allele (Szakmary et al,

2009). Certain TUDOR domains might thus have evolved to

bind alternative residues or post-translational modifications.

This might also explain the puzzling observation that loss

of the sDMA generating enzyme Csul (PRMT5) results in a

surprisingly mild phenotype compared with loss of individual

TUDOR domain-containing proteins such as Spindle-E,

Krimper or Vreteno (Anne et al, 2007).

The role of Vreteno in primary piRNA biogenesis

Four lines of evidence place Vreteno into the process of

primary piRNA biogenesis. First, Vreteno is an essential

factor for the piRNA pathway in somatic follicle cells,

which has been shown to consist only of the primary branch.

Second, piRNA profiles from vreteno mutant ovaries strongly

resemble those from armitage and zucchini mutant ovaries

with primary piRNA populations collapsing, while ping-pong

signatures are not affected. Third, Vreteno physically inter-

acts with Armitage, Yb and Piwi, three factors of the primary

piRNA pathway. Finally, Vreteno localizes to Yb bodies, the

presumed sites of primary piRNA biogenesis in follicle cells.

Our data provide less insight at the mechanistic level.

What is the precise role of the TUDOR domains in Vreteno?

Do they interact with sDMA residues in PIWI proteins? What

are the functions of the MYND domain and the N-terminal

RRM domain? Combinations of biochemical and genetic

rescue experiments will be crucial to answer these important

questions.

An intriguing observation of our studies in germline cells

is that Vreteno is required for the nuage localization of Auber-

gine and Ago3. Nevertheless, secondary piRNA biogenesis

via ping-pong was functional. In this, vreteno mutants differ

significantly from armitage mutants. Whether Vreteno merely

tethers Aubergine and/or Ago3 to nuage (potentially via

sDMA–TUDOR interactions) or whether Vreteno is also im-

portant for primary piRNA biogenesis feeding into Aubergine

will be an important question for the future. Co-localization

experiments in germline cells indicate that Vreteno foci are in

very close proximity to Aubergine and especially AGO3 foci

(Supplementary Figure S8). sDMA sites in these proteins

have been mapped (Nishida et al, 2009) and it will be

important to determine whether these peptides mediate

physical interactions with Vreteno.

The three Tdrd12 orthologues are essential primary

piRNA pathway factors in flies

The TUDOR domain-containing protein Yb is an essential

factor for primary piRNA biogenesis in somatic follicle cells

(Olivieri et al, 2010; Qi et al, 2010; Saito et al, 2010).

Genetically, this gene is dispensable for the piRNA pathway

in germline cells, despite the fact that other primary piRNA
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biogenesis factors such as Armitage or Zucchini are essential

factors in soma and germline. As Yb is not expressed in

germline cells, it has been suggested that the sequence-

related proteins CG11133 and/or CG31755 fulfil Yb’s function

in the germline (Olivieri et al, 2010). All three proteins share

a similar domain composition, although CG31755 contains a

second TUDOR domain and CG11133 and CG31755 harbour a

C-terminal CS-like domain (Figure 8A). The single vertebrate

orthologue of these three proteins is the uncharacterized

Tdrd12 protein (Tdrd12 likely corresponds to the repro23

locus; repro23 mutant mice are male sterile and resemble

piRNA pathway mutants; Asano et al, 2009). The molecular

role of Tdrd12-family proteins is not known but data from

follicle cells suggest that they might be the defining factors of

Yb bodies and correspondingly nuage in the germline

(Szakmary et al, 2009; Olivieri et al, 2010; Qi et al, 2010;

Saito et al, 2010).

Our genetic data indicate that Yb and CG31755 are essen-

tial piRNA pathway factors in somatic ovarian cells, while

CG11133 and CG31755 function in germline cells. Based on

the severe impact on Piwi levels and localization in the

germline upon double depletion of CG31755 and CG11133,

we suggest that these two proteins are indeed the Yb counter-

parts in germline cells.

Taken together, our study adds functional data for four

novel TUDOR proteins in the Drosophila piRNA pathway. It

becomes increasingly clear that this small RNA silencing

pathway is by far more complex than the related miRNA

and siRNA pathways. The challenge for the future will be to

dissect the precise molecular roles for the multitude

of genetically identified factors in this fascinating genome

defence pathway.

Materials and methods

Drosophila stocks
tj-GAL4 (DGRC stock 104055); tj-Gal4; gypsy-lacZ (Olivieri et al,
2010); MTD-GAL4 (Ni et al, 2011); UAS-Dcr-2; NGT (Bloomington
stock 25751); armi[D1]/TM3 (Olivieri et al, 2010); fs(1)Yb[72]/FM6
(Swan et al, 2001). zuc[HM27]/CyO and Df(2l)PRL/CyO (Pane et al,
2007); armi-GFP and GFP–Yb (Olivieri et al, 2010); HP36220
(Bloomington stock 22204): P-insertion into the 50UTR of vreteno
(CG4771); vreteno[D1] is a strong loss of function mutant obtained
by mobilization of the HP36220 element via the D2,3 transposase.
Molecular analysis of this line revealed an internal deletion of the
majority of the P-element without affecting the flanking genomic
sequences. We speculate that the enhanced strength of the vret[D1]
allele compared with the HP36220 allele is due to loss of a cryptic
promoter located within the P-element sequence similar to what has
been described in Lafave and Sekelsky (2011).

GFP–Vreteno flies carry a genomic rescue construct with an
EGFP cassette inserted at the N-terminus of Vreteno (obtained via
bacterial recombineering) in the vreteno[D1] genetic background.

GFP–CG11133 and GFP–CG31755 flies carry a genomic construct
with an EGFP cassette inserted at the respective N-termini (bacterial
recombineering).

Lines from the VDRC are listed in Supplementary Table S4.
shRNAi lines were cloned into the Valium-22 vector (Ni et al,

2011) modified with a white selection marker and integrated into the
attp2 landing site reported in Markstein et al (2008). Hairpin
sequences are listed in Supplementary Table S5.

FRT-based mitotic clones were obtained by crossing armi[D1],
zuc[HM27], Yb[72], piwi[1] or vret[D1] alleles with corresponding
FRT insertions to respective hsFlp122; FRT, ubi-GFP flies; clones
were induced by heat-shocking freshly enclosed females on
2 consecutive days for 1 h at 371C; flies were dissected 5 days later.

Antibodies
Antibodies against the N-terminal peptide of Vreteno (MESESSQDD
WSAFDP) were raised in rabbits and serum was affinity purified
using the same peptide. Other used antibodies were rabbit anti-
Armi (peptide sequence in Cook et al, 2004), rabbit anti-Yb (peptide
sequence in Szakmary et al, 2009), mouse anti-Piwi (Saito et al,
2006), mouse anti-Armi (Saito et al, 2010), rabbit anti-Piwi, anti-
Aub and anti-Ago3 (peptide sequences in Brennecke et al, 2007).

X-Gal stainings
Ovaries from 5- to 7-day-old flies were dissected into ice-cold PBS
(max 30 min), fixed in 0.5% glutaraldehyde/PBS (RT, 15 min) and
washed with PBS. The staining reaction was performed with
staining solution (10 mM PBS, 1 mM MgCl2, 150 mM NaCl, 3 mM
potassium ferricyanide, 3 mM potassium ferrocyanide, 0.1% Triton,
0.1% X-Gal) at RT overnight.

Immunocytochemistry
IF staining of ovaries and OSCs was as in Olivieri et al (2010).
All primary antibodies were used at 1:500.

Cell culture
OSCs were cultured as described (Niki et al, 2006) and transfected
with the Cell Line Nucleofector kit V (Amaxa Biosystems),
selecting the programme T-029 (K Saito and M Siomi, personal
communication).

Immunoprecipitation
A 15-cm dish of OSCs was harvested, cells were extracted twice
with 250ml lysis buffer (20 mM Hepes pH 7.5; 150 mM NaCl; 10%
glycerol; 1 mM EDTA; 5 mM MgCl2; 0.5% Triton X-100, complete
protease inhibitors (Roche)) and lysates were cleared for 15 min at
16 000 g at 41C. The supernatant was split and incubated 2 h at 41C
with 20mg anti-Vreteno, 20mg anti-Armi antibody cross-linked to
100ml Invitrogen ProteinG Dynabeads. Empty beads were used in
the control reaction. Beads were washed three times for 5 min with
wash buffer I (20 mM Hepes pH 7.5; 150 mM NaCl; 10% glycerol;
1 mM EDTA; 5 mM MgCl2; 0.2% Triton X-100), three times for 5 min
with wash buffer II (20 mM Hepes pH 7.5; 150 mM NaCl; 10%
glycerol; 1 mM EDTA; 5 mM MgCl2; 0.04% Triton X-100) and eluted
by boiling in 1� SDS sample buffer.

Small RNA cloning
Total RNA was isolated from mutant or respective heterozygous
ovaries by TRIzol and phenol/chloroform extraction. Small RNA
libraries were generated as previously described (Brennecke et al,
2007) and sequenced on an Illumina G2 platform.

Transposon QPCR analysis
cDNA was prepared via random priming of 1mg total RNA isolated
from ovaries of 5- 7-day-old flies. Quantitative PCR was performed
using Bio-Rad IQ SYBR Green Super Mix. Each experiment was
performed in biological triplicates with technical duplicates.
Relative RNA levels were calculated by the 2�DDCt method (Livak
and Schmittgen, 2001) normalized to rp49 levels. Fold enrichments
were calculated in comparison to respective RNA levels obtained
from heterozygote flies or from flies not harbouring a knockdown
hairpin. Primers used for QPCR are listed in Supplementary
Table S6.

Sterility tests
Ten 3- to 5-day-old female flies were mated with wild-type males
overnight. Females were allowed to lay eggs onto apple-juice
agar plates for 18 h at 251C. The number of laid eggs (B200 per
experiment) was counted and the number of hatched eggs was
counted 48 h later.

TUDOR domain searches and alignment
A subset of the FlyBase FB2010_01 proteome was generated, which
included the longest protein for each protein-coding gene. The
obtained set was analysed for the presence of TUDOR-clan
similarities as described in the following: Each protein sequence
was analysed for its presence in a Pfam24 TUDOR-clan domain
definition with the aim to identify known and well-classified
TUDOR-clan members. Pfamscan, HMMer2 and HMMer3 were
used to query the proteome subset for similarities to models of the
Pfam24 TUDOR-clan seed and full alignments. Finally, HHpred 1.5
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(with PSI-BLAST homologue collection) was used for even more
sensitive searches against SMART, Pfam or PDB-based models that
can be associated to the Pfam-TUDOR-clan based on domain
similarity. For HMMer hits to be considered, an E-value of p0.01
and a hit length of 410 was required, for HHpred hits the cutoff was
set to Ep0.001 and hit length 410.

Bioinformatics analysis
Only sequences matching the Drosophila genome (release 5;
excluding Uextra) 100% were retained. Libraries from heterozygous
flies were scaled to 1 million repeat-derived 23–30 nt small RNAs.
Libraries from mutant flies were normalized to their respective
heterozygous counterparts using endogenous siRNAs originating
from convergent gene pairs and from long hairpin loci as in Malone
et al (2009). For the piRNA cluster profiles, only piRNAs mapping
uniquely to the respective region were considered. For the
transposon profiles, all piRNAs mapping with up to three
mismatches to the Repbase reference sequence (Jurka et al, 2005)
were considered. For the calculation of fold changes in piRNA
sequences (transposon analysis), only piRNAs mapping antisense
to the respective element were considered. This avoids the
influence of random degradation products of transposon sense
transcripts that are seen for some elements in piRNA pathway
mutants. These small RNA populations have a uniform size
distribution and lack a clear nucleotide bias as seen for bona
fide piRNAs, classifying them as likely degradation products. The
ping-pong signatures for individual elements were calculated
as described in Malone et al (2009).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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