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Supplemental Figure Legends 

Figure S1. The expression of Aub and Ago3 transgenes in Drosophila 
ovaries, Related to Figure 1. 

A) Expression of MaG4 driven UASp-GFP-Aub-WT (left panel; green) begins at 

stage 4-6 of oogenesis, while a GFP-Aub-WT BAC line (right panel; green) 

expressing transgenic protein under the native Aub promoter begins at stage one 

of the germarium and continues onward to the oocyte. The asterisk at the top left 

of each image marks the anterior tip of the germarium for each line. DNA is 

stained with DAPI (blue).  

B) The localization of tagged Aub and Ago3 proteins are independent of 

fluorophore tags. Perinuclear localization of Aub (purple) is different from Ago3 

localization (green). In the lower panel, gray values for mKate2-Aub and GFP-

Ago3 are displayed along the perimeter of the nurse cell marked with an asterisk 

in the upper panel. The line intersecting the perinuclear region marks the start of 

measurements, continuing clockwise around the perimeter. Scale bar: 20µm. 

 

Figure S2. Dynamics of Aub and Ago3 in nuage, Related to Figure 2. 

A) Representative FRAP experiments on GFP-tagged Aub and Ago3 in nurse 

cells of the Drosophila ovary. The red box delineates the FRAP bleach region of 

nuage pre-bleach, immediately after bleach and 70 seconds post-bleach. The 

lower right corner shows the bleach region magnified.  

B) Representative FRAP experiments of Aub and Ago3 in nuage granules. The 

mobile fraction was determined by modeling the recovery to an exponential 

recovery curve (superimposed on respective data-sets). The recovery of each 

curve is dependent on steady-state mobility, or exchange, of GFP tagged protein 

within the bleached zone (0.49 µm2). The bleaching time point (T=0) is marked 

by an arrow. For each experiment, the 100% Normalized Recovery limit is set to 

the normalized mean intensity of the five pre-bleach time points (T<0).  



C) The mean fraction of mobile Aub and Ago3 proteins of replicate FRAP 

experiments (n=30 and n=32, respectively) shows greater mobility of Aub within 

nuage compared to Ago3. Bars show standard error values for each set of 

experiments. 

D) Representative FRAP experiments of comparing UASp-GFP-Aub expressed 

by the MaG4 driver over a wild type background versus a GFP-Aub BAC line 

expressed in an Aub-mutant background. Both representative FRAP experiments 

show similar levels of fluorescence recovery after photobleaching, suggesting 

that expression of Aub over a wild type background does not affect the dynamics 

of transgenic protein. The mobile fraction was determined by modeling the 

recovery to an exponential recovery curve (superimposed on respective data-

sets). 

E) FRAP measurements are not affected by expression over endogenous protein 

in nurse cells. The mean fraction of mobile MaG4; UASp-GFP-Aub expressed 

over a wild type background versus a GFP-Aub BAC line expressed in an Aub-

mutant background from replicate FRAP experiments (n=30 and n=25, 

respectively) show similar fractions of mobile protein (52.3% ± 2.0% and 51.4% ± 

2.2%, respectively).  

 

Figure S3. Krimper aggregation is mediated by its N-terminal region and 
interacts with Ago3 independently arginine methylation or piRNA binding, 
Related to Figure 4. 

A) The N-terminal region of Krimp is required for Krimp dimerization. FLAG-

tagged full-length Krimp (Krimp-FL) was co-expressed with GFP-tagged 

fragments of Krimp (shown on the right panel) in S2 cells.  Fragments of Krimp 

containing the first 310 amino acid residues co-purified with Krimp-FL, while 

fragments lacking N-terminal residues did not co-purify (Left panel). Cell lysate 

input shows expression of GFP-tagged Krimp fragments (Right panel). 



B) The N-terminal region of Krimp is required for the formation of granules GFP-

tagged fragments of Krimp protein containing the first 310 amino acids of Krimp 

are able to granulate when co-expressed with FLAG-tagged full length Krimp 

(Krimp-FL) but fragments not containing these residues have diffused 

cytoplasmic localization in S2 cells. DNA is stained with DAPI (blue). 

C) Krimp forms a complex with Ago3 in Drosophila ovary. FLAG-Krimp was co-

expressed in fly ovaries along side GFP-Ago3-WT, arginine-methylation deficient 

GFP-Ago3-RK, and piRNA-binding deficient GFP-Ago3-YK. FLAG-Krimp was 

immunoprecipitated with anti-FLAG beads in the presence (+) or absence (–) of 

RNase A followed by Western blotting to detect GFP- and FLAG-tagged proteins. 

The interaction between Ago3 and Krimp is independent of RNA interactions. 

Ovary lysate expressing only GFP-tagged Ago3-WT, methylation deficient Ago3-

RK or piRNA-binding deficient Ago3-YK but not FLAG-Krimp was probed under 

identical conditions do not co-purify with anti-FLAG beads, indicating the 

specificity of FLAG-Krimp interactions. The lower panel shows Input (Inp) and the 

unbound fractions (Unb). 

D) Krimp forms a protein-protein complex with Ago3 in Drosophila ovary. FLAG-

Ago3 was co-expressed in fly ovaries along side GFP-Krimp, or FLAG-GFP to 

control for non-specific interactions. FLAG-Ago3 was immunoprecipitated with 

anti-FLAG beads in the presence (+) or absence (–) of RNase A followed by 

Western blotting to detect GFP- and FLAG-tagged proteins. The interaction 

between Ago3 and Krimp is independent of RNA interactions. GFP-tagged Krimp 

in ovary lysate also expressing FLAG-GFP was probed under identical conditions 

did not co-purify with anti-FLAG beads. The lower panel shows Input (Inp) and 

the unbound fractions (Unb). 

E) Ago3 does not interact with SpnE, Mael, Qin, or Vas proteins in Drosophila 

ovary. Immunoprecipitations were performed from ovaries of transgenic flies that 

express FLAG- and GFP-tagged proteins in germ cells under control of the 

MaG4 driver. FLAG-tagged proteins were immunoprecipitated in the presence (+) 

or absence (–) of RNase A followed by Western blotting to detect GFP- and 



FLAG-tagged proteins. The lower panel shows Input (Inp) and the unbound 

fractions (Unb) collected after immunoprecipitation. FLAG-GFP protein was used 

to confirm specificity of interactions, as it did not interact with Ago3. 

F) Tudor domains of Krimp bind Ago3. FLAG-tagged full length Ago3 (FLAG-

Ago3-FL) was co-expressed with GFP-tagged fragments of Krimp in S2 cells. 

FLAG-Ago3 was immunoprecipitated followed by Western to detect GFP-Krimp 

fragments. Ago3 co-purifies with fragments of Krimp containing either of its two 

Tudor domains, but not with the N-terminal fragment responsible for dimerization 

(upper panel). Cell lysate input shows expression of GFP-tagged Krimp 

fragments (lower panel). 

G) The N-terminal region of Ago3 is required to be recruited to Krimp granules in 

S2 cells. The localization of GFP-tagged fragment containing the first 296 amino 

acids (aa 1-296) is granular when co-expressed with Krimp, while all other 

fragments are uniformly distributed in the cytoplasm. S2 cells were transfected 

with plasmids encoding GFP-tagged Ago3 fragments (green) in combination with 

FLAG-tagged Krimp protein. DNA is stained with DAPI (blue). 

H) N-terminal arginine methylation sites are dispensable for granulation of Ago3 

in Krimp granules in S2 cells. The localization of GFP-tagged wildtype and 

methylation-deficient Ago3-RK are both granular when co-expressed with Krimp. 

S2 cells were transfected with GFP-tagged Ago3 (green) in combination with 

FLAG-tagged Krimp protein. 

 

Figure S4. Aub N-terminal arginine methylation is required for interactions 
with Krimper Tud domains, Related to Figure 5. 

A) Tudor domains of Krimp bind Aub. FLAG-tagged full length Aub (FLAG-Aub-

FL) was co-expressed with GFP-tagged fragments of Krimp in S2 cells. FLAG-

Aub was immunoprecipitated followed by Western to detect GFP-Krimp 

fragments. Aub co-purifies with fragments of Krimp containing either of its two 



Tudor domains, but not with the N-terminal fragment responsible for dimerization 

(upper panel). Cell lysate input shows expression of GFP-tagged Krimp 

fragments (lower panel). Asterisks indicate degradation products of GFP-Krimp 

fragments. 

B) Interactions of GFP-tagged Krimp fragments do not co-purify with beads when 

expressed in the absence of a FLAG-tagged interaction partner (Upper panel). 

Cell lysate input shows expression of GFP-tagged Krimp fragments (Lower 

panel). 

C) The N-terminal region of Aub is required to be recruited to Krimp granules in 

S2 cells. The localization of GFP-tagged fragments containing the first 105 amino 

acids (aa 1-105) is granular when co-expressed with Krimp, while all other 

fragments are uniformly distributed in the cytoplasm. The N-terminally GFP-

tagged fragment containing amino acids 105-406 also granulates in S2 cells 

expressing Krimp, although it did not co-purify with Krimp-FL (Figure 5C) and the 

same fragment C-terminally GFP-tagged did not form granules. S2 cells were 

transfected with plasmids encoding GFP-tagged Aub fragments (green) in 

combination with FLAG-tagged Krimp protein. DNA is stained with DAPI (blue). 

D) Krimp forms a complex with Aub in Drosophila ovary. FLAG-Krimp was co-

expressed in fly ovaries along side GFP-Aub-WT, arginine-methylation deficient 

GFP-Aub-RK, and piRNA-binding deficient GFP-Aub-YK. FLAG-Krimp was 

immunoprecipitated with anti-FLAG beads in the presence (+) or absence (–) of 

RNase A followed by Western blotting to detect GFP- and FLAG-tagged proteins. 

The interaction between Aub and Krimp is independent of RNA interactions. 

Ovary lysate expressing only GFP-tagged Aub-WT, methylation deficient Aub-RK 

or piRNA-binding deficient Aub-YK but not FLAG-Krimp was probed under 

identical conditions do not co-purify with anti-FLAG beads, indicating the 

specificity of FLAG-Krimp interactions. The lower panel shows Input (Inp) and the 

unbound fractions (Unb). 



E) Isothermal Titration Calorimetry (ITC) binding curves of Krimp Tud2 to sDMA-

containing Aub peptides and unmethylated Aub peptide. From left to right: Tud2 

to Aub R11me2 peptide; Tud2 to Aub R13me2 peptide; Tud2 to Aub R15me2 

peptide; Tud2 to Aub R17me2 peptide. 

 

Figure S5. Krimp interacts with Ago3 and methylated Aub in ovaries, 
recruits both Aub and Ago3 to cytoplasmic granules in S2 cells and is 
required for ping-pong piRNA processing, Related to Figure 6. 

A) Krimp recruits Aub and Ago3 into cytoplasmic granules. GFP-tagged Aub and 

mKate2-tagged Ago3 were co-expressed in S2 cells. In the absence of Krimp, 

Aub and Ago3 have diffused cytoplasmic localization, however, both proteins are 

recruited into the same cytoplasmic granules upon Krimp expression. Scale bar: 

10µm. 

B) Krimp forms a triple complex with Aub and Ago3.  Ovarian lysates from flies 

co-expressing FLAG-Aub and GFP-Krimp (and control flies expressing GFP-

Krimp alone) were subjected to tandem co-immunoprecipitation. The first anti-

FLAG immunoprecipitation purifies Aub, followed by elution and anti-GFP 

immunoprecipitation to purify Aub-Krimp complexes. Finally, the presence of 

Ago3 was determined by Western blotting with an antibody against the native 

protein. 

C) The fraction of secondary piRNAs and the fraction of the ping-pong pairs that 

have 10nt overlap were analyzed in Krimp, Piwi, Aub and Ago3 mutants and 

control (heterozygous) flies. The changes in mutant compared to control for each 

family of transposable elements are shown on the heat map. TE families with at 

least 400 piRNA reads in control libraries are included. 

 

Figure S6. The specificity and efficacy of knockdowns of nuage 
components, Related to Experimental Procedures. 



A) Knockdown lines show specific knockdown of GFP-tagged proteins. 

Transgenic flies expressing GFP- tagged Aub, Ago3 or Krimp were crossed to 

shRNA lines targeting the respective GFP tagged protein. The GFP transgene 

and shRNA were co-expressed inside the ovary using the same driver.  

B) Knockdown lines show effective knockdown by derepressing a LacZ sensor 

responsive to loss of Burdock piRNA. The Burdock sensor containing the MaG4 

driver was crossed to knockdown lines: as a control, sh-White did not derepress 

LacZ, while knockdown of Aub, Ago3 and Krimp induced derepression of the 

LacZ sensor.  

  



Supplemental Experimental Procedures 

Fly Stocks 

Short hairpin RNA (shRNA) lines used for knockdown including sh-White (BDSC 

#33623), sh-Aub (BDSC #33728), sh-Ago3 (BDSC #35232), and sh-Krimp 

(BDSC#37230), in addition to maternal alpha-Tubulin 67C-Gal4 drivers on 

chromosome two (BDSC #7062) or chromosome three (BDSC #7063) were 

purchased from the Bloomington Drosophila Stock Center. The LacZ-Burdock 

sensor line was obtained from Dr. J. Brennecke. The Qin-GFP and UASP-FM-

Qin flies were obtained from Dr. P. Zamore and Z. Zhang.  

Two criteria were tested to ensure the efficacy of the knockdown by small hairpin 

(sh) induced RNAi. First, expression of the shRNA must knock down expression 

of the corresponding GFP-tagged protein target (Figure S6A). Second, it should 

de-repress a piRNA silencing reporter that contains piRNA target site embedded 

in the 3′ UTR of LacZ (Figure S6B) (Handler et al., 2013). 

 

Generation of Transgenic Fly Lines 

Transgenic protein constructs for injection were generated using the Gateway 

cloning system (Life Technologies). cDNA were obtained by RT-PCR from 

ovarian or testes RNA of adult Drosophila melanogaster, Oregon R strain. Point 

mutations were engineered by overlap PCR and inserted in the pENTR-D-TOPO 

directional cloning vector (Life Technologies). Transgenes were cloned into the 

pUASP-Gateway-phiC31 fly injection vector derived from pCasPeR5-phiC31 

vector containing GFP, mKate2 or Strep-FLAG tags using the Gateway cloning 

system (Life Technologies). All transgenes created for this manuscript contain N-

terminal tags, with the exception of SpnE and Zuc transgenes, which were C-

terminally tagged. The expression of each transgene was controlled using the 

yeast upstream activation sequence promoter (UASp) stably crossed with a 

maternal a-Tubulin67c-Gal4-VP16 (MaG4) driver, which showed strong 



expression in nurse cells starting at stages 2-4 of oogenesis onwards to the 

oocyte (Figure S1A). Transgenes were generated in flies by PhiC31-mediated 

transformation (BestGene) using PhiC31 landing pads on either chromosome 

two (BDSC #9736) or chromosome three (BDSC #9750).  

The GFP-Aub BAC line was generated by cloning of the aub genomic locus from 

the BAC clone BACN04M10 into the pCasPeR4 vector using restriction sites 

XhoI and SpeI. Bacterial recombineering (Gene Bridges Counter Selection kit) 

was used to insert an in-frame GFP tag in the start site of Aub. 

 

Cell Culture, Co-immunoprecipitation and Western Blots 

Schneider S2 cells were cultured in complete Schneider medium (10% heat 

inactivated FBS; 100U penicillin [Life technologies]; 100µg streptomycin [Life 

technologies]). Plasmids were generated using Gateway cloning technologies 

(Life technologies) using the Drosophila Gateway Vector Collection (DGVC) 

destination vectors, pAGW for GFP and pAFW for 3xFLAG tags expressed by 

the Actin5C promoter. Cells were transfected using TransIT-LT1 transfection 

reagent (Mirus biosciences) according to protocol but with 3.0µg of total plasmid, 

with 1.5 µg of each plasmid DNA containing 3xFLAG or GFP-tagged genes for 

double transfections, or 1.0 µg of each plasmid DNA for triple transfections. 

For co-immunoprecipitation of proteins expressed in S2 cells, a 3.5mm culture 

plate of transfected S2 cells was mechanically lysed and incubated for 20min on 

ice in 150µL S2 Lysis buffer (20mM Tris at pH7.4, 150 KCl, 0.1% Tween-20, 

0.1% Igepal, EDTA-free Complete Protease Inhibitor Cocktail [Roche], 100µg/mL 

RNAse A). Supernatant was cleared by centrifugation at 4,000 x g for 10 minutes 

at 4°C. Input sample was collected from the supernatant at concentrations of 1-3 

µg/µL. Anti-FLAG M2 beads (Sigma Aldrich) were blocked in 5mg/ml BSA for 10 

minutes at 4°C, followed by washing in S2 lysis buffer. Beads were added to the 

supernatant and rotated at 4°C for 90 minutes. Beads were washed three times 

in PBS + 0.05% Tween-20 and eluted by boiling in reducing SDS loading buffer. 



For co-immunoprecipitation of proteins from fly ovaries, 50 pairs of ovaries were 

taken from yeast-fed flies and lysed in 300µL NT2 buffer (50mM Tris at pH 7.4, 

150 NaCl, 1mM MgCl2, 0.05% Igepal [NP-40], and one EDTA-free Complete 

Protease Inhibitor Cocktail tablet [Roche] per 10 mL). Supernatant was cleared 

by centrifugation at 4,000 x g for 10min at 4°C. Input sample was collected from 

the supernatant, followed by splitting the sample into two aliquots treated with or 

without 100µg/mL RNAse A for 10 minutes at 25°C. Anti-FLAG M2 beads (Sigma 

Aldrich) were blocked in 5 mg/ml BSA for 10 minutes at 4°C, followed by washing 

in NT2 buffer. Beads were added to the supernatant and rotated at 4°C for 90 

minutes. Unbound fraction was collected for analysis and beads were washed 3 

times for 5 minutes in 300µL NT2 buffer, and eluted by boiling in reducing SDS 

loading buffer, followed by running one third of the IP material on an 8% SDS-

PAGE. Western Blots were probed with rabbit anti-GFP (Covance), mouse anti-

GFP clone B-2 (Santa Cruz Biotechnology) or anti-FLAG M2 (Sigma Aldrich) 

antibody at 1:3,000 concentration. Anti-Vasa antibody was generously provided 

by Dr. Paul Lasko, and anti-Krimper rabbit polyclonal antibody was generously 

provided by Dr. Toshie Kai. Both antibodies were used at a concentration of 

1:20,000. 

For tandem affinity purification of the 4P complex, 50 ovaries were collected from 

yeast-fed flies expressing FLAG-tagged Aub and GFP-tagged Krimp, or flies 

expressing only GFP-tagged Krimp were and lysed in 300µL NT2 buffer (50mM 

Tris at pH 7.4, 150 NaCl, 1mM MgCl2, 0.05% Igepal [NP-40], and one EDTA-free 

Complete Protease Inhibitor Cocktail tablet [Roche] per 10 mL). Supernatant was 

cleared by centrifugation at 4,000x g for 10min at 4°C. Input sample was collected 

from the supernatant. Anti-Flag M2 beads (Sigma Aldrich) beads were blocked 

with 5 mg/ml BSA and then added to the supernatant, incubating at 4°C for 90 

minutes. Beads were washed in NT2 buffer, and the bead volume was divided in 

two: one volume designated “IP1” and incubated in SDS loading buffer and 

heating at 95°C. The second volume of beads was eluted with 150µL of 300 

mg/mL 3x-FLAG peptide (Sigma). Eluate sample was taken as eluate sample. The 

eluate was incubated with Protein G magnetic Dynabeads (Invitrogen) pre-



conjugated with anti-GFP antibody (Covance). Beads were designated “IP2” and 

were washed in NT2 buffer and incubated in SDS loading buffer and heating at 

95°C. Input and bound samples were separated on SDS-PAGE, and assayed by 

Western blot. Antibodies used were: Rabbit polyclonal anti-GFP antibody 

(Covance), mouse monoclonal anti-FLAG antibody (Sigma, horseradish 

peroxidase (HRP) conjugated anti-Rabbit antibody, and horseradish peroxidase 

(HRP) conjugated anti-Mouse antibody at 1.5: 5,000. 

 

piRNA isolation from immunopurified Aub and Ago3 complexes 

200 ovaries were dissected from flies expressing EGFP-tagged Aub or Ago3 and 

mechanically disrupted in lysis buffer (20mM HEPES at pH 7.0, 150mM KCl, 

2.5mM MgCl2, 0.5% Triton X-100, 0.5% Igepal, 100 U/mL RNasin [Promega], 

and one EDTA-free Complete Protease Inhibitor Cocktail [Roche] per 10mL).. 

Supernatant was clarified by centrifugation and incubated with anti-eGFP 

polyclonal antibody (Covance) conjugated to Protein-G Dynabeads washed in 

NT2 buffer. 10% of immunoprecipitate was used for western blotting, while the 

rest was used to isolate RNA. Beads were spiked with 5 pmol of 42-nt RNA 

oligonucleotide (42M) to assess purification efficiency (see: Semi-Quantitative 

piRNA Binding Analysis provided in Supplemental Experimental Procedures), 

proteinase K-digested, and phenol-extracted. Isolated RNA was CIP-treated 

(New England Biolabs), radiolabeled using PNK (New England Biolabs) and 

gamma-P32-labeled ATP, and run on a 15% urea-PAGE gel.  

Ago3-piRNA complexes associated with Krimp were purified using anti-Krimp 

rabbit antibody from ovarian lysate of flies expressing a methylation deficient 

Aub-RK protein to eliminate the interaction between Krimp and Aub. 

 

Protein cloning, expression, purification and Isothermal titration calorimetry 



The Tudor2 domain (amino acids 562-746) of Drosophila melanogaster Krimper 

gene was inserted into a self-modified pMAL expression vector which fuses a 

hexa-His tag and a Maltose-Binding Protein tag at the N-terminus to the target 

protein. The plasmid was transformed into E. coli BL21(DE3)-RIL strain 

(Stratagene). The cells were cultured at 37 °C until OD600 reached 0.8, and then 

the protein expression was induced with 0.2 mM IPTG at 18 °C overnight. The 

hexa-His-MBP tagged protein was purified using a HisTrap FF column (GE 

Healthcare). The tag was cleaved by TEV protease and further removed by a 

second step HisTrap FF column (GE Healthcare) purification. The target protein 

was further purified by a Q FF column (GE Healthcare) and a Hiload Superdex 

G200 16/60 column (GE Healthcare). 

The unmthylated Aubergine and symmetrically di-methylated Aubergine peptides 

correspond to residues 6 to 18 (NH2-NPVIARGRGRGRK-COOH;) were 

synthesized and purified to >95% purity at the Tufts University Peptide Facility. 

Protein concentration was determined by absorbance spectroscopy. The Tudor2 

domain was dialyzed against 150 mM sodium chloride, 20 mM Tirs, pH 7.5, 5 

mM DTT. ITC was conducted at a Microcal calorimeter ITC 200 instrument at 

20°C. Binding curves were analyzed by non-linear least-squares fitting of the 

data using Origin 7.0 software. 

 

Microscopy 

Ovaries were fixed in 4% PFA in PBS for 20 minutes, permeabilized in 1% Triton-

X100 in PBS, and DAPI stained (Sigma-Aldrich). Ovaries were washed in PBS 

and mounted in Vectashield medium (Vector Labs). S2 cells were allowed to 

settle on coverslips treated with Poly-L-Lysine (Sigma-Aldrich). After gentle 

washing, cells were fixed in 0.5% PFA in PBS for 20 minutes followed by staining 

with DAPI (Sigma-Aldrich), washed and mounted in Vectashield medium (Vector 

Labs). Images were captured using an AxioImager microscope; an Apotome 

structured illumination system was used for optical sections (Carl Zeiss). 



 

Fluorescence Recovery After Photobleaching (FRAP) 

For each construct, at minimum 20 independent FRAP experiments were 

performed using ovaries expressing a single GFP-tagged transgene under the 

MaG4 driver. FRAP experiments were captured on a Zeiss LSM710 confocal 

microscope (Carl Zeiss AIM) equipped with a 25x/0.8 NA Imm. Corr. multi-

immersion objective lens and operating Zeiss Zen Black software. Image 

acquisition for all experiments utilized an identical 488nm AOTF laser power 

setting of 7% to ensure laser power was not influencing measurements. PMT 

gain settings were variably set to accommodate the expression level of each 

GFP-tagged protein. Images were acquired at 256 x 256 pixel resolution at 

0.07µm pixel size and scan speed of 614.4 ms per frame with 1.0 µs pixel dwell 

time. A single bleach region was defined for each experiment, consisting of a 

region of 7x7 pixels equal to 0.49 µm x 0.49 µm and was bleached by a single 

iteration of 100% laser power from 488, 561 and 633nm wavelengths. Five initial 

pre-bleach images were captured prior to bleaching and 115 subsequent post-

bleach images were acquired every 614.4ms to assess fluorescence recovery in 

the bleach zone. FIJI (FIJI; http://fiji.sc/) software was used to analyze FRAP 

experiments. To account for background and photo-bleaching effects during 

acquisition, the mean intensity values from the bleach zone (BL), the background 

zone (BG) and the reference signal zone (REF) were used to calculate the 

corrected BL (BLcorr) for each acquisition frame using the equation: 

 

𝐵𝐿!"## =
𝐵𝐿–𝐵𝐺
𝑅𝐸𝐹–𝐵𝐺  

  

BLcorr values were normalized to the mean of five pre-bleach values, which were 

used to estimate 100% fluorescence intensity. Using the curve fitter module of 

FIJI, the normalized post-bleach data was fit to an exponential recovery model: 



 

𝑦 = 𝑎 1− 𝑒!!" + 𝑐 

The mobile fraction was obtained by the sum of coefficients a and c, which 

describes the maximal extent of recovery for each experiment.  The mean mobile 

fraction for each line was calculated from at minimum 20 replicate FRAP 

experiments taken from at least four animals from the same stable line.  

 

Nuage:Cytoplasm localization analysis 

The occupancy of GFP-tagged protein in either nuage versus cytoplasm was 

calculated by obtaining the ratio of mean signal intensities of a perinuclear nuage 

area (N); an adjacent cytoplasmic area (C) of equal area; and a background area 

(G) using the following equation (See Figure 1B, for example): 

𝑁:𝐶 =
𝑁–𝐺
𝐶–𝐺  

At least 80 different imaged nurse cells were analyzed to obtain our 

measurements. All images were acquired from fixed specimen using the 

Apotome structured illumination system and a 40x oil-immersion objective. 

 

Granularity of nuage localization analysis 

Traces of the perinuclear space for 50 imaged nurse cells from ovaries 

expressing GFP-tagged proteins were analyzed. The mean intensity value (µ) 

and standard deviation (s) for each linear trace was obtained and used to 

calculate the Coefficient of Variation (Cv): 

𝐶𝑣 =
𝜎
𝜇 



The Cv for each analyzed nucleus was plotted using a Tukey box plot (GraphPad 

Prism). 

 

Quantification of associated piRNA from immunopurified Aub and Ago3 

To obtain a measure of piRNA levels co-purifying with immunoprecipitated 

proteins, a semi-quantitative approach was used. Gel band intensities 

corresponding to 29-19nt piRNA size range from autoradiographs (IpiRNA) were 

normalized to western blot band intensities corresponding to GFP-tagged 

transgenes after IP (Iprotein). To account for potential losses in piRNA yield due to 

RNA purification, IP were spiked with 5pmol of synthesized 42-nt (42M) RNA 

oligomer prior to proteinase K digestion and phenol extraction. Gel bands 

corresponding to radiolabeled RNA intensities from the 42M oligomer (I42M) were 

subtracted from western blot band intensities. Background signal intensities from 

adjacent lane regions of equal area were subtracted from each band intensity 

measurement. These values were then used to obtain the piRNA normalized 

signal intensity using the following calculation: 

𝑝𝑖𝑅𝑁𝐴  𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑  𝑠𝑖𝑔𝑛𝑎𝑙  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦   

=
𝐼!"#$%– 𝐼!"#$%&'

𝐼!"#$%&' − 𝐼!"#$%&'() − [𝐼!"! − 𝐼!"!"!]
 

Band intensities were obtained using FIJI software and values graphed using 

Microsoft Excel. 

 

Sequence analysis of total piRNA libraries 

Sequenced total small RNA libraries from Aub, Krimp and Piwi mutant and 

heterozygous Drosophila ovaries published in Malone et al. and from Ago3 

mutant and heterozygous ovaries published in Li et al. were obtained from the 

NCBI GEO database (Li et al., 2009; Malone et al., 2009). To obtain repeat 



sequences, libraries were filtered for reads 23-28 nt in length and mapping to 

annotated repeat sequences. The read counts for repeat sequences were 

normalized to annotated miRNA sequences 22 nt in length. Total small RNA 

libraries from Malone et al. include miRNA, siRNA and piRNA sequences within 

the size range between 19-30nt in length. However, libraries from Li et al. treated 

by periodate oxidation that depleted miRNA sequences could not be normalized 

and were excluded from repeat sequence analyses. Mean repeats for each TE 

family were normalized to miRNA in heterozygous libraries include only Aub, 

Krimp and Piwi heterozygous libraries but not Ago3. Annotated TE families with a 

mean read count in Heterozygote libraries in the lowest 10th percentile, in 

addition to reads mapping to Long Terminal Repeat (LTR) sequences were 

excluded from analysis.  The fold-change in read count for each TE family was 

calculated by obtaining the base 2 logarithm ratio of reads in mutant (Mut.) and 

heterozygous (Het) libraries. 

Read counts corresponding to secondary piRNA were obtained by filtering repeat 

sequences 23-28 nt in length for reads that were of sense orientation to 

annotated repeats and contained adenine (A) at position 10 and not uridine (U) at 

position 1. Secondary piRNA read counts for each TE family is shown as a 

fraction of sequences 23-28 nt in length mapping to the sense orientation of 

annotated repeats. The fold-change in read count for each TE family was 

calculated by obtaining the base 2 logarithm ratio of reads in mutant (Mut.) and 

heterozygous (Het) libraries. 

The normalized average fraction of reads with a corresponding ping-pong partner 

for each type of transposons was obtained by multiple subsampling of each of 

the two libraries in a pair, where the sample size was equal to the number of 

reads in the library with fewest reads, or min (|R1|; |R2|). This was done in order 

to control for the larger fraction of ping-pong pairs that is expected to be 

observed in a larger set of reads purely by chance. For two sets of reads R1 and 

R2, we subsampled reads a total of N times (in this case, N=1000), and 

calculated the fraction of reads fi participating in ping-pong pairs for each 



subsampling, i. We then defined the probabilities of a given read being in a ping-

pong pair as the average fraction of reads in pairs from each subsampling: 

 

We have two such probabilities, ^pRE1 and ^p RE2 for each type of repeats RE in 

each sample. We determine whether the observed differences between two 

libraries is significant, and obtain confidence bounds by estimating the difference 

between pRE1 and p RE2.  

For testing the null hypothesis H0 : pRE1 = pRE2 , we calculate the following 

score: 

 

 

where: 

 
 

The score follows a normal Z distribution with m = 0 and s = 1 and a p-value can 

be obtained from it. As we are testing more than one repeat at a time, we apply a 

multiple hypothesis testing correction. In this case, the Bonferroni-corrected 

(a/|RE|) two-tailed p-value is calculated as:  

 
The confidence interval of the difference |pRE1 – pRE2| is calculated as follows: 

 



For the 95% confidence interval, Za=0.05 =1.96.  

The fold-change in read count for each TE family was calculated by obtaining the 

base 2 logarithm ratio of reads in mutant (Mut.) and heterozygous (Het) libraries. 
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